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Figure 7. 471 
 472 

 473 
 474 
Figure 7. Retrospective re-analysis of the previously published DEG data suggests 5’UTR 475 

of '()$$  regulates neuronal potential for axon regeneration. (A) Three-dimensional plot with 476 

the x-axis of DLK-dependency (a.u.), the y-axis of injury-responsiveness (a.u.) and the circle 477 

sizes of the relative fold change at 72 hours after injury. The colors indicate ribosome-association 478 

efficiency; red, increased, black, not changed and green, decreased at 24 hours after injury. Total 479 

593 genes were selected as DLK-dependent injury-responsive genes. (B) In vitro axon 480 

regeneration assay of re-plated embryonic DRG neurons. Control, Sox11 knock-down (shSox11) 481 

and Sox11 knock-down with 5’UTR of Sox11 overexpression (shSox11 + Sox11:5’UTR). Scale 482 

bar, 100 µm. (C) Average relative axon length of (C) (n=63, 86, 70 cells for each; ***p<0.001, ns, 483 
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not significant by ANOVA followed by Tukey tests; mean±SEM). (D) Illustration of the proposed 484 

model. 485 

486 
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Discussion 487 

Neuronal responses after injury have been investigated using various experimental tools 488 

to identify important mechanisms regulating the neuron-intrinsic regeneration program (Curcio and 489 

Bradke, 2018; Dulin et al., 2015; He and Jin, 2016; Ma and Willis, 2015). Emerging omics 490 

technologies have facilitated the gaining of new knowledge in the axonal regeneration pathway 491 

(Tedeschi and Popovich, 2019). For example, DEG analysis is often used as a method to identify 492 

genes regulating the neuronal injury responses, based on the premise that significantly 493 

upregulated or downregulated genes may be functionally important for the biological process. 494 

Indeed, transcriptome studies in injured peripheral neurons have uncovered injury-responsive 495 

genes, among which a subset has been implicated in the regulation of axon regeneration. However, 496 

there still remain many injury-induced genes without clearly defined function in axonal regeneration 497 

or other injury responses. To overcome the limitation of single-omics approach and enhance 498 

selectivity for interesting features of genes, we took multi-omics combinatorial methods. There 499 

were earlier studies taking combinatorial approach comparing injury-induced proteome and 500 

transcriptome to identify signaling networks that are required for activation of the transcriptional 501 

regenerative program (Kong et al., 2020; Michaelevski et al., 2010; Tedeschi and Popovich, 2019). 502 

In the present study, we compared transcriptome and ribosome-association efficiency of protein-503 

coding DEGs after sciatic nerve injury to directly address the fates of the injury-responsive mRNA. 504 

We identified a group of genes that are upregulated in response to axonal injury without changes 505 

in their ribosome-association efficiency, supporting a striking discordance between transcriptional 506 

and translational controls after injury. 507 

Gpr151 was one of the injury-responsive genes whose dramatic upregulation after nerve 508 

injury has consistently been reported in several DEG studies (Förstner et al., 2018; Holmes et al., 509 

2017; Jiang et al., 2015, 2018; Reinhold et al., 2015; Shin et al., 2019; Stern et al., 2012; Tedeschi 510 

et al., 2017; Wlaschin et al., 2018). Gpr151 protein is known to play a molecular role as an orphan 511 

GPCR in signaling pathways controlling addiction and pain (Antolin-fontes et al., 2019; Antolin-512 

Fontes et al., 2020; Boulos et al., 2017; Broms et al., 2015, 2017; Le Foll and French, 2018; Gorlich 513 

et al., 2013; Holmes et al., 2017; Jiang et al., 2018; Stein et al., 2016). Therefore, an easily driven 514 
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hypothesis would be that the GPCR function of Gpr151 is enhanced by the increased gene 515 

expression and contributes to the regulation of the regenerative signaling after injury. However, in 516 

contrast to this notion, we found that the upregulated Gpr151 mRNA is not directed to ribosome 517 

complexes from our RiboTag-sequencing analysis. Instead of being associated with ribosomes, 518 

upregulated Gpr151 mRNA was associated with RBPs such as CSDE1. We found that Gpr151 519 

mRNA binds to CSDE1 through a consensus binding sequence conserved in rodent and human 520 

genes in its 5’UTR and functions as a non-coding RNA that modulates CSDE1-binding mRNA. 521 

Gpr151 protein levels displayed no increase in mouse DRG tissue when axonal injury was 522 

introduced. Instead, the protein levels showed a significant reduction after injury, indicating 523 

additional mechanisms for regulating the Gpr151 protein levels. In addition, Gpr151 protein may 524 

have a negative role in axonal growth because over-producing Gpr151 protein inhibited axon 525 

regeneration in vitro. The enhanced axon regeneration observed in the sciatic nerves of the 526 

Gpr151 protein-null mutant mice also supports the inhibitory function of the Gpr151 protein. A 527 

recent study by Antolin-Fontes and colleagues have demonstrated that Gpr151 interacts with the 528 

G-alpha inhibitory subunit Gαo1 in habenular neurons and that their interaction inhibits adenylyl 529 

cyclase, leading to a reduction in the cyclic AMP (cAMP) levels (Antolin-Fontes et al., 2020). Since 530 

cAMP levels and the downstream PKA pathway are major components in the intrinsic axon 531 

regeneration program, Gpr151 protein-dependent signaling may play the putative inhibitory role by 532 

suppressing the cAMP-PKA pathway in regenerating peripheral neurons. Furthermore, we 533 

speculate that the reduced Gpr151 protein levels observed after nerve injury might be an adaptive 534 

response in the DRG neurons to circumvent the inhibitory effect of the Gpr151 pathway. The role 535 

of Gpr151 protein in axon regeneration and other injury responses would be an interesting topic in 536 

future studies. 537 

RBPs are implicated in diverse events in the nervous system such as neurodevelopment 538 

and memory consolidation and also involved in the pathogenesis of neurodegenerative diseases 539 

(Conlon and Manley, 2017; Gopal et al., 2017; Hörnberg and Holt, 2013; Nussbacher et al., 2015). 540 

While the main role of RBPs is to regulate the fate of interacting RNA, the functions of RBPs are 541 

conversely modulated by interacting with specific regulatory RNAs (Hentze et al., 2018). Hence, 542 
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the molecular networks of transcripts and their interacting RBPs need to be delineated in order to 543 

correctly understand functional outcome of transcriptomic changes in a specific cellular response. 544 

Although we focused on CSDE1 as an interacting RBP of Gpr151-5’UTR, there were other RBPs 545 

identified in the mass analysis that putatively interact with the 5’UTR. For example, the interaction 546 

of the 5’UTR with NonO was confirmed by pull-down assays where the binding affinity was 547 

unaffected by the competitor containing the CSDE1-specific binding sequence in Gpr151-5’UTR. 548 

Therefore, it appears that NonO recognizes different sequence or structure of the 5’UTR from that 549 

interacting with CSDE1. Although it is unclear whether the interaction with NonO and other RBPs 550 

has regulatory roles, we suggest that CSDE1 is a major functional target of Gpr151-5’UTR in axon 551 

regeneration because the ability of the 5’UTR to promote regeneration is aborted by deleting the 552 

CSDE1-binding motif. 553 

 Evidence builds for mRNA functioning as cncRNA with both protein-dependent and 554 

independent roles, although the role in axon-injury signaling has not been reported (Kumari and 555 

Sampath, 2015; Sampath and Ephrussi, 2016). In the present study, we identified Gpr151 as a 556 

new cncRNA in the axon regeneration pathway, based on the observation that its mRNA 557 

expression and ribosome-association is greatly uncoupled. As there were many other injury-558 

responsive DEGs with the disconnected ribosomal targeting, more genes might be identified as 559 

cncRNA involved in the regenerative response. Likewise, our understandings of the DEG functions 560 

in other cellular responses may be broadened by examining the potential non-coding roles of their 561 

mRNA as regulators of the interacting RBPs. In addition, we suggest investigating the UTR of 562 

these DEGs as a potential region responsible for the non-coding function. With this approach, we 563 

suggested another single-exon gene, Sox11, as a cncRNA gene regulating axon regeneration, 564 

based on a retrospective re-analysis of our previously published dataset. Sox11 is an injury-565 

responsive gene with a potential role in axon regeneration likely through its 5’UTR, while its protein 566 

may employ different mechanisms in regulating regeneration. In addition, the 14-3-3 protein family 567 

gene Ywha-x also exhibited features of a cncRNA. 14-3-3 proteins are known to play an important 568 

role in regulating axon regeneration (Kaplan et al., 2017). In the present study, the 14-3-3 protein 569 

family mRNA (Ywha-x mRNA) exhibited a dramatic release from CSDE1 when Gpr151-5’UTRm 570 
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was overexpressed, although the protein levels did not change (Supplementary information S6), 571 

which suggests that this RNA may interact with RBPs other than ribosomes. This means that both 572 

its protein and the mRNA itself are involved in the regulation of regeneration, though this needs to 573 

be investigated further. 574 

Our data show that expressing only the 5’UTR of Gpr151 mRNA promotes peripheral axon 575 

regeneration. In addition, overexpressing the engineered form of 5’UTR for enhanced CSDE1-576 

binding dramatically improves CNS axon regeneration in an optic nerve injury model. Therefore, 577 

we present the engineered 5’UTR of Gpr151 as a potential tool for the manipulation of the 578 

regenerative potential of neurons. Gpr151 mRNA is thus considered to be an RNA modulator that 579 

regulates CSDE1-RNA interaction through its 5’UTR and that has a function that is distinct from its 580 

protein in an axon regeneration paradigm. 581 

  582 
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Methods 598 

Key Resources Table 599 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Rabbit polyclonal Anti HA-ChIP Grade Abcam Cat#ab9110;

 RRID: 
AB_307019 

Rabbit polyclonal Anti-GPR151 AVIVA SYSTEMS BI
OLOGY 

OAAF06441 

Rat monoclonal Anti-alpha tublin(YOL1/34) SANTA CRUZ BIOT
ECHNOLOGY 

Cat#sc-5303
0; RRID: AB
_2272440 

Rabbit monoclonal Anti-c-Jun(60A8) Cell Signaling Techn
ology 

Cat#9165s; 
RRID: 
AB_2130165 

Rabbit polyclonal Anti-STMN2 Novus Biologicals Cat#NBP1-4
9461; RRID:
AB_1001156
9 

Rabbit polyclonal Anti-Beta III tubulin Abcam Cat#ab1820
7; RRID:AB_
444319 

Chicken polyclonal Anti-Beta III tubulin Abcam Cat#ab4148
9; RRID: 
AB_727049 

Mouse monoclonal Anti-GAPDH SANTA CRUZ BIOT
ECHNOLOGY 

Cat#sc-3223
3; RRID: AB
_627679 

Rabbit monoclonal Anti-DYKDDDDK tag(D6W5B) Cell Signaling Techn
ology Signaling 

Cat#14793; 
RRID: 
AB_2572291 

Goat anti-Mouse IgG (H+L) Secondary Antibody H
RP conjugate 

Thermo Fisher Scien
tific 

Cat#62-652
0; RRID: AB
_2533947 

Goat anti-Rabbit IgG (H+L) Secondary Antibody H
RP conjugate 

Thermo Fisher Scien
tific 

Cat#65-612
0; RRID: AB
_2533967 

Goat anti-Rabbit IgG (H+L) Secondary Antibody Al
exa Fluor® 488 conjugate 

Thermo Fisher Scien
tific 

Cat#A-1103
4; RRID: AB
_2576217 

Goat Anti-Chicken IgY H&L (Alexa Fluor® 594) pr
eadsorbed 

abcam Cat#ab1501
76; RRID: A
B_2716250 

Goat anti-Rabbit IgG (H+L) Secondary Antibody Al
exa Fluor® 594 conjugate 

Thermo Fisher Scien
tific 

Cat#A-1103
7; RRID: AB
_2534095 

Goat anti-Rat IgG (H+L) Secondary Antibody HRP 
conjugate 

Thermo Fisher Scien
tific 

Cat#62-952
0; RRID: AB
_2533965 

Bacterial and Virus Strains  
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pAAV-shRNA-EGFP-U6-5’UTRm Vectorbuilder AAV9SP(VB1
81206-1015
ysj)-C 

Biological Samples   
Chemicals, Peptides, and Recombinant Proteins   
Vectashield antifade mounting medium Vector Labs Cat#H-1000;

 RRID: AB_
2336789 

Vectashield antifade mounting medium Vector Labs Cat#H-120
0; RRID: AB
_2336790 

Dynabeads™ MyOne™ Streptavidin T1 Thermo Fisher Scien
tific 

Cat#65601 

cOmplete™, Mini, EDTA-free Protease Inhibitor Co
cktail 

Roche Cat#469315
9001 

PhosSTOP™ Roche Cat#490683
7001 

Cholera Toxin B Subunit List biological Cat#104 
Critical Commercial Assays   
RNAscope Multiplex Fluorescent Reagent kit ACD Cat#320850 
Lenti-X packaging Single Shots (Ecotropic) Clontech Cat#631276 
cDNA-PCR sequencing kit Oxford Nanopore Te

chnologies 
Cat#SQK-P
CS109 

Signaling explorer Antibody Array ebiogen Cat#SET100
S 

Phospho explorer Antibody Array ebiogen Cat#PEX100
S 

RNAqueous-Micro Total RNA isolation kit Ambion Cat#AM193
1 

Deposited Data   
Reference genome   
Raw data files for RNA-seq This paper  
Experimental Models: Primary cultures   
Embryonic DRG neurons This paper Mouse: CD-

1: Crl:CD1(I
CR) 

Experimental Models: Organisms/Strains   
Mouse: Advillin-Cre: Aviltm2(cre)Fawa  JAX032536 
Mouse: RiboTag: Rpl22tm1.1Psam The Jackson Labora

tory 
JAX029977 

Mouse: KO: Gpr151tm1Dgen The Jackson Labora
tory 

JAX005805 

Mouse: C57BL/6J: C57BL/6J The Jackson Labora
tory 

JAX000664 

Oligonucleotides   
siRNA targeting sequence: Gpr151: GCAAAGATTT
CTGCTTTCAAA 

TRC Library Databa
se 

TRCN00000
26286 

siRNA targeting sequence: Csde1: TGCTGTAAGTG
CTCGTAATAT 

TRC Library Databa
se 

TRCN00002
76866 

siRNA targeting sequence: Khdrbs1: GCATGTCTT
CATTGAAGTCTT 

TRC Library Databa
se 

TRCN00001
02324 
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siRNA targeting sequence: Jun: CTCAACTGTGTAT
GTACATAT 

TRC Library Databa
se 

TRCN00003
60500 

siRNA targeting sequence: Sox11: TTCGACCTGAG
CTTGAATTTC 

TRC Library Databa
se 

TRCN00003
65833 

siRNA targeting sequence: Ier5: CCATCACTGTGG
CCCAATATA 

TRC Library Databa
se 

TRCN00002
48616 

qPCR primer   
Gpr151; Forward: CTGGGTTTGCCGACACCAAT, R
everse: AGAGAGACGGAATGATGGTCC 

PrimerBank 33859815a1 

Jun; Forward: CCTTCTACGACGATGCCCTC, 
Reverse: GGTTCAAGGTCATGCTCTGTTT 

PrimerBank 6754402a1 

Atf3; Forward: GAGGATTTTGCTAACCTGACACC, R
everse: TTGACGGTAACTGACTCCAGC 

PrimerBank 31542154a1 

RNA sequence(bait): 5’UTR of Gpr151 - DCSDE1: 
CCAACCUAAAGCUACCAUCUGCAGGGAGGAGCU
UG 

This paper N/A 

RNA sequence(bait): 5’UTR of Gpr151 - 4X mutan
t:  
ACAAGAAGACAAGAAGACAAGAAGACAAGAAG 

This paper N/A 

RNA sequence(bait): 5’UTR of GPR151 – human: 
CAAACCUAAAUAAGAAUCUAACUUCUGUAAGAAG
CUGUGAAGAGUG 

This paper N/A 

RNA sequence(bait): 5’UTR of Gpr151 – mouse: 
CCAACCUAAACAAGAAGCUACCAUCUGCAGGGAG
GAGCUUG 

This paper N/A 

RNA sequence(bait): h of Gpr151 – mouse:  

CCAACCUAAAC 

This paper N/A 

RNA sequence(bait): 5’UTRm of Gpr151 – mouse: 
CCAACCUAAACAAGAAGCUACCAUCUGCAGGGAG
GUCGAAG 

This paper N/A 

RNA sequence(bait): 5’UTR D of Gpr151 – mouse:  

CCAACCUAAACAAGAAGC 

This paper N/A 

Recombinant DNA   
Plasmid: FUGW-Flag-Gpr151 (AUG->AUC point m
utation) 

This paper N/A 

Plasmid: FUGW-Flag- Gpr151 This paper N/A 
Plasmid: pLKO-5’UTR of Sox11 This paper N/A 
Software and Algorithms   
Samtools Li et al., 2009 http://samto

ols.sourcefor
ge.net/ 

ImageJ/Fiji for Mac Schneider et al., 20
12 

https://imag
ej.nih.gov/ij/ 

Database for Annotation, Visualization and Integrat
ed Discovery (DAVID) 

Huang et al., 2009a,
 2009b 

https://davi
d.ncifcrf.gov
/tools.jsp 

Origin OriginLab RRID:SCR_0
14212 

Adobe Photoshop CC  Adobe RRID:SCR_0
14199 
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minimap2 Li, 2018 doi:10.1093/
bioinformati
cs/bty191 

 600 

Resource Availability 601 

Lead Contact 602 

Further information and requests for reagents and resources should be directed to and will be 603 

fulfilled by the lead contact, Yongcheol Cho (ycho77@korea.ac.kr). 604 

Materials Availability 605 

All materials used in this study are commercially available, as specified in the Key Resources Table. 606 

Data and Code Availability 607 

The dataset generated during this study are available at GEO XXXXXX. 608 

Experimental Model and Subject Details 609 

Primary embryonic DRG neuron cultures: DRG tissues from embryonic 13.5-days mice were 610 

dissociated in 0.05% trypsin-EDTA (Thermo Fisher Scientific, 25300054) and plated on poly-D-611 

lysine (Sigma, P0899) / laminin (Thermo Fisher Scientific, 23017015)-coated dishes in Neurobasal 612 

medium (Thermo Fisher Scientific, 21103049) supplemented with 2% B-27 (Thermo Fisher 613 

Scientific, 17504044), 1% Glutamax (Thermo Fisher Scientific, 35050061), 1 μM 5-fluoro-2'-614 

deoxyuridine (Sigma, F0503), 1 μM uridine (Sigma, U3003), 1% penicillin-streptomycin (Thermo 615 

Fisher Scientific, 15070063), and 50 ng/ml 2.5S nerve growth factor (Envigo, BT-5017). For the re-616 

plating assay, cultured neurons were replaced with DMEM (Hyclone, 500mlsh30243.01) / 0.05% 617 

Trypsin-EDTA mixture (1:1) at DIV 5. Neurons were incubated in 37°C, 5% CO2 incubator for 5 618 

min. Then, neurons were pipetted with culture medium described above. Cells were then 619 

dissociated by gentle pipetting and transferred to new Lab-Tek chamber slides coated with poly-620 

D-lysine/laminin. After re-plating, neurons were incubated for 12~14 hours at 37°C with 5% CO2 621 

then fixed in 4% paraformaldehyde (Biosesang, P2031) for 15min at room temperature. Neurite 622 

lengths were measured and assessed using the Neurite Tracer for ImageJ  623 

Animal models: (model organism: name used in paper: allele symbol) Mouse: RiboTag: 624 

Rpl22tm1.1Psam; Mouse: Advillin-Cre: Aviltm2(cre)Fawa; Mouse: CD-1: Crl:CD1(ICR); Mouse: C57BL/6J: 625 

C57BL/6J; Mouse: KO: Gpr151tm1Dgen. For in vivo animal studies, all the experiments were carried 626 
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out in accordance with the Korea University Institutional Animal Care & Use Committee (KU-627 

IACUC). Mice were anesthetized using 3% isoflurane in oxygen until unresponsive to toe pinch to 628 

confirm that the mouse is unconscious and kept on a heating pad for the duration of the surgery. 629 

The surgery site was shaved and disinfected using organic iodine of chlorhexidine solution. All 630 

surgery instruments were disinfected using autoclave and bead sterilizer. Mice were fed a diet 631 

(PicoLab 5053, Purina) and maintained on a 12 hours light/dark cycle (6 am to 6 pm). Male and 632 

female mice were housed in groups of up to 5 mice per cage. Age- and sex-matched male mice 633 

were used at the indicated age. The RiboTag mouse carries a ribosomal protein gene with a floxed 634 

C-terminal exon followed by an identical exon tagged with hemagglutinin (HA). When RiboTag is 635 

crossed to a mouse expressing a cell-type-specific Cre recombinase, expression of the epitope-636 

tagged protein is activated in the cell type of interest. A homozygote RiboTag mice (Rpl22HA) 637 

obtained from Jackson Laboratory and Advillin-Cre driver line (Hasegawa et al., 2007) were 638 

crossed. Cre positive RiboTag animals (Rpl22HA+/+; advillin-Cre+/-) and the littermate control 639 

(Rpl22HA +/+; advillin-Cre-/-) mice were generated by crossing Rpl22HA +/+; advillin-Cre+/- male 640 

with Rpl22HA +/+ female. Three-months or older mice were used for sciatic nerve transection 641 

surgery. Mice sciatic nerve was unilaterally exposed through a small incision made to the skin and 642 

muscles at mid-thigh level. Then, the sciatic nerve was transected by surgical scissors and the 643 

incision was closed by nylon suture. The animals were then subjected to post-operation care until 644 

euthanized for analysis. 645 

Method Details 646 

Gene delivery using virus 647 

Lentivirus-mediated gene delivery was used for knocking down the target mRNA or overexpressing 648 

exogenous genes from the embryonic DRG neurons. Lentivirus was produced with Lenti-X 649 

packaging Single Shots (Takara, 631275) as following the manual. For in vitro gene delivery, 650 

lentivirus was applied to the embryonic DRG neuron cultures at DIV 2. To deliver genes in vivo, 651 

adeno-associated virus (AAV, serotype 9) (10μl) was injected to neonatal CD-1 mice (postnatal 652 

day 1) by facial vein injection using a Hamilton syringe (Hamilton, 1710 syringe with 33G/0.75-inch 653 
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small hub removable needle). 10μl of AAV virus was tested and the expression of GFP and target 654 

genes in sciatic nerve and DRG was confirmed by immunohistochemistry and RT-qPCR analysis. 655 

Antibody array 656 

Embryonic DRG neurons were rinsed with 1X PBS then collected by gentle centrifugation. The cell 657 

pellet was collected at DIV 6. Frozen pellets of eDRG cells were sent to ebiogen (Seoul, South 658 

Korea) who carried out antibody array and initial data analyses. The Signaling Explorer Antibody 659 

Microarray (SET100) consisting of 1,358 antibodies were supplied by Full Moon BioSystems, Inc., 660 

(Sunnyvale, CA, USA). 661 

Ribosome-associated RNA seq 662 

At 24 h after nerve lesion, L4,5 DRG tissues were dissected from both Cre-positive and negative 663 

RiboTag mice. Tissues were homogenized in lysis buffer (1% NP-40, 20mM HEPES-KOH, 5mM 664 

MgCl2, 150mM KCl, 1mM DTT, SUPERase In (Thermo Fisher Scientific, AM2694), and Complete 665 

EDTA-free Protease Inhibitor Cocktail (Sigma, 11873580001)) in the presence of cycloheximide 666 

(Sigma, C7698-1G), rapamycin (Sigma, R0395), then post-mitochondrial fractions were collected. 667 

We followed the TRAP protocol as described (Shigeoka et al., 2016). Pre-cleared ribosome-mRNA 668 

complexes were immunoprecipitated by an anti-HA antibody and Dynabeads Protein G (Thermo 669 

Fisher Scientific, 10004D). Total RNA was extracted from the ribosome-mRNA complexes using a 670 

RNeasy mini kit (Qiagen, 217084) followed by in-column DNase treatment to remove genomic 671 

DNA contamination. The RNA samples were examined for quantity and quality using Nanodrop. 672 

Immunoprecipitating RNA binding proteins 673 

At 24 h after nerve lesion, L4,5 DRG tissues were dissected from mice. Tissues were homogenized 674 

in TRAP lysis buffer. CSDE1 was immunoprecipitated by anti-CSDE1 antibody pre-bound to 675 

Dynabeads Protein G (Thermo Fisher Scientific, 10004D) from total 82 μg input lysates for 16 676 

hours at 4’C. The precipitants were washed 5-times using DynaMag-2 (Thermo Fisher Scientific, 677 

12321D) and subjected to reverse transcription for quantitative real time PCR. 678 

Library preparation and nanopore sequencing analysis  679 

Nanopore libraries were prepared from total RNA combined using the nanopore PCR cDNA 680 

sequencing Kit (SQK-PCS109, Oxford Nanopore Technologies) according to manufacturer’s 681 
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instructions. The VN primer was annealed to the RNA to target poly A tail, then first-strand cDNA 682 

was synthesized by Maxima H Minus Reverse Transcriptase (Thermo Fisher Scientific, EP0752). 683 

The RNA-cDNA hybrid was then purified using Agencourt AMPure XP magnetic beads (Beckman 684 

Coulter, A63880). PCR was performed using 2x LongAmp Taq Master Mix (New England Biolabs, 685 

M0287S) to select full-length transcripts followed by a second purification step using Agencourt 686 

beads (as described above). The purified cDNA was resuspended by adding 12 μl Elution Buffer 687 

and resuspending the beads, incubating at room temperature for 10 min, pelleting the beads again, 688 

and transferring the supernatant (pre-sequencing mix) to a new tube. Then the Rapid Adapter was 689 

ligated to the cDNA library. Nanopore sequencing was performed as per manufacturer's guidelines 690 

using R9.4 SpotON flow cells (FLO-MIN106, ONT) with MinION sequencer. MinION sequencing 691 

was controlled using Oxford Nanopore Technologies MinKNOW software as following the manual. 692 

Following basecalling, nanopore read data were aligned to the Mus musculus reference 693 

(GRCm38.p6, GCA_000001635.8) and transcriptome using MiniMap2. Note that following 694 

mapping, all SAM files were parsed to sorted BAM files using SAMtools v1.3.1. For direct RNA 695 

sequencing, libraries were prepared from total RNA by using the Nanopore Direct RNA sequencing 696 

Kit (SQK-RNA002, Oxford Nanopore Technologies) according to manufacturer’s instructions. The 697 

RT adapter was annealed to the RNA for reverse transcription, then reverse-transcribed RNA was 698 

then purified using Agencourt RNAClean XP magnetic beads (Beckman Coulter, A63880). The 699 

purified RNA was eluted from the RNAClean beads (included in the kit) in 21μl Elution Buffer 700 

included in the kit. Then the Sequencing Adapter was ligated to the library. 701 

PNS axon regeneration assay 702 

For pre-conditioning injury, the right sciatic nerve of age- and sex-matched mice was crushed by 703 

forceps and L4,5 DRGs were dissected from spinal cord at the indicated days after injury. Adult 704 

DRGs were dissociated using Liberase TM (Roche, 5401119001), DNase I (Sigma, 11284932001) 705 

and bovine serum albumin (Sigma, A2153) and trypsin-EDTA for 15 min in each condition at 37°C. 706 

Dissociated DRGs were triturated gently by pipetting and plated in DMEM (Hyclone, 707 

500mlsh30243.01) with 10% FBS (Thermo Fisher Scientific, 16000044), 1% penicillin-708 

streptomycin, (Thermo Fisher Scientific, 15070063) and 1% Glutamax (Thermo Fisher Scientific, 709 
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35050061) on culture dishes coated with poly-D-lysine (Sigma, P0899) and laminin (Thermo Fisher 710 

Scientific, 23017015), incubated in humidified 37’C / 5% CO2 incubator. Sciatic nerves were 711 

dissected at 3 days after crush injury and dissected, sectioned and immunostained with TUJ1 712 

antibody and anti-SCG10 antibody. To visualize the regenerating axons in a single image, multiple 713 

pictures were taken along the nerve and montaged automatically in microscope (EVOS FL Auto 714 

Cell Imaging System, Thermo Fisher Scientific, AMC1000). SCG10 fluorescence intensity was 715 

measured along the length of the nerve sections using ImageJ software. An SCG10 intensity plot 716 

was drawn with average intensities calculated from 50 pixels. A regeneration index was calculated 717 

by measuring the average SCG10 intensity from the injury site to the distal side, which is defined 718 

by the position along the nerve length with maximal SCG10 intensity, correlating with TUJ1 labeling 719 

where deformation of the nerve and disruption of axons are identified. 720 

CNS axon regeneration assay 721 

For CNS axon regeneration assay in vivo from optic nerve injury model, 1.5 ul of AAV was injected 722 

with pulled glass needle to vitreous of eye. The conjunctiva from the orbital part of the eye was 723 

cleared in order to expose the optic nerve, which was crushed for 3 seconds with Dumont #5 724 

forceps (Fine Science Tools, 11254-20) and special care was taken not to damage the vein sinus. 725 

To avoid desiccation of the eye, a saline solution was applied before and after optic nerve crush. 726 

For cholera toxin b (CTB) axon tracing, 1% atropine sulfate solution (Bauch & Lomb) was applied 727 

to the eye to induce pupil dilation. A pulled glass needle was introduced in the vitreous through the 728 

ora serrate and 2µl of 2µg/µl CTB (Thermo Fisher Scientific, C34777) was injected. For optic nerve 729 

fixation and sectioning, mice were sacrificed at two days after CTB injection and eyes and optic 730 

nerves altogether were fixed by immersion in 4% paraformaldehyde solution for 2 hours. After 731 

being washed three times in PBS, eyes were transferred to 30% sucrose solution for 24 hours at 732 

4’C. Optic nerves were then dissected out with micro scissors (Fine Science Tools, 15070-08), 733 

sectioned at 11µm in the cryostat and mounted in mounting medium ProLong Gold (Thermo Fisher 734 

Scientific, P36931). Optic nerve sections were imaged with EVOS FL Auto Cell Imaging System. 735 

Numbers of regenerating axons at different distances from the injury site were estimated following 736 

the published protocol described by Park et al., 2008. The numbers of regenerating axons crossing 737 
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lines set at 0.2, 0.5, 0.8 and 1mm from the injury site were quantified in 5 different slices per optic 738 

nerve using ImageJ. The cross-sectional width of the optic nerve was used to estimate the number 739 

of regenerating axons per µm. The total number of regenerating axons per each optic nerve at 740 

certain distance from the injury site (Sad) was estimated using the following formula: Sad = p x 741 

(optic nerve radius)2 x [average axons/µm] / 11µm. For statistical analysis, the numbers of 742 

regenerating axons from control and 5’UTRm-expressing mice at each distance were compared 743 

using Student’s t test. 744 

Fluorescent in situ hybridization 745 

Gpr151 RNA was detected by a pair of target probe (RNAscope Probe-Mm-Gpr151, ACD, 317321) 746 

following the manufacture’s instructions. L4,5 DRG tissues were fixed in 4% paraformaldehyde 747 

and permeabilized. The fixed sample tissues were cryo-blocked with OCT compound and 748 

sectioned at a 10µm thickness with cryotome. The sections were dehydrated with 50%, 70% to 749 

100% Ethanol for 5min each at room temperature, followed by air dry for 5 min at room temperature. 750 

Tissue section was incubated in Protease 4 (ACD, from the kit RNAscope, 322000) solution for 15 751 

min at room temperature. To wash, phosphate-buffered saline was applied five times to the tissue 752 

section. Target probe was pre-warmed at 40’C and then the probe was applied to tissue section 753 

and incubated for 2 hours in 40’C. Slide was then washed by wash buffer (ACD, from the kit 754 

RNAscope, 322000) twice. The fluorescence probes Amp-1-FL, Amp-2-FL and Amp3-FL were 755 

applied to tissue section for 30 min at 40’C. Finally, Amp-4-FL was applied and incubated for 15 756 

min at 40’C. The prepared samples were mounted and analyzed under confocal microscope (Zeiss, 757 

LSM700).  758 

Biotin-RNA pull down assay and mass spectrometry analysis 759 

All the RNA baits used for pull-down assay were synthesized by IDT. Total protein lysates were 760 

prepared from DRG tissues dissected from 6-weeks old CD-1 mice, lysed in lysis buffer (1% NP-761 

40, 20mM HEPES-KOH, 5mM MgCl2, 150mM KCl, 1mM DTT, SUPERase In (Thermo Fisher 762 

Scientific, AM2694), and Complete EDTA-free Protease Inhibitor Cocktail (Sigma, 11873580001)). 763 

1 mg of protein lysates was subjected as an input for each pull-down condition. The quantified 764 

protein input was incubated with the indicated biotin-RNA baits for 16 hours at 4’C, followed by 765 
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incubation with Dynabeads MyOne Streptavidin T1 (Thermo Fisher Scientific, 65601) for additional 766 

1 hour at 4’C with rotation. The magnetic beads complexes were washed and recovered by magnet 767 

(Thermo Fisher Scientific, 12321D) as following the manufacturer’s instructions. Total protein from 768 

the precipitated magnetic beads were eluted by incubating at 95’C for 10 min in 1X SDS-PAGE 769 

sampling buffer then subjected to SDS-PAGE separation. For identifying the eluted proteins by 770 

mass spectrometry analysis, protein bands from PAGE gel were visualized by Coomassie staining 771 

method and sliced to subject to in-gel digestion. All the mass spectrometry analysis including 772 

sample preparation were done by YPRC (Yonsei Proteome Research Center, Seoul Korea).   773 
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Supplementary information 774 

Supplementary figure 1. Western blot analysis of L4,L5 DRG tissues dissected from RiboTag x 775 

Advillin-Cre mice with (+Injury) or without (-Injury) sciatic nerve axotomy. Anti-HA epitope antibody 776 

was used to detect RPL22HA protein, related to figure 1A. 777 

Supplementary figure 2. Visualization of the illumina sequencing results mapped with mouse 778 

Gpr151 gene using SeqMonk.  779 

Supplementary figure 3. In vitro axon regeneration assay. (A) Representative images of control, 780 

5’UTRm-overexpressing, and 5’UTRm DCSDE1-overexpressing embryonic DRG neurons. Scale 781 

bar, 100 µm. (B) Statistical analysis of regenerating axon length of (A) (n=254, 198, 167 for control, 782 

shCSDE1 and shKHDRBS1; ***p<0.001, ns, not significant by ANOVA followed by Tukey tests; 783 

mean±SEM). (B) Statistics of average of relative axon length of (A) (n=64, 55, 68 cells for control, 784 

5’UTRm, 5’UTRm DCSDE1; *p<0.05, ns, not significant by ANOVA followed by Tukey tests; 785 

mean±SEM), related to figure 5A. 786 

Supplementary figure 4. Statistical analysis of regenerating axon length of embryonic neurons of 787 

control, shIer5, shJun, shSox11 (n=156, 79, 78, 45 for each condition; ***p<0.001, ns, not 788 

significant by ANOVA followed by Tukey tests; mean±SEM), related to figure 7A. 789 

Information S1. The list of identified peptides by mass spectrophotometry analysis of figure 4A. 790 

Information S2. CSDE1 IP-sequencing result, related to figure 5C. 791 

Information S3. Gene ontology analysis of figure 5D.  792 

Information S4. KEGG pathway analysis of figure 5E. 793 

Information S5. Antibody array analysis of figure 5F.  794 

Information S6. Comparative analysis between CSDE1 IP-seq and antibody array analysis of 795 

figure 5G.  796 
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