
1 

 

The predicted RNA-binding protein regulome of axonal mRNAs 1 

 2 

Raphaëlle Luisier1,2*, Catia Andreassi3*, Lisa Fournier1,2 and Antonella Riccio3 3 

 4 

1Idiap Research Institute, Martigny 1920, Switzerland. 5 

2SIB Swiss Institute of Bioinformatics, Lausanne 1015, Switzerland. 6 

3UCL Laboratory for Molecular Cell Biology, University College London, London WC1E 7 

6BT, UK. 8 

 9 

Corresponding authors: a.riccio@ucl.ac.uk, raphaelle.luisier@idiap.ch 10 

*These authors contributed equally to the work 11 

 12 

Running title: RBPs binding to 3' UTR isoforms in axons 13 

 14 

ABSTRACT 15 

Neurons are morphologically complex cells that rely on the compartmentalization of protein 16 

expression to develop and maintain their cytoarchitecture. Targeting of RNA transcripts to 17 

axons is one of the mechanisms that allows rapid local translation of proteins in response to 18 

extracellular signals. 3’ untranslated regions (UTRs) of mRNA are non-coding sequences that 19 

play a critical role in determining transcript localisation and translation by interacting with 20 

specific RNA-binding proteins (RBPs). However, how 3’ UTRs contribute to mRNA metabolism 21 

and the nature of RBP complexes responsible for these functions remain elusive.  22 

We performed 3’ end sequencing of RNA isolated from cell bodies and axons of 23 

sympathetic neurons exposed to either Nerve Growth factor (NGF) or Neurotrophin 3 (NT-3). 24 

NGF and NT-3 are growth factors essential for sympathetic neuron development through 25 

distinct signalling mechanisms. Whereas NT-3 acts mostly locally, NGF signal is retrogradely 26 

transported from axons to cell bodies. We discovered that both NGF and NT-3 affect 27 

transcription and alternative polyadenylation in the nucleus and induce the localisation of 28 
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specific 3’ UTR isoforms to axons, including short 3’ UTR isoforms found exclusively in axons. 29 

The integration of our data with CLIP sequencing data supports a model whereby long 3’ UTR 30 

isoforms associate with RBP complexes in the nucleus, and upon reaching the axons, are 31 

remodelled locally into shorter isoforms. Our findings shed new light into the complex 32 

relationship between nuclear polyadenylation, mRNA localisation and local 3' UTR remodelling 33 

in developing neurons. 34 

 35 

INTRODUCTION 36 

Axonal RNA transport and local translation is a widespread phenomenon observed in most 37 

neuronal cell types and across species (Holt et al. 2019). In developing axons, local translation 38 

plays a crucial role in mediating cell survival and axon growth in response to extracellular cues. 39 

It enables axon extension, guides growth cone turning, and promotes nerve regeneration after 40 

injury (Dalla Costa et al. 2020).  41 

During neuronal development, axons extend over long distances to reach their targets, 42 

driven by their growth cone, which responds rapidly to local cues along its migratory path 43 

(Dorskind and Kolodkin 2021). At early developmental stages, sympathetic neurons respond to 44 

neurotrophin 3 (NT-3) released from the vasculature surrounding the axons (Makita et al. 45 

2008), eliciting a local signal that supports initial axon growth and cell survival (Elshamy and 46 

Ernfors 1996; Kuruvilla et al. 2004).  At later stages, when axons have reached a considerable 47 

length and approach their final targets, Nerve Growth Factor (NGF) is released, internalised 48 

within signalling endosomes and transported back to the cell bodies where it activates 49 

transcription (Kuruvilla et al. 2004; Ascano et al. 2012; Scott-Solomon and Kuruvilla 2018; 50 

Scott-Solomon et al. 2021). In sympathetic neurons both neurotrophins bind to the same 51 

tyrosine kinase receptor TrkA, although their ability to signal to the nucleus depends on the 52 

internalization into signalling endosomes and transport to cell bodies. In contrast to NGF, NT-53 

3/TrkA complexes are not found in signalling endosomes and are not retrogradely transported. 54 
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Thus, NT-3 in axons is thought to act mostly locally and to be a poor activator of gene 55 

expression (Kuruvilla et al. 2004).  56 

In addition to conveying the genetic information from the chromatin to the translational 57 

machinery, mRNA transcripts also carry information stored in their untranslated regions 58 

(UTRs). The 3’ UTRs regulate many aspects of RNA metabolism, including transcript 59 

localization, mRNA stability and translation by interacting with RNA-binding proteins (RBPs) 60 

(Andreassi et al. 2018; Andreassi and Riccio 2009; Mayr 2017; Andreassi et al. 2021).  RBP 61 

complexes are initially assembled co-transcriptionally and are essential for regulating RNA 62 

splicing, polyadenylation site (PAS) choice, alternative polyadenylation (APA), and mRNA 63 

nuclear export (Van Nostrand et al. 2020; Hentze et al. 2018). Most RBPs are multifunctional, 64 

and the complexes undergo extensive remodelling in the cytoplasm (Hentze et al. 2018). RBP 65 

interaction with elements in the 3’ UTR mediate mRNA targeting to dendrites and axons, and 66 

this event is necessary for the establishment of synapses, axon growth and nerve repair after 67 

injury (Cosker et al. 2016; Allen et al. 2013; Doyle and Kiebler 2011; Thelen and Kye 2019; 68 

Dalla Costa et al. 2020; Terenzio et al. 2017; Holt and Schuman 2013). 69 

Here, we performed a comprehensive analysis of transcription, APA, mRNA transport  and 70 

putative RBPs binding in cell bodies and axons of developing rat sympathetic neurons in 71 

response to neurotrophins. We aim to further characterise the shift in the transcriptional 72 

landscape that takes place in developing sympathetic neuron axons in response to 73 

extracellular cues.   74 

 75 

RESULTS 76 

NGF and NT-3 applied to distal axons induce distinct transcriptional programmes  77 

To identify mRNAs localised in cell bodies and axons of sympathetic neurons in response to 78 

neurotrophins, we integrated previously published 3’ UTR sequencing data obtained from 79 

compartmentalized cultures of sympathetic neurons exposed to NGF (Andreassi et al. 2021), 80 

with data simultaneously obtained from axons exposed to NT-3. Compartmentalized chambers 81 

allow the physical separation of cell bodies from distal axons and are especially suited for 82 
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sympathetic neurons because they grow in culture as a highly homogeneous population 83 

without glial cells. Neurons were seeded in the central compartment with NGF (100 ng/ml) and 84 

after 5 days, either NGF or NT-3 were added to the lateral compartments. A low concentration 85 

of NGF (10ng/mL) was maintained in the cell bodies to preserve viability.  After 7 additional 86 

days necessary to achieve robust axon growth, RNA was isolated from cell bodies or axons, 87 

subject to two rounds of linear amplification and sequenced using 3’end-Seq. This technique 88 

allowed the sequencing of transcripts 3’ends independently of the length of the transcript (see 89 

methods for a detailed description of the protocol used; Fig. 1A) (Andreassi et al. 2021).   90 

Analyses of the reads obtained from two independent biological replicates indicated the 91 

high reliability of the RNA sequencing in both compartments (Supplemental Fig. S1A). The 92 

lower correlation between the replicates from axonal compartments is likely due to the very low 93 

amount of RNA isolated in axons. Unsupervised analysis of the sequencing reads indicated 94 

the dominant effect of the compartments over the treatment condition. Indeed, despite axon 95 

only exposure to different neurotrophins, we primarily observed the effects of the treatments in 96 

the cell bodies (Supplemental Fig. S1B,C). Thus, we first aimed to examine the 97 

transcriptional changes in the cell bodies upon exposure of distal axons to NGF or NT-3. 98 

Because a control condition using neurons grown without neurotrophins is not possible, the 99 

experimental setting does not distinguish between changes due to the direct effect of each 100 

neurotrophin or the indirect effect due to the lack of thereof. Differential gene expression 101 

analysis of neurons whose axons were treated with NGF or NT-3 identified 232 genes up-102 

regulated in NGF treated neurons compared to NT-3 (FC>1.5 and P value<0.01, Fig. 1B, 103 

Supplemental Table S1) enriched in terms related to cell adhesion and glucose metabolism 104 

(Fig. 1C, upper). Conversely, the expression of 119 genes was increased in the cell bodies of 105 

neurons whose axons were exposed to NT-3, and they were enriched for neuron projection 106 

and synaptic transmission terms (Fig. 1C, lower, Supplemental Table S2). Transcription 107 

factor binding site (TFBS) enrichment analysis indicated a neurotrophin-specific transcriptional 108 

regulation of the differentially expressed genes (Fig. 1D, Supplemental Table S3).  The 1,000 109 

nucleotide promoter regions of genes up-regulated in NGF compared to NT-3 were enriched in 110 
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14 TFBS motifs, including motifs bound by Early growth response 1 (EGR1),  Early growth 111 

response 1 (EGR2), Early growth response 3 (EGR3; P-Value=3.46 x 10-04, 43% of the 112 

promoter regions of NGF up-regulated genes), Fos proto-oncogene (FOS), FosB proto-113 

oncogene (FOSB), FOS like 1 (FOSL1), JunB proto-oncogene (JUNB) and JunD proto-114 

oncogene (JUND) (P-Value=3.91 x 10-03, 16% the promoter regions of NGF up-regulated 115 

genes; Fig. 1E), all belonging to the Reactome biological pathway of NGF-stimulated 116 

transcription (HSA-9031628). Fewer motifs were enriched within the promoter regions of 117 

transcripts up-regulated in neurons whose axons were exposed to NT-3, and they all related to 118 

embryonic development. Such motifs were bound by Transcription factor SOX-2, POU domain, 119 

class 5, transcription factor 1 (POU5F1, 2.26 x 10-02, 8% of the promoter regions of NT-3 up-120 

regulated genes) and Transcription factor SOX-17 (P-Value=2.39 x 10-02, 23% of the promoter 121 

regions of NT-3 up-regulated genes; Fig. 1F).  122 

Alternative Polyadenylation (APA) takes place principally co-transcriptionally, generating 123 

transcripts expressing identical coding regions and 3’ UTRs of different length (Tian and 124 

Manley 2013). To ask whether neurotrophins induce distinct APA, we investigated the shifts of 125 

the relative 3’ UTR usage of transcripts expressed in cell bodies of neurons whose axons were 126 

exposed to NGF or NT-3. 27 transcripts showed distal-to-proximal promoter 3’ UTR shift in 127 

NGF compared to NT-3 (Fig. 1G, Supplemental Fig. S1D and Supplemental Table S4), and 128 

45 transcripts exhibited distal-to-proximal promoter 3’ UTR shifts in response to NT-3 (Fig. 1H, 129 

Supplemental Fig. S1D and Supplemental Table S5). Differential relative 3’ UTR isoform 130 

usage between the two conditions can be due to selective increase of promoter-proximal 3’ 131 

UTR isoforms, promoter-distal isoforms or both. The 27 transcripts exhibiting significant 132 

promoter distal-to-proximal 3' UTR shifts in NGF included 20 promoter-proximal shifts in NGF 133 

and 17 promoter-distal shifts in NT-3 (Fig. 1G). The 45 transcripts exhibiting significant 134 

promoter distal-to-proximal 3' UTR shifts in NT-3 included 34 promoter-proximal shifts in NT-3 135 

and 26 promoter-distal shifts in NGF (Fig. 1H). In both conditions some transcripts exhibited 136 

changes in both directions. Thus while neurons exposed to NGF exhibited a similar number of 137 

promoter-proximal and promoter-distal 3' UTR shifts (20/26), NT-3 induced twice as many 138 

 Cold Spring Harbor Laboratory Press on August 21, 2023 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


6 

 

promoter-proximal shifts as promoter-distal shifts (34/17), indicating a preferential usage of 139 

isoforms with short 3’ UTR in NT-3-treated condition. Depending on the neurotrophin, 3’ UTR 140 

shifts targeted genes associated with distinct biological pathways: whereas target genes 141 

related to cellular stress and DNA damage were overrepresented in response to NGF (Fig. 1I, 142 

upper panel), target genes in neurons treated with NT-3 were enriched in cell migration and 143 

differentiation biological pathways (Fig. 1I, lower panel). When comparing changes in gene 144 

expression and APA between the two conditions, we found that the genes affected by APA 145 

were distinct from those undergoing transcriptional changes under NT-3 and NGF conditions 146 

(Supplemental Fig. S1E). We also observed a lack of correlation between changes in 3’ UTR 147 

usage and overall gene abundance (Supplemental Fig. 1F). These results are in line with 148 

previous studies (Tian and Manley 2017) showing the role of APA in global mRNA metabolism 149 

independent of mRNA expression. Thus, both NT-3 and  NGF propagate signals from distal 150 

axons to the nucleus to regulate gene expression and co-transcriptional APA.   151 

 152 

 Identification of RBPs that regulate APA in response to NGF and NT-3 153 

RBPs regulate mRNA processing and metabolism, including APA (Hentze et al. 2018; 154 

Erson-Bensan 2016). To identify putative regulators of neurotrophin-specific 3' UTR APA, we 155 

interrogated publicly available cross-linking and immunoprecipitation (CLIP) sequencing data 156 

for 126 RBPs assayed in human cell lines (Supplemental Table S6). Visual inspection of the 157 

distribution of RBP cross-link events along the 3’ UTR isoforms revealed that the 500 158 

nucleotide (nt) region preceding the 3’ ends exhibited the highest percentage of bound RBPs 159 

(70%) (Supplemental Fig. S2A). This region is expected to serve a regulatory function given 160 

its high conservation score (Supplemental Fig. S2B). We first searched for associations 161 

between cross-linking events mapping to defined regions along the promoter-proximal and 162 

promoter-distal 3' UTRs, and the relative usage in cell bodies of the short 3' UTR isoform. 126 163 

RBPs were tested individually both in NGF and NT-3 conditions (see Methods for details). A 164 

positive association between RBP binding and the expression of 3’ UTR isoforms 165 

predominantly occurred at the 3’ end of both the promoter-proximal (Ip) and the promoter-distal 166 
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3’ UTR (Id), irrespective of the neurotrophin used (Fig. 2A). We identified 17 RBPs 167 

preferentially bound within the [-350:+150] region surrounding the 3’ end, acting as positive 168 

regulators of polyadenylation (Supplemental Fig. S2C,E and Supplemental Table S7). 169 

These included the cleavage and polyadenylation (CPA) factors 1 (CPSF1, also known as 170 

CPSF160; Fig. 2B) and Cleavage stimulation factor (CSTF) subunit 2 (CSTF2; Fig. 2C), that 171 

are known to reside in the [-50:0] and [0:50] nt regions around the 3’ end (Mitschka and Mayr 172 

2022). Thus, the binding of RBPs to specific 3’ end terminal regions was positively associated 173 

to both short and long 3’ UTR isoforms, which is consistent with the fact that these factors may 174 

promote 3’ end processing irrespective of 3’ UTR length (Laishram and Anderson 2010).  175 

Negative association between 3’ UTR isoform usage and RBP binding revealed that 176 

negative regulators of polyadenylation are uniquely detected in the [0:150] nt region 177 

downstream of the promoter-proximal 3’ end (Fig. 2D). Long 3’ UTR isoforms were not 178 

associated with negative regulators. The 27 negative regulators of the short 3’ UTR form a 179 

densely connected network of experimentally validated interacting proteins that are enriched in 180 

biological processes related to mRNA stability (Fig. 2E,F, Supplemental Fig. S2D,F and 181 

Supplemental Table S8). ELAV-like protein 1 (ELAVL1, also known as HuR) is a well 182 

characterised RBP that competes with the CSTF factors downstream of poly(A) sites to block 183 

polyadenylation (Zhu et al. 2007). ELAVL1 binding downstream of the 3’ end of the promoter-184 

proximal 3’ UTRs was significantly associated with decreased promoter-proximal 3’ UTR 185 

usage, promoting the transcription of long 3’ UTR isoforms. In contrast, ELAVL1 binding 186 

upstream of the 3’ end was not predicted to affect polyadenylation (Fig. 2G). Therefore, our 187 

analysis supports a model by which the selection between short and long 3’ UTR isoform 188 

primarily depends on negative factors bound within the 150 nt region downstream of the 189 

promoter-proximal 3’ end. Analysis of the potential to localise into cellular condensates 190 

revealed significant differences between the 17 positive and the 27 negative regulators of 191 

polyadenylation, with the former exhibiting higher probability to localise into P-bodies and 192 

cytoplasmic granules (Fig. 2H). Our analysis identifies new candidates and known regulators 193 

of polyadenylation along with their preferential location around the 3’ end, with positive 194 
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regulators more likely to concentrate into condensates where they may operate to promote the 195 

cleavage of the 3’ end (Andreassi et al. 2021). 196 

Next, we tested whether the subtle but significant differences in APA observed in dozens of 197 

transcripts upon exposure of distal axons to NGF or NT-3 (Fig. 1G) were associated with 198 

specific RBPs. 3’ UTR position-dependent Fisher enrichment in RBP cross-link events were 199 

studied for the four groups of APA isoforms previously identified (Fig. 1G,H). The distributions 200 

of the enrichment scores (-log10(P-value)) along the 3’ UTR revealed that the regulatory 201 

regions with significant enrichment of RBPs were restricted to the region downstream the 202 

promoter-proximal 3’ end, irrespective of the grouping (Fig. 3A-D and Supplemental Fig. S3), 203 

which aligns with the negative regulators of polyadenylation identified through the Welch's t-204 

test (Fig. 2D and Supplemental Fig. S2F). Using this approach, four groups of RBPs that 205 

serve as candidate regulators of preferential promoter-proximal or promoter-distal usage 206 

between the two conditions were identified (Fig. 3E-H). While this analysis does not distinguish 207 

between positive and negative regulators of differential APA between each conditions, several 208 

of these factors, including heterogeneous nuclear ribonucleoprotein C (HNRNPC), Y-box-209 

binding protein 3 (YBX3), and KH-Type Splicing Regulatory Protein (KHSRP), were previously 210 

identified as global negative regulators of APA (Fig. 2E). Strikingly, these RBPs bind within the 211 

150 nt region downstream of the promoter-proximal 3’ end (Fig. 3A-D), similar to the predicted 212 

negative regulators of APA (Fig. 2D). These findings collectively suggest that each 213 

neurotrophic treatment leads to a condition-specific change in the negative regulatory activity 214 

of these factors (Fig. 3E-H). Specifically, the negative regulatory activity on the promoter-215 

proximal 3' UTR isoform is diminished in one condition compared to the other when there is a 216 

shift towards the usage of short 3' UTR isoforms in the former (Fig. 3E,F,I,J). Conversely, it is 217 

enhanced when there is a preference for long 3' UTR isoforms in the former (Fig. 3G,H,K,L). 218 

For example, HNRNPC is enriched in the regions downstream of the 3' end of the promoter-219 

proximal 3' UTR isoforms whose related distal isoforms are up-regulated in the NGF condition 220 

compared to the NT-3 condition (Fig. 3D,H). Furthermore, HNRNPC is enriched in the regions 221 

downstream of the 3' end of the promoter-proximal 3' UTR isoforms that are up-regulated in 222 
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the NT-3 condition compared to NGF(Fig. 3A,E). These results support a stronger repressor 223 

activity of HNRNPC in response to NGF compared to NT-3. Tracks of representative 224 

transcripts expressing long or short 3’ UTR in cell bodies of neurons treated with NGF or NT-3 225 

along with CLIP-seq data are shown in Fig. 3I-L.   226 

 227 

NGF and NT-3 induce the localisation of distinct mRNA transcripts in axons 228 

We next investigated whether NGF and NT-3 prompted the transport of different mRNAs in 229 

axons. A similar number of transcripts and 3’ UTR isoforms were found in cell bodies and 230 

axons independently of neurotrophin treatment (Fig. 4A and Supplemental Fig. S4A). 231 

However, a large number of axonal mRNAs with distinct cellular functions (Supplemental Fig. 232 

S4B) was uniquely detected in response to either NGF (n=1,962) or NT-3 (n=1,089; Fig. 4B). 233 

In line with previous studies (Tushev et al. 2018; Andreassi et al. 2021), a larger percentage of 234 

axonal transcripts expressed multiple (Fig. 4C) and longer (Fig. 4D) 3' UTR isoforms, when 235 

compared to cell bodies in both conditions. 236 

The abundance of axonal mRNAs mostly correlated with both expression levels in the cell 237 

bodies and transcript length (Supplemental Fig. S4C,D), suggesting that diffusion and 238 

anchoring are important mechanisms regulating mRNA localisation (St Johnston 2005). To 239 

study the mechanisms responsible for active mRNA transport, we developed a statistical 240 

model and a novel metric that we named Localisation Score (LS). LS quantifies the efficiency 241 

of transcripts localisation in axons irrespective of mRNA length and abundance in the cell 242 

bodies (Supplemental Table S9; see Methods and Supplemental Material). A positive LS 243 

indicates higher axonal mRNA abundance than expected for transcripts with similar size and 244 

expression levels, and correlates with active transport and stabilisation. Conversely, negative 245 

LS values are indicative of either restricted transcript diffusion from the cell bodies or higher 246 

mRNA degradation. Because LS enables the identification of over- and under-transported 247 

mRNA irrespective of the expression levels (Supplemental Fig. S4E-G), it provides a better 248 

statistical tool than the ratio of the gene abundance between axons and cell bodies commonly 249 

used (Supplemental Fig. S4H), as the latter is more prone to identify extreme values for 250 

 Cold Spring Harbor Laboratory Press on August 21, 2023 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


10 

 

highly expressed transcripts given the larger dynamic ranges in expression of this class of 251 

transcripts. Analysis of GO enrichment per range of abundance ratios versus LS shows that 252 

terms associated with over-transported transcripts using LS scores better reflect the biological 253 

system (axon development, cell adhesion) as compared to transcripts exhibiting excess in 254 

abundance ratios (Supplemental Results and Supplemental Fig. S7). 255 

Using LS, thousands of over- and under-transported 3’ UTR isoforms were identified in both 256 

NGF and NT-3 conditions (Supplemental Fig. S4I,J). To validate the statistical model, real-257 

time quantitative PCR (RT-qPCR) was performed on transcripts predicted to be restricted to 258 

cell bodies.  Analysis of Eid2 and Rab22a indicated that these mRNAs were virtually absent in 259 

NGF and NT-3 treated axons, despite being highly expressed in the cell bodies 260 

(Supplemental Fig. S4K). LS analysis revealed that NGF and NT-3 promote axonal 261 

localisation of transcripts associated with largely similar GO biological pathways, such as 262 

vesicular localisation and axo-dendritic transport (Supplemental Fig. S4L). Subtle but 263 

significant differences in axonal transcripts associated with specific biological pathways were 264 

detected in both conditions. Transcripts related to the collagen catabolic pathway exhibited 265 

higher LS in NGF axons compared to NT-3 (Fig. 4E,F), while those related to the vascular 266 

endothelial-derived growth factors-related pathway had higher LS in NT-3 (Fig. 4G,H). The 267 

latter finding is especially interesting considering that when sympathetic neurons are exposed 268 

to NT-3, axons grow in close contact with blood vessels (Scott-Solomon et al. 2021), possibly 269 

inducing the transport of transcripts that mediate cross-signalling between neurons and 270 

endothelial cells. Analysis performed on individual transcripts identified 482 3’ UTR isoforms 271 

with significantly higher LS in NGF-treated axons and 348 with higher LS in NT-3-treated 272 

axons (Fig. 4I and Supplemental Table S10,11). Single molecule RNA Fluorescence In Situ 273 

Hybridization (smFISH) of Atf3, a transcript predicted to localise in NT-3 but not NGF-treated 274 

axons, confirmed that neurotrophins induce mRNA axonal localisation in a highly specific 275 

manner (Fig. 4J,K) (Willis et al. 2007). We next investigated the interplay between mRNA 276 

regulation in the cell body (transcription and APA) and axonal localization. As differences in 277 

localization scores were not correlated with differences in gene expression (Supplementary 278 
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Fig. S4M), we found limited overlap between the significantly differentially expressed genes 279 

(Supplemental Tables S1, S2) and the genes differentially localized between the two 280 

conditions (Supplemental Fig. S4N and Supplemental Tables S10, S11). However, 281 

comparison of the LSs of genes targeted by APA in response to NGF and NT-3 282 

(Supplemental Tables S5, S6)  revealed that genes exhibiting significant distal-to-proximal 283 

shifts in the NGF condition displayed lower axonal localization compared to NT-3 284 

(Supplemental Fig. 4O).  Although the difference in LS between NGF and NT-3 is not 285 

statistically significant (P-value=0.06), these findings suggest a specific correlation between 286 

axonal localization and APA, especially in the NGF condition. 287 

 288 

Computational prediction of the RBP regulome for axonal mRNA localisation   289 

To study whether putative RBP binding accounted for the distinct axonal localisation 290 

observed among 3’ UTR isoforms in response to neurotrophins we conducted statistical tests 291 

comparing the LS of transcripts exhibiting a cross-link event for individual RBPs in the 50-292 

nucleotide regions along the 3' UTR with those that did not exhibit such events (see Methods). 293 

A [-200:-50] nt region preceding the 3’ end exhibited the highest regulatory potential for axonal 294 

localisation in both NGF and NT-3 conditions (median P-value=10x10-25 across the 126 RBPs; 295 

Fig. 5A). The preferential binding of trans-acting factors to this specific region is in line with 296 

previous findings demonstrating the presence of NGF-dependent localisation elements within -297 

150 nt from the 3’ end (Andreassi et al. 2010). Indeed the number of cross-link events (331 298 

experiments for 126 RBPs) within the [-150:-100] nt region preceding the 3’ end correlated with 299 

the LSs (Fig. 5B). The 32 RBPs exhibiting the highest positive association with localised 300 

transcripts were enriched in mRNA transport biological pathway (Fig. 5C and Table S12; P-301 

value=8.74x10-05). Regulators of mRNA transport, such as Fragile X messenger 302 

ribonucleoprotein 1 (FMR1) (Antar et al. 2004; Dictenberg et al. 2008) (Fig. 5D), Insulin-like 303 

growth factor 2 mRNA-binding protein 1 (IGF2BP1) (Kislauskis et al. 1994; Ross et al. 1997) 304 

(Supplemental Fig. S5A) and TAR DNA-binding protein 43 (TDP43) (Nagano et al. 2020; 305 

Štalekar et al. 2015) (Supplemental Fig. S5B), also exhibited significantly higher cross-linking 306 
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events in transcripts over-transported in response to NGF and NT-3 (Fisher count test). 307 

Although the 126 studied RBPs showed similar positive association with axonal localisation in 308 

both NGF and NT-3 (Supplemental Fig. S5C), Eukaryotic translation initiation factor 4 gamma 309 

2 (EIF4G2) (Supplemental Fig. S5D) and SNRPB (Supplemental Fig. S5E) showed 310 

significant enrichment in over-transported 3’ UTR isoforms in either NGF or NT-3 conditions, 311 

respectively. Interestingly, EIF4G2 is locally translated in rat sympathetic neuron axons where 312 

it supports axon growth (Kar et al. 2013). Finally 12 RBPs showed significantly higher binding 313 

occurrence (Fisher count test) in the [-250:-50] nucleotide region preceding the 3’ end of the 314 

under-transported isoforms, when compared to either all transcripts or over-transported 315 

isoforms (Supplemental Table S13). 316 

Logistic regression was used to investigate the collective contribution of 43 RBPs 317 

(consisting of 32 positive and 12 negative candidate regulators) that were individually 318 

associated with mRNA axonal localization. For discrimination between over- and under-319 

transported 3' UTR isoforms (Supplemental Fig. S5F), we trained three types of classifiers: 320 

(1) model M1 utilized the complete set of 32 positive and 12 negative regulators of axonal 321 

localization (refer to Supplemental Tables S12, S13), (2) model M2 utilized exclusively the 32 322 

positive regulators, and (3) model M3 utilized exclusively the 11 negative regulators. 42 323 

interaction terms were also generated from a subset of positive and negative regulators to 324 

explore their potential synergistic regulatory effects (model M4; see Methods). Using these 325 

models, groups of RBPs were identified that enabled the classification of localised versus cell 326 

body restricted 3’ UTR isoforms. RBPs were either positive regulators of axonal localisation 327 

(Supplemental Fig. S5G) or linked to decreased localisation of specific axonal mRNAs in 328 

response either to NGF or NT-3  (Supplemental Fig. S5H). While models utilising a higher 329 

number of predicted features (M1 and M4) demonstrated superior performance (Fig. 5E), the 330 

classifiers based on the 11 candidate negative regulators exhibited superior performance in 331 

discriminating between over- and under-transported transcripts than the classifiers based on 332 

32 positive regulators in both NGF and NT-3 conditions (i.e. higher model performance of M2 333 

compared to M3; Fig. 5E). These 11 negative RBPs form a network of interacting proteins 334 
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enriched in regulators of translation and mRNA stability (Fig. 5F) including ELAVL1, which 335 

reduces neuronal cytoplasmic mRNA, CUGBP Elav-like family member 4 (CELF4) and 336 

KHSRP (Engel et al. 2022; Olguin et al. 2022; Patel et al. 2022) (Supplemental Fig. S5I). 337 

KHSRP and CELF4 regulate mRNA abundance in axons and dendrites (Snee et al. 2002) 338 

while Pumilio RNA binding family member 2 (PUM2) shapes the transcriptome in developing 339 

axons by retaining mRNAs in the cell body (Martínez et al. 2019). The visualization of positive 340 

and negative regulators shared by NGF and NT-3 along the 3' UTRs of over-transported  (Fig. 341 

5G) and cell body restricted transcripts (Fig. 5H) revealed a pronounced increase in the 342 

density of cross-linking events involving negative regulators of axonal localisation. These 343 

findings suggest that mRNA destabilization and compartment-specific restriction play crucial 344 

roles in regulating the axonal transcriptome (Patel et al. 2022; Wagnon et al. 2012; Shav-Tal 345 

and Singer 2005; Loedige et al. 2023). 346 

Further comparison of model performances revealed that classifiers trained with data from 347 

the NT-3 condition exhibited superior performance compared to the model trained with data 348 

from the NGF condition (Fig. 5E), particularly in classifying a lower proportion of cell body-349 

restricted 3' UTR isoforms as axonally localized (resulting in a reduced false positive rate). 350 

Thus, transcripts with restricted axonal localization in the NT-3 condition display a more 351 

coherent RBP code and a better defined regulation than in NGF.    352 

The enhanced performance of the classifiers trained with 42 interaction terms derived from 353 

14 pairs of RBPs, when compared to those trained with the 43 individual RBPs suggests a 354 

combined and dependent regulation among these RBPs (Fig. 5E). This finding also highlights 355 

the identification of RBP combinations that exhibit greater specificity for each cue (Fig. 5I,J). 356 

Furthermore, a systematic increase in the density of cross-linking events was observed for 357 

pairs of negative regulators in both NGF and NT-3 conditions (Fig. 5K-N and Supplemental 358 

Fig. S5J) highlighting the contribution of combined rather than individual RBPs.  359 

 360 

 361 

 362 
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The RBPome for 3’ UTR remodelling in axons 363 

We recently discovered that the 3’ UTR of transcripts localised in axons may undergo local 364 

remodelling, resulting in the generation of polyadenylated isoforms expressing a shorter 3’ 365 

UTR that are stable and efficiently translated (Andreassi et al. 2021).  Analysis of isoforms 366 

localised in NGF and NT-3-treated axons revealed a similar number of 3’ UTR isoforms with 367 

different usage of long and short 3’ UTRs in both cell bodies and axons (665 and 458, 368 

respectively; Supplemental Fig. S6A,B; Supplemental Tables S14-17). Candidate 369 

transcripts of axonal remodelling were identified in both NGF and NT-3 conditions as isoforms 370 

expressing short 3’ UTR in axons but virtually absent in cell bodies (Fig. 6A, left; 371 

Supplemental Tables S18-19). This unique expression pattern suggests that they are not the 372 

product of co-transcriptional APA and are cleaved in axons. At least some transcripts 373 

expressing short 3’ UTR only in axons are not transported (Andreassi et al. 2021), however we 374 

cannot exclude that their localisation may be due to a very efficient and fast translocation from 375 

cell bodies to axons. Isoforms expressing short 3’ UTRs only in axons were largely not 376 

overlapping between NGF and NT-3 (Fig. 6A, right). Tracks of representative transcripts 377 

expressing unique short 3’ UTR in axons treated with either NGF or NT-3 are shown in Fig. 378 

6B,C.  379 

We  identified Argonaute RISC catalytic component 2 protein (AGO2) as the endonuclease 380 

responsible for 3’ UTR cleavage (Andreassi et al. 2021). Fisher enrichment in RBP cross-link 381 

events along the 3’ UTR of the remodelled isoforms (n=80 in NGF and n=60 in NT-3) revealed 382 

that while NGF-related predicted regulators of axonal remodelling preferentially localised to the 383 

[0:+50] nt region downstream the 3’ end, NT-3-related predicted regulators were found on both 384 

sides of the 3’ end (Fig. 6D). Thirty-five enriched RBPs were observed in both NGF and NT-3 385 

remodelled isoforms, whereas 10 and 18 were unique for NGF or NT-3, respectively (Fig. 6E 386 

and Supplemental Tables S20-21). Common RBPs included ELAVL1 which is known to 387 

inhibit polyadenylation when bound to the region downstream of the 3’ end (Supplemental 388 

Fig. S6C). The RNA helicase and ATPase UPF1, which belongs to the protein complex that 389 

we previously showed to mediate the 3′ UTR cleavage (Andreassi et al. 2021) was enriched in 390 
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the 50 nt region downstream of the 3’ end of remodelled isoforms in both NGF and NT-3 391 

treated axons (Fig. 6F and Supplemental Fig S6D). Analysis of the positional preference of 392 

the top predicted regulators of axonal cleavage revealed that for NT-3-remodelled isoforms, 393 

binding to the [-200:-150] nt window upstream the 3’ end is favoured, whereas regulatory 394 

regions of NGF-remodelled isoforms reside in the [50:100] nt region downstream the 3’ end 395 

(Fig. 6G). Neurotrophin-specific predicted regulators of axonal remodelling include A-kinase 396 

anchor protein 8-like (AKAP8L), which is enriched in the [-200:-150] nt region of 3’ UTR short 397 

isoforms and is uniquely detected in NT-3 condition, and polypyrimidine tract-binding protein 1 398 

(PTBP1), which is enriched in the [0:50] nt region downstream of the pool of short 3’ UTR 399 

isoforms detected only in NGF-treated axons (Fig. 6H). Analysis of the association of the 400 

RBPs predicted to regulate 3’ cleavage in axons with APA in the nucleus revealed that these 401 

factors behaved as negative regulators of polyadenylation when bound downstream of the 3’ 402 

end of short 3’ UTR isoforms (Fig. 6I). Together these findings indicate that RBPs predicted to 403 

regulate 3’ cleavage in axons may determine nuclear APA and 3’ UTR isoform expression. 404 

 405 

DISCUSSION 406 

NGF and NT-3 are required for axon growth and neuron survival (Dorskind and Kolodkin 407 

2021). In developing sympathetic neurons, NGF and NT-3 elicit distinct intracellular signalling 408 

pathways despite acting through the same receptor Trk-A. NGF-TrkA complexes are 409 

internalised into signalling endosomes that travel back long distances to the cell bodies where 410 

they activate transcription (Riccio et al. 1997, 1999; Bhattacharyya et al. 1997). In contrast, 411 

NT-3 cannot be endocytosed within signalling endosomes and is thought to act mostly locally 412 

(Kuruvilla et al. 2004; Scott-Solomon et al. 2021; Ascano et al. 2012; Scott-Solomon and 413 

Kuruvilla 2018; Harrington et al. 2011).  It should be noted that sympathetic neurons do not 414 

express TrkC (Scott-Solomon et al. 2021), the higher affinity receptor for NT-3 (Barbacid 415 

1994), and therefore any NT-3 dependent effect in these cells are likely due to NT-3 binding to 416 

TrkA. Our data demonstrate that both neurotrophins when applied to distal axons induce a 417 

robust transcriptional response of 3’ UTR isoforms that are only partially overlapping (Fig.1). 418 
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Our findings challenge the current understanding that NT-3 does not signal retrogradely to the 419 

cell body compartment and open the possibility that it may initiate a signalling cascade that is 420 

faithfully propagated to the nucleus.  421 

RBPs are key regulators of mRNA metabolism including mRNA transport and translation, 422 

and are essential in determining when and where specific proteins are expressed. By 423 

integrating our 3’ end-seq data with CLIP data generated in human cell lines, we discovered 424 

novel candidates and known regulators of APA (Fig. 2), corroborating the suitability of human 425 

data to study RBP regulomes underlying mRNA metabolism in rodent neurons. RNA transport 426 

in axons is known to be bidirectional, and transcripts complexed with RBPs can move both 427 

anterogradely and retrogradely (Dalla Costa et al. 2020; Terenzio et al. 2017; Holt and 428 

Schuman 2013; Das et al. 2019). We identified a large repertoire of transcripts that are 429 

localised and stored in sympathetic neuron axons in response to either NGF or NT-3 (Fig. 3), 430 

and the putative RBPome responsible for mRNA localisation. We also showed that restricted 431 

axonal localisation in response to NT-3 is associated with a more defined RBP regulome 432 

compared to NGF (Fig. 5). Axonal localization is positively regulated by RBPs that facilitate 433 

mRNA transport, and negatively modulated by RBPs that regulate mRNA stability. Albeit 434 

universal axon-targeting motifs have not been identified so far, 32 RBPs were positively 435 

associated with axonal localisation. Employing a logistic regression method, groups of RBPs 436 

were identified that influenced mRNA localization to axons in response to either NGF or NT-3. 437 

Our analysis strongly suggests that mRNA stability and restriction to cell bodies play a pivotal 438 

regulatory role in axonal mRNA localization, aligning with recent research (Loedige et al. 439 

2023). Future studies will clarify whether a similar combination of RBPs drives transcript 440 

localisation to other neuronal compartments, such as dendrites and dendritic spines, or in 441 

other cell types.   442 

We recently discovered that some axonal transcripts including Inositol Monophosphatase 1 443 

(IMPA1) undergo 3’ UTR remodelling in sympathetic neuron axons (Andreassi et al. 2021). 444 

Importantly 3’ UTR cleavage is necessary for triggering the translation of IMPA1 mRNA 445 

isoforms expressing a short, cleaved 3’ UTR  (Andreassi et al. 2021). Hundreds of transcripts 446 
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with a proximal-to-distal shift of the 3’ UTR are detected in axons. Several short 3’ UTR 447 

isoforms are expressed exclusively in axons and in some cases specifically in response to 448 

either NGF and NT-3 (Fig.5 and Supplemental Fig. S5). Analysis of the RBP complexes 449 

interacting with the remodelled isoforms revealed an enrichment of UPF1 and PTBP1 450 

previously identified as binding partners of the cleavage complex (Andreassi et al. 2021). It 451 

should be noted that predicted regulators of 3’ UTR cleavage behaved as negative regulators 452 

of nuclear polyadenylation when bound downstream of the 3’ end of short 3’ UTR isoforms. 453 

Thus, we propose that RBPs responsible for 3’ UTR cleavage are recruited co-transcriptionally 454 

to downstream regions of the promoter-proximal 3’ end in the nucleus. They favour the 455 

expression of the long 3’ UTRs required for axonal localisation (Cosker et al. 2016; Andreassi 456 

et al. 2021; Terenzio et al. 2018), possibly by competing with cleavage factors and 457 

suppressing the use of the proximal PAS. The factors may remain bound to the 3’ UTR within 458 

RBP granules and hitchhike along the axons, eventually co-localising in the axonal 459 

compartment with the long 3’ UTR isoform. Upon de-assembly of the transport granules in 460 

axons, some factors, including UPF1, promote the cleavage of the long 3' UTR (Fig. 7). 461 

Transport granules have been considered as “translation factories” that contain RBPs, 462 

mRNAs, ribosomes and translation factors, regulating local protein synthesis (Kanai et al. 463 

2004; Krichevsky and Kosik 2001). Here, we propose a similar mechanism by which APA, 464 

RNA localization and neurotrophin-dependent translation are coupled and co-regulated. 465 

Release of the 3’ UTR isoforms remodelling factors from granules may serve as the final step 466 

that allows the translational activation in axons of transcripts expressing shorter 3’ UTRs.  467 

While further mechanistic studies will be necessary to validate the integration of  468 

compartmentalised 3’ end RNA-sequencing and CLIP sequencing data, our study sheds new 469 

light on the nature of axonal mRNA and the RBPs that regulate the transport and 3’ UTR 470 

remodelling. Moreover, given that most neurological diseases are considered as disorders of 471 

the RNA (Nussbacher et al. 2019; Wang et al. 2007), our data provide new targets potentially 472 

amenable for the cure of degenerative disorders of the nervous system.  473 

 474 
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METHODS 475 

Reagents 476 

Cell culture reagents, molecular biology reagents and kits were purchased from Thermo 477 

Fisher Scientific and all other chemicals from Sigma, unless stated otherwise. 478 

Compartmentalized cultures of rat sympathetic neurons  479 

All animal studies were approved by the Institutional Animal Care and Use Committees at 480 

University College London.  Superior cervical ganglia were dissected from postnatal day 1-2 481 

Sprague Dawley rats, enzymatically dissociated and plated on glass coverslips or in 482 

compartmentalized chambers pre-coated with home-made collagen and laminin (5μg/mL), as 483 

previously described (Riccio et al. 1997). Undifferentiated cells seeded in the central 484 

compartment of the chambers were initially exposed to 100ng/mL NGF to support survival and 485 

cell differentiation.  Five to six days after plating, NGF was reduced to 10ng/mL in the central 486 

compartment and neurons were maintained with either NGF (100 ng/ml) or NT-3 (1μg/mL) in 487 

the lateral compartment only where they promoted extensive axon growth. The concentration 488 

of NT-3 used was thoroughly tested to ensure a rate of axonal extension, similar and often 489 

even higher than NGF. Medium was changed every 48-72 hrs with a fresh amount of growth 490 

factors added. Cytosine arabinoside (ARA-C, 10μM) was added 24 hours after plating to block 491 

the proliferation of non-neuronal cells.  492 

RNA isolation, reverse transcription, linear amplification and 3’end-RNA-seq 493 

3’ end sequencing based performed as previously (Andreassi et al. 2021) and as decribed 494 

in Supplemental Methods. Primer sequences and PCR conditions are provided in Table S23. 495 

3' UTR isoform quantification and identification of transcripts localized to axons 496 

As previously described (Andreassi et al. 2021), the last 500 nt portion of each transcript 497 

contains above 70% of the reads originating from that transcript irrespective of their length. We 498 

thus used the number of reads mapped to the -500 nt terminal region of each 3’ UTR isoform 499 

as a proxy for the 3’ UTR isoform expression levels. Because 3’ end seq amplifies the 3’ end of 500 
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the transcript, it is not in principle influenced by the transcript length as it is the case for classic 501 

RNA-sequencing and therefore no further normalization is performed to correct for transcript 502 

length as usually performed with RPKM. The density of mapped reads in -500 nt terminal 503 

region of 3' UTR isoforms is bimodal, with a low-density peak probably corresponding to 504 

background transcription, i.e. 3' UTR isoforms of low abundance or 3’ UTR isoforms to which 505 

reads were spuriously mapped, and a high-density peak corresponding to expressed 3' UTR 506 

isoforms (Supplemental Fig. S4A). In order to identify 3’ UTR isoforms expressed in axons 507 

and cell body, a two-component Gaussian mixture was fitted to the data using the R package 508 

mclust (Fraley and Raftery 2002). An isoform was called expressed if there were less than 5% 509 

chance of belonging to the background category in both replicates or if there was more than 510 

10% chance of belonging to the expressed category in at least one replicate. 511 

Analysis of Alternative cleavage and polyadenylation (APA) 512 

The analysis of APA was performed as previously described (Andreassi et al. 2021) and as 513 

detailed in Extended Methods. In brief, we first extracted the log2 ratio of promoter-proximal 514 

and promoter-distal 3’ UTR isoform expression levels, hereafter called RUD, in each sample. 515 

We also calculated the ratios between the read count in the promoter-proximal and the sum of 516 

the read counts in the promoter-proximal and the promoter-distal 3’ UTR isoforms, hereafter 517 

called PUD. In the case of multiple promoter-distal 3’ UTR isoforms per transcript ID, a value 518 

was computed for each individual promoter-distal 3’ UTR isoform. In order to identify transcripts 519 

that show a marked change in the 3’ UTR isoform between conditions, we scored the 520 

differences in proximal-to-distal poly(A) site usage using both the differences in RUD and PUD 521 

between conditions of interest. The statistical significance of the changes in proximal-to-distal 522 

poly(A) site ratio between conditions was assessed by Fisher’s exact count test. We adjusted 523 

the P-Value controlling for False Discovery Rate (FDR) of 0.01.    524 

Axonal localisation analysis 525 

The ratio between genes’ abundance in the axons and in the cell body is often used to 526 

quantify mRNA axonal localisation (Olguin et al. 2022; Martínez et al. 2019), however this 527 

metric correlates with the mRNA abundance in the cell body and the transcript length 528 
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(Supplemental Fig 3C,D). Consequently, such metrics fail to identify highly transported but 529 

lowly expressed transcripts, and similarly they are more likely to associate highly expressed 530 

transcript with high mRNA axonal localisation scores despite low transport efficiency, as 531 

compared to transcripts of similar expression level. Here we aimed to develop a novel metric 532 

that accurately infers the axonal transport efficiency and stability, irrespective of the transcript 533 

length and the expression in the cell body using a hierarchical Bayesian model procedure.  534 

First, we looked at the global relationship between the normalised read count per 3’ UTR 535 

isoforms in the axonal compartment and their corresponding normalised read counts in the cell 536 

body compartment. We found that the average 3’ UTR isoform abundance level -average log2 537 

expression- in the axonal compartments of either NGF or NT-3 condition is best approximated 538 

by a combination of polynomial regression model of degree four of the abundance in the cell 539 

body and a linear model of the transcript length as revealed by the Akaike's An Information 540 

Criterion from ANOVA analysis (Supplemental Table S22 and Supplemental Fig. S4E). 541 

Given our goal to set out a metric of axonal localisation independent of the cell body read 542 

counts and the transcript length, we created 102 groups of 3’ UTR isoforms of fixed expression 543 

ranges in the cell body (18 bins from  to  nucleotides) and fixed ranges of transcript 544 

lengths (10 bins from  to  nucleotides). For each of these 102 groups, we generated a 545 

matrix of  simulated draws of axonal read count values predicted using the fitted polynomial 546 

regression model of degree four, obtained from the total pool of transcripts, over a regularly 547 

interspaced grid of 100 possible transcript lengths -ranging from the minimal to the maximal 548 

transcript length of this specific group, and 100 possible cell body read count values -again 549 

ranging from the minimal to the maximal cell body read count of this specific group. We then 550 

extracted the average and variance over the predicted  axonal read count values for each of 551 

these 102 groups. Using these 102 pairs of averages and variances, we next fitted 102 552 

negative binomial distributions to the 102 groups of axonal read counts by maximum likelihood 553 

(mle) using the fitdist function from the fitdistrplus R package (Dutang). These 102 posterior 554 

predictive distributions of axonal read counts could then serve to assess whether the observed 555 
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axonal abundance of each individual 3’ UTR isoform   are consistent with the fitted models 556 

given their associated transcript length and cell body abundance. Here we propose that the 557 

more extreme the  , for a given 3’ UTR isoform of specific transcript length and cell body 558 

abundance, is on the histogram of simulated values  from the corresponding predictive 559 

distribution, the more likely the axonal localization of its corresponding 3’ UTR isoform has 560 

been actively regulated as opposed to the unspecific active transport which is expected to 561 

affect most transcripts detected in the axons. If  is in the lower tail, we expect this 3’ UTR 562 

isoform to be either restricted to the cell body or actively degraded in the axonal compartment; 563 

conversely if  is in the higher tail of the histogram, we expect the 3’ UTR isoform to be 564 

either actively transported or stabilised in the axonal compartment. Thus for each 3’ UTR 565 

isoform , we next computed the proportion of  values, randomly generated from the 566 

posterior negative distribution associated with its corresponding transcript length and 567 

abundance in the cell body, that were smaller or larger than the observed axonal read count. In 568 

order to get a single value per transcript, hereafter called Localisation Score, we selected the 569 

smallest of these two values (probabilities to observe smaller or larger axonal read count for a 570 

given isoform), transformed it using the log10, and multiplied it by -1 when the latter was 571 

selected. Hence positive values are associated with active transport or stabilisation, while 572 

negative values are associated with cell body restriction or degradation. Notably while the 573 

ratios between genes abundance in the axons and in the cell body depend on cell body 574 

abundance (Supplemental Fig. S4F, upper) and transcript length (Supplemental Fig. S4G, 575 

upper), this is not the case anymore with the novel localisation score metric (Supplemental 576 

Figs. S4F,G, lower). This analysis has been restricted on the 30,450 3’ UTR isoforms detected 577 

in the axonal compartments of neurons either exposed to NGF or NT-3. The axonal localisation 578 

scores for these 3’ UTR isoforms have been computed for NGF and NT-3 conditions 579 

independently and are reported in Supplemental Table S9. 580 

Mapping and analysis of CLIP data 581 
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To identify RBPs that bind to 3’ UTR regions, we examined iCLIP data for 18 RBPs (Attig et 582 

al. 2018), and eCLIP data from K562 and HepG2 cells for 89 and 70 RBPs, respectively, 583 

available from ENCODE (Van Nostrand et al. 2020; Sloan et al. 2016). In total we analysed 584 

CLIP-seq data for 126 RBPs (see Supplemental Table S6 for complete list of CLIP 585 

sequencing data). Before mapping the reads, adapter sequences were removed using 586 

cutadapt v1.9.dev1 (Martin 2011) and reads shorter than 18 nucleotides were dropped from 587 

the analysis. Reads were mapped with STAR v2.4.0i (Dobin et al. 2013) to UCSC 588 

hg19/GRCh37 genome assembly. To quantify binding to individual loci, only uniquely mapping 589 

reads were used. The results were lifted to rn5 using liftOver (Hinrichs et al. 2006). The 590 

mapping of the CLIP data has been done in 2018. While updated versions of the human 591 

genome assembly have been released since then (GRCh38, T2T-CHM13), mapping the CLIP 592 

to a newer version of the genome assembly is not expected to significantly change the results 593 

given that novel annotated regions are not biased towards specific regions (3’ UTR long versus 594 

short isoform) or to specific groups of genes related to neuronal functions. Indeed the statistics 595 

based on these data capitalise on the large variety of transcripts and regions where these are 596 

mapped. 597 

RBP regulome underlying alternative polyadenylation 598 

In order to identify positive and negative RBPs regulators of alternative polyadenylation in 599 

developing rat sympathetic neurons, we tested the association between RBP binding in 600 

defined regions along the 3’ UTR and the relative usage of the promoter-proximal 3’ UTR 601 

isoforms (PUD) in the cell body compartments of either NGF or NT-3 conditions. In particular 602 

we used the Welch’s t-test to compare the distributions of the PUD between groups of isoforms 603 

exhibiting or not cross-link events in the following 30 defined regions surrounding the 3’ ends 604 

of the promoter-proximal 3’ UTR isoforms : [-3000:-2950],[-2750:-2700],[-2500:-2450],[-2250:-605 

2200],[-2000:-1950],[-1750:-1700],[-1500:-1450],[-1400:-1350],[-1300:-1250],[-1200:-1150],[-606 

1100:-1050],[-1000:950],[-900:-850],[-800:-750],[-700:-650],[-600:-550],[-500:-450],[-450:-607 

400],[-400:-350],[-350:-300],[-300:-250],[-250:-200],[-200:-150],[-150:-100],[-100:-50],[-608 

50,0],[0,+50],[+50:+100],[+100:+150] for 126 RBPs with available CLIP-seq data in human cell 609 
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clines, thereby obtaining 30 P-values per RBPs. These were then minus log10-transformed and 610 

multiplied by the sign of the difference in PUD between the group of isoforms exhibiting or not 611 

a cross-link event in the defined region along the 3’ UTR. Thus positive value indicates that 612 

RBP binding to regions surrounding the 3’ end of the promoter-proximal 3’ UTR promotes the 613 

usage of the promoter-proximal 3’ UTR isoforms, hence acting as positive regulators of the 614 

promoter-proximal and negative regulators of promoter-distal 3’ UTR isoform, while negative 615 

value indicates that RBP binding to regions surrounding the 3’ end of the promoter-proximal 3’ 616 

UTR promotes the usage of the promoter-distal, hence acting as negative regulators of the 617 

promoter-proximal and positive regulators of promoter-distal 3’ UTR isoforms. We repeated 618 

this analysis to compare the distributions of the PUD between groups of isoforms exhibiting or 619 

not cross-link events in the same 30 defined regions surrounding the 3’ ends of the promoter-620 

distal 3’ UTR isoforms, therefore inspecting the regulatory potential of RBP through the binding 621 

of the distal 3’ UTR isoforms. Thus, we obtained a map of regulatory potential of the relative 3’ 622 

UTR usage along the short and long 3’ UTR for each of the 126 RBPs. 623 

RBP regulome underlying APA between NGF and NT-3 and axonal remodelling 624 

To identify RBPs regulators of APA between NGF and NT-3, we performed Fisher count 625 

enrichment analysis to test for significant enrichment in RBP cross-link events in defined 626 

regions (see previous paragraph) around the 3’ end of either the promoter-proximal or the 627 

promoter-distal 3’ UTR isoform between the groups of isoforms exhibiting significant shifts in 628 

either groups and the total pool of 3’ UTR isoforms. This analysis is indeed more efficient in 629 

recovering candidate RBP regulators as compared to the Welch’s t-test comparing the 630 

distributions in  between groups of isoforms exhibiting or not a cross-link event given the 631 

relatively low number of pairs of isoforms exhibiting promoter-proximal or distal shifts in the cell 632 

bodies of NGF and NT-3 treated neurons compared to the full set of 3’ UTR isoforms. We used 633 

a similar approach to identify candidate regulators of axonal remodelling. Specifically we used 634 

the Fisher count test to assess for significant enrichment in RBP cross-link events in defined 635 

regions along the 3’ UTRs of predicted remodelled promoter-proximal 3’ UTR isoforms (n=80 636 

in NGF and n=60 in NT-3) as compared with the total pool of promoter-proximal 3’ UTR.  637 
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RBP regulome underlying axonal transport 638 

To identify positive and negative RBPs regulators of axonal 3’ UTR isoform localisation and 639 

stability in developing rat sympathetic neurons, we tested the association between RBP 640 

binding in defined regions along the 3’ UTR and the localisation score in NGF or NT-3 641 

conditions. We used the Welch’s t-test to compare the distributions of the localisation scores 642 

between groups of isoforms exhibiting or not cross-link events in 30 defined regions 643 

surrounding their 3’ ends (see above for detailed regions), for 126 RBPs with available CLIP-644 

seq data in human cell lines, thereby obtaining 30 P-values per RBPs. These were then minus 645 

log10-transformed and multiplied by the sign of the difference in localisation scores between the 646 

group of isoforms exhibiting or not a cross-link event in the defined region along the 3’ UTR. 647 

Thus positive values indicates that RBP binding to regions surrounding the 3’ end of 3’ UTR 648 

isoform promotes axonal transport and/or stability, while negative values indicates indicate 649 

lower localisation scores for the group of isoforms exhibiting cross-link events as compared 650 

with the group  that do not exhibit cross-link event hence indicating that that  RBP binding to 651 

regions surrounding the 3’ end of 3’ UTR isoforms prevents axonal transport and/or promotes 652 

mRNA degradation.  653 

Combinatorial regulatory potential of RBPs in axonal localisation 654 

To investigate potential combinatorial effects of RBPs in regulating axonal mRNA 655 

localisation, we used a binary logistic regression classifier trained to distinguish between over- 656 

and under-transported 3' UTR isoforms. For this analysis, we focused on the 5% isoforms 657 

exhibiting the highest (n=1356) and lowest (n=1356) localisation scores in each treatment 658 

conditions to have a sufficiently high number of training data (Supplemental Fig. S5F), 659 

ensuring a balanced representation of both classes. We split the total pool of 3’ UTR isoforms 660 

into a training (n=2168) and a testing set (n=542). The training set was utilized to perform 661 

randomized search on hyperparameters, where a cross-validation strategy with 20 folds was 662 

employed to assess the performance of the different hyperparameter combinations.  663 

A combination of four classifiers were trained and tested where the predictor variables were 664 

respectively 1) evidence of cross-link events for the 32 positive and 11 negative regulators of 665 
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axonal transport identified using Welch’s t-test (M1); 2) evidence of cross-link events for the 32 666 

positive regulators of axonal transport identified using statistical testing (M2; Supplemental 667 

Table S12), 3) evidence of cross-link events for the 11 negative regulators of axonal transport 668 

identified using statistical testing (M3; Supplemental Table S13), and 4) combinations of 669 

cross-link events involving 42 selected pairs of the 43 RBPs identified as potential positive and 670 

negative regulators of axonal transport in the region preceding the 3' end, specifically the [-671 

250, -50] nucleotide region (M4). An isoform was considered bound by an RBP if there were 672 

evidence of cross-link event in the region [-250:-50] nt preceding the 3 ’end in at least one of 673 

the multiple CLIP sequencing data generated in different cell lines (HepG2, K652) and with 674 

different techniques (eClip and iClip). 675 

The development of the M4 model aimed to study the synergistic potential of RBP was 676 

limited by the size of the training set (n=2000 3’ UTR isoforms) making it challenging to learn 677 

the coefficients for the total number of possible pairwise interaction terms (ntot=583; n=528 678 

interactions terms for 32 positive candidate regulators of axonal localisation and n=55 679 

interactions terms for the negative regulators). We therefore selected the four RBPs exhibiting 680 

most positive weights and the four RBPs exhibiting most negative weights in the M1 regression 681 

models trained with the total set of 43 positive and negative regulators in either NGF (top 682 

positive regulators: SF3B4, SRSF1, SNRPB, EFTUD2; top negative regulators: CELF4, 683 

KHDRBS1, PUM2 and FUBP3) or NT-3 (top positive regulators: SF3B4, DDX24, SLTM and 684 

SRSF9; top negative regulators: CELF4, KHSRP, CELF2, HNRNPC) (M1; Supplemental 685 

Figs. S6G,H) conditions. We next created 42 pairwise interaction predictor variables (21 686 

positive and 21 negative interaction terms) by identifying 3’ UTR isoforms exhibiting evidence 687 

of cross-link events for pairs of RBPs. 688 

All logistic regressions have been fitted using the sklearn library in Python (Pedregosa et al. 689 

2011). For each set-up, we performed a randomized search to optimize the hyperparameters, 690 

namely the solver among ['lbfgs', 'newton-cg', 'liblinear', 'sag', 'saga'] and the regularization 691 

technique among [‘l2’, ‘l1’, ‘elasticnet’]. We fixed the inverse regularization term to C=0.01 for 692 

all models, to make it easier to compare and interpret the performance between the different 693 
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models, and the maximum number of iterations taken for the solvers to converge has been set 694 

to max_iter=10000. The selected regularization term for both  NGF and NT-3 sets is the L2 695 

penalty term for all four models, while the solver depends on the model (lbfgs for M1, M3 and 696 

M4 and liblinear for M2 in the NGF condition; sag for M1, liblinear for M2 and lbfgs for M3 and 697 

M4 in the NT-3 condition). The predictive power of this set of models was determined using the 698 

recall and precision, and F1-score.  699 

To identify the statistically significant predictors in each model (RBPs or interaction of 700 

RBPs) in each culture condition, we compared the observed predictor coefficients to their 701 

respective null distributions. To generate a null distribution for each predictor, we shuffled the 702 

response variable label randomly, re-trained the model and re-calculated the predictor 703 

coefficients. We repeated this process 2000 times. To compare the observed predictor 704 

coefficients with the null distributions generated, we computed their Z-scores as: 705 

 706 

where  is the observed predictor coefficient,  and  are the mean and standard deviation 707 

of the null distribution for this predictor. If | | > 1.645 (95% confidence; one-tailed), 708 

then the predictor is a significant regulator of localisation. In particular, if  < 0, the 709 

predictor is a negative regulator of localisation, while if  > 0, the predictor is a 710 

positive regulator of localisation. To compare regulators between the NGF and NT-3 711 

conditions, we applied the following rule: if a predictor is significant in both the NGF and the 712 

NT-3 model, then this predictor is a common regulator of localisation. However, if a predictor 713 

is significant in only one of the two models, this predictor is a specific regulator of this model. 714 

 715 

Statistical analyses 716 

Data are expressed as averages ± SEM. t-test was used as indicated to test for statistical 717 

significance, which was placed at least P < 0.05 unless otherwise noted. Statistical analysis 718 

was performed with the R (Foundation for Statistical Computing) statistical package version 719 

4.2.2 (2022) and Bioconductor libraries version 3.16 (R Core Team. R: A Language and 720 
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Environment for Statistical Computing. Vienna, Austria: R Foundation for Statistical 721 

Computing; 2013).  722 

 723 
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and scripts used to make the results are available at GitHub 728 

(https://github.com/RLuisier/AxonLoc) and as Supplemental Code. 729 
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Figure Legends 1 

Figure 1.  NGF and NT-3 are equally capable of regulating transcriptional changes when 2 

applied to distal axons. (A) Schematic of the experimental set-up. (B) Volcano plot 3 

representing log2 fold-change (log2FC) in gene expression values between neurons whose 4 

axons were exposed to NGF or NT-3, and corresponding P-values (-log10). Blue dots = 5 

genes significantly up-regulated in NGF; purple dots = genes significantly up-regulated in 6 

NT-3 (FC>1.5 and P-value <0.01). (C) Enrichment scores of GO biological pathways 7 

associated with up-regulated genes in NGF- (upper) and NT-3- treated (lower) neurons. (D) 8 

Fisher enrichments in predicted binding sites motifs for 21 transcription transcription factors 9 

in the 1000 nucleotide promoter region of the up-regulated genes in NGF or NT-3 treated 10 

neurons. (E,F) Sequence logos of predicted motifs bound by transcription factors (upper) 11 

and fractions of promoter regions with these motifs (lower) in the total pool of expressed 12 

genes (grey bar), the genes up-regulated in NGF (blue bar) and the genes up-regulated in 13 

NT-3 (purple bar). Fisher enrichment test. (G) (left) Number of transcripts exhibiting 14 

significant promoter distal-to-proximal shifts in NGF compared to NT-3 (full bar) alongside 15 

their composition in terms of proximal shift in NGF versus distal shift in NT-3 (outlined bar). 16 

(right) Legend of the color outline schematizing the relative usage of the promoter-proximal 17 

(Ip) and promoter-distal (Id) 3’ UTR isoforms underlying differential 3’ UTR isoform usage 18 

between NGF and NT-3. (H) Same as (G) for changes in NT-3 compared to NGF. (I) 19 

Enrichment scores of GO biological pathways associated with significant increase in distal-20 

to-proximal promoter 3’ UTR usage in NGF compared to NT-3 (upper) and vice-versa 21 

(lower). 22 

 23 

Figure 2. Predicted RBP regulome underlying alternative polyadenylation. (A) Distribution of 24 

significant positive association between the binding of 126 RBPs in defined regions along 25 

the 3’ UTR and the relative usage of the promoter-proximal (upper) or promoter-distal (lower) 26 

3’ UTR isoform. Dark lines display the median significance and shaded areas indicate lower 27 

and upper quartiles. (B,C) Scatterplot of the extent of standardized significant association 28 

between CPSF1 (B) or CSTF2 (C) cross-link event in defined regions along the 3’ UTR and 29 

the relative usage of the promoter-proximal (black) or promoter-distal (grey) 3’ UTR isoform 30 

in the axons. (D) Negative association between RBP binding and the relative usage of the 31 

promoter-proximal (upper) or promoter-distal (lower) 3’ UTR isoform. (E) Network of protein-32 

protein interactions for 27 candidate regulators of APA predicted to prevent promoter-33 

proximal usage when bound to the [0:150] nucleotide region down-stream the 3’ end. Edges 34 

represent experimentally determined protein-protein interactions annotated in the STRING 35 

database (Szklarczyk et al. 2017). Nodes indicate proteins coloured according to biological 36 
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pathways they are enriched in. (F) Top five biological pathways and associated P-values 37 

over-represented in the 27 candidate negative regulators of short 3’ UTR isoform. Fisher 38 

enrichment test. (G) Same as (B,C) for ELAVL1. (H) Distributions of the propensity scores of 39 

the 126 RBPs, the 17 positive regulators of APA (short and long 3’ UTR isoform) and the 27 40 

negative regulators of the short 3’ UTR isoform to localize into cellular condensates as 41 

predicted by GraPES(Kuechler et al. 2022). Welch’s t-test assessing the significant 42 

difference between the mean propensity scores. 43 

 44 

Figure 3. Reduction of negative regulatory activity is predicted to underlie neurotrophin-45 

driven APA. (A-D) Distribution of Fisher enrichment scores (-log10(P-value)) in cross-link 46 

events of 126 RBPs along the short 3’ UTR isoforms of the pairs of isoforms exhibiting 47 

significant promoter-proximal shifts in NT-3 (A) or NGF (B), and promoter-distal shifts in NT-48 

3 (C) or NGF (D). (E-H) Networks of protein-protein interactions for the RBPs exhibiting 49 

significant enrichment in cross-link events in the [0:+150] nt regions downstream the 3’ end 50 

of the short 3’ UTR isoforms associated with significant promoter-proximal shifts in NT-3 (A) 51 

or NGF (B), and  promoter-distal shifts in NT-3 (C) or NGF (D). Edges represent 52 

experimentally determined protein-protein interactions annotated in the STRING database. 53 

Nodes indicate proteins coloured according to biological pathways they are enriched in. 54 

Arrows indicate the predicted directions in changes in activity of the RBPs. (I-L) Genome 55 

browser views of 3’ end sequencing profiles and CLIP crosslinking events for predicted 56 

positive (green) and negative (gold) regulators of APA for 3’ UTR isoforms showing a 57 

marked shift toward increase in promoter-proximal 3’ UTR usage (Rbm41 and Slc39a13), or 58 

in promoter-distal 3’ UTR usage (Usp15 and Ppfia4) in either condition. Grey boxes highlight 59 

the location of  promoter-proximal and promoter-distal 3’ UTR isoforms. 60 

 61 

Figure 4. Axons exposed to NGF or NT-3 contain distinct 3’ UTR isoforms. (A) Number of 62 

Ensembl transcripts ID detected in cell bodies only (full bars), and cell bodies and distal 63 

axons (empty bars) in NGF (blue) and NT-3 (purple) culture conditions. (B) Overlap between 64 

the transcripts detected in the distal axons of neurons exposed to either NGF or NT-3. (C) 65 

Cell body (full bars) and axonal (empty bars) transcript IDs showing multiple 3′ UTRs in 66 

either NGF or NT-3 culture conditions. Two-sided Fisher’s exact count test. (D) Maximum 3′ 67 

UTR lengths for existing annotations in Ensembl Rn5 (Ensembl) and for those newly 68 

identified by 3′ end RNA sequencing (Extended annotation) in either NGF or NT-3. Two-69 

sided Wilcoxon rank-sum test. (E) Top five GO biological pathways which associated 70 

transcripts exhibiting the most significant increase in axonal localisation in NGF (left) 71 

compared to NT-3 (right), as quantified with standardized scores comparing GO-annotated 72 

transcript with the full pool of detected transcripts (Z-score). (F) Distributions of the 73 

 Cold Spring Harbor Laboratory Press on August 21, 2023 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


localisation scores for the background genes and the genes belonging to the collagen 74 

catabolic biological pathway in NGF (right), in NT-3 (center), and the differences in 75 

localisation scores between the two conditions (right). Welch’s t-test assessing the 76 

significant difference between the mean localisation scores. Boxplots display the five number 77 

summary of median, lower and upper quartiles, minimum and maximum values. (G) Same 78 

as (E) for the top five GO biological pathways exhibiting excess in axonal localisation in NT-3 79 

compared to NGF. (H) Same as (F) for genes belonging to the regulation of VEGF 80 

production. (I) Average mRNA abundance across the four cell bodies samples and the 81 

difference in localisation scores between NGF and NT-3. 482 transcripts significantly more 82 

localized in NGF as compared to NT-3 (blue dots; Z-score>1.96) and 348 transcripts 83 

significantly more localized in NT-3 compared to NGF (purple dots; Z-score<-1.96). (J) (Top) 84 

Genome browser view of a representative transcript with significant detection in the axonal 85 

compartment in NT-3-treated culture condition and residual detection in NGF condition 86 

(Atf3). (Bottom) eCLIP cross linking events along the gene for NT-3-specific pairs of positive 87 

regulators of axonal transport (DDX24:SLTM; EFTUD2:SRSF1, green) and negative pairs 88 

regulators of axonal transport specific to NGF or NT-3 (PUM2:HNRNPC and CELF4:CELF2, 89 

respectively, orange). (K) Lower levels of Atf3 localized to NGF-treated axons (upper) 90 

compared to NT-3 treated axons (lower). Black arrows point to cell body signal, white 91 

arrowheads point to axonal signal. mRNA puncta were not subject to pixel dilation. (Insets) 92 

Magnification (2×) of the boxed areas. Scale bar, 10μm. 93 

 94 

Figure 5. The RBP regulome underlying transcripts axonal localisation in NGF and NT-3. (A) 95 

Distribution of the significance in the difference between the mean localisation scores in 96 

NGF (left) and NT-3 (right) of the isoforms exhibiting or not a cross-link event in 50 97 

nucleotide- long regions along the 3' UTR for 126 RBPs. Dark line displays the median and 98 

shaded areas indicate lower and upper quartiles. (B) Increasing localisation scores in NGF 99 

(left) and NT-3 (right) conditions as a function of the running average of detected number of 100 

cross-link events across the 332 CLIP-seq data in the [-150:-100] nucleotides upstream the 101 

3’ end. (C) Heatmap showing the significance in the difference between the mean 102 

localisation scores of the 3’ UTR isoforms exhibiting or not a cross-link event in 50 103 

nucleotide long regions along the 3' UTR for the top 32 RBPs positively associated with 104 

axonal localisation.  (D) Scatterplot of the extent of significant association between FMR1 105 

cross-link events and the axonal localisation along the 3’ UTR (top). Blue = NGF; purple = 106 

NT-3. (bottom) Barplots showing the fraction of [-250:-50] nucleotide regions upstream the 3’ 107 

ends exhibiting FMR1 cross-link event in the full set of detected transcript (grey bar), and the 108 

pools of over- and under-transported transcripts in NGF (blue bars) and NT-3 (purple bars), 109 

respectively. Fisher enrichment test. (E) Logistic regression classifier performances trained 110 
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with different feature sets: all regulators (43 RBPs; M1), positive regulators only (32 RBPs; 111 

M2), negative regulators only (11 RBPs; M3) and interaction terms (pairs of RBPs; M4) for 112 

NGF dataset (top) and NT-3 dataset (bottom). (F) Protein-protein interactions for 16 113 

predicted negative RBPs exhibiting significant enrichment in cross-link events in the [-250:-114 

50] nt regions upstream the 3’ end of the under-transported transcripts. Edges represent 115 

experimentally determined protein-protein interactions annotated in the STRING database. 116 

Nodes indicate proteins coloured according to biological pathways they are enriched in. 117 

(inset) Top 4 biological pathways and associated enrichment P-values as obtained from 118 

Fisher enrichment test. (G, H) Genome browser view of representative transcripts either 119 

restricted (G) or with significant detection in the axonal compartment (H) in NT-3- and NGF-120 

treated culture conditions and CLIP crosslinking events for most negative (orange) and most 121 

positive (green) RBP regulators of axonal transport common to NGF and NT-3 conditions. (I, 122 

J) Barplot showing the significance in features importance to logistic regression classifier 123 

performance of pairs of RBPs that are specific to NGF (I) or NT-3 (J). (K-N) Similar to (G) for 124 

transcripts over- and under-transported in NGF condition (K,M) and over- and under-125 

transported in NT-3 condition (L,N; see also Supplemental Fig. S5J). 126 

 127 

Figure 6.  Negative regulators of APA in the cell body are candidate 3’ UTR cleavage factors 128 

in the axons.  (A)  (left) Number of  3' UTR isoforms with proximal shift uniquely detected in 129 

axons in NGF (blue) and NT-3 (purple) culture condition. (right) Venn diagram showing the 130 

overlap between the candidate of axonal remodeling in NGF and NT-3. (B,C) Representative 131 

transcripts with a marked shift toward axonal increase in promoter-proximal 3’ UTR uniquely 132 

detected either in axons treated with NGF (Kif26b, B) or in axons treated with NT-3 (Parm1, 133 

C). (D) Distribution of the extent of significant enrichment in 126 RBP cross-link events in 134 

defined regions along the 3’ UTR of the 80 (left) and 60 (right) candidate isoforms of axonal 135 

remodeling in NGF and NT-3 condition, respectively. Dark lines display the median 136 

significance and shaded areas indicate lower and upper quartiles. (E) Number of candidate 137 

RBPs regulators of axonal remodeling identified in the [-250:+150] nt region surrounding the 138 

3’ end of the promoter-proximal isoform in both conditions, in NGF only and NT-3 only (grey, 139 

blue and purple bar, respectively). (F) Fraction of promoter-proximal 3’ UTR isoforms 140 

exhibiting cross-link events for UPF1 in [0:50] nucleotide region down-stream of the 141 

cleavage site. Grey bar = all promoter-proximal 3’ UTR; blue bars = 80 candidates of axonal 142 

remodeling in NGF; purple bars = 60 candidates of axonal remodeling in NT-3. (G) Fraction 143 

of candidate RBPs regulators of axonal remodeling in NGF and NT-3 at specific positions 144 

along the 3’ UTR where they exhibit the most significant enrichment. Fisher enrichment test. 145 

(H) Same as (G) for AKAP8L and PTBP1. (I) (upper) Distribution of the extent of significant 146 

positive or negative association between the cross-link events in defined regions along the 147 
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short ( left) and long ( right) 3’ UTR isoforms of 65 candidate regulators for axonal 148 

remodeling, and their relative usage of the short and the long isoform in the cell body. Dark 149 

lines display the median significance and shaded areas indicate lower and upper quartiles. 150 

(bottom) Heatmaps showing the individual significance association between cross-link 151 

events of individual RBPs along the short ( left) or long ( right) 3’ UTR isoform and their 152 

relative usage in the axons.  153 

 154 

Figure 7. Proposed model where the local translation and neurotrophic-mediated axon 155 
growth are linked to co-transcriptional APA, RNA localization, axonal 3’ UTR remodeling 156 
through  release of mRNAs and cleavage factors from transport granules. 157 
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