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Abstract 9 

Nogo-A is a well-characterized myelin-associated membrane protein that restricts fibre growth and 10 

the regenerative capacity of the adult central nervous system after injury. To date Nogo-A post-11 

receptor signalling pathway research focused on the RhoA/ROCK cascade, which can lead to growth 12 

cone collapse and neurite retraction. Much less is known about continued intracellular Nogo-A 13 

signalling mediating long-term neurite outgrowth inhibition resulting from transcriptional and 14 

translational changes. Here, we propose a simple but highly reproducible in vitro assay to study Nogo-A 15 

related signaling and neurite outgrowth inhibition in general. Furthermore, we identified ERK1/2 as 16 

downstream effector of Nogo-A, partially mediating its neurite outgrowth inhibition. We describe 17 

ERK1/2 dependent changes of translational events such as elevation of RhoA levels within the 18 

growth cone, which may potentiate the cells’ responses to Nogo-A. We also observed Nogo-A 19 

dependent upregulation of the JAK/STAT pathway inhibitors SOCS3 and KLF4 and downregulation of 20 

insulin mediated phosphorylation of AKT, indicating direct negative crosstalk between Nogo-A 21 

signalling and the growth promoting JAK/STAT and AKT/mTORC1 pathways.  22 
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Introduction 23 

Following injury or trauma, the central nervous system (CNS) has a low regenerative capacity, in part due 24 

to the growth limiting environment containing axonal growth restricting factors such as myelin-25 

associated inhibitors, scars and perineuronal nets (Schwab and Strittmatter, 2014). One of the most 26 

extensively studied myelin associated neurite growth inhibitors is the membrane protein Nogo-A. 27 

Antibody mediated neutralization, knock out or pharmacological inhibition of Nogo-A or its receptors 28 

leads to enhanced sprouting of injured and spared axons and to higher levels of functional recovery in 29 

several models of CNS lesion, e.g. spinal cord injury and stroke (Schwab and Strittmatter, 2014). 30 

Nogo-A signals via two functional domains, Nogo-A-∆20 and Nogo-66, which bind to several domain-31 

specific, signal transducing receptors (Kempf and Schwab, 2013). The known functional receptors for the 32 

Nogo-66 domain are Nogo receptor 1 (NgR1), paired immunoglobin-like receptor B (PirB) and low 33 

density lipoprotein receptor (LRP) (Kempf and Schwab, 2013). Only recently sphingosine-1-phosphate 34 

receptor 2 (S1PR2), tetraspanin 3 (TSPAN3) and syndecan 3/4 (SDC3/4) have been identified as receptors 35 

for the Nogo-A-∆20 domain (Kempf et al., 2017; Thiede-Stan et al., 2015; Kempf et al., 2014; Kempf and 36 

Schwab, 2013). Interestingly, both Nogo-A-∆20 and Nogo-66 signaling induce the activation of the small 37 

GTPase Ras homologue A (RhoA) and its downstream effector Rho-associated, coiled-coil containing 38 

protein kinase (ROCK), which mediates cytoskeletal rearrangements leading to growth cone collapse and 39 

retraction. Apart from this immediate downstream signaling, Nogo-A can also induce transcriptional 40 

changes (Craveiro et al., 2008; Bareyre et al., 2002; Buffo et al., 2000), suggesting continued signaling to 41 

the cell body and nucleus. The molecular basis of this retrograde signaling is still largely unknown.  42 

In the context of CNS trauma, the protein Kinase B (AKT)/mammalian target of rapamycin complex 1 43 

(mTORC1) and janus kinase (JAK)/signal transducer and activator of transcription protein (STAT) cascades 44 

have been associated with promoting axonal regeneration (Lu et al., 2014). Deletion or pharmaceutical 45 

inhibition of phosphatase and tensin homolog (PTEN), an upstream inhibitor of the AKT/mTORC1 46 

pathway (Saxton and Sabatini, 2017), results in enhanced axonal regeneration following optic nerve 47 

crush and spinal cord injury (Danilov and Steward, 2015; Du et al., 2015; Lewandowski and Steward, 48 

2014; Ohtake et al., 2014; Zukor et al., 2013; Park et al., 2008). Similarly, activation of the JAK/STAT 49 

signaling cascade via deletion of its inhibitors suppressor of cytokine signaling 3 (SOCS3) or kruppel like 50 

factor 4 (KLF4) increased retinal ganglion cell regeneration after optic nerve crush (Moore et al., 2009; 51 

Smith et al., 2009). The activation of these pathways is regulated by a highly interconnected signaling 52 

network integrating both cell external and internal cues (Mazel, 2017; Saxton and Sabatini, 2017; 53 

Rawlings, 2004). So far, it has not been investigated whether inhibitory factors such as Nogo-A impact on 54 
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or influence these pathways directly, in part due to the lack of a suitable system to screen for potential 55 

modifications. 56 

In this study, we propose a simple but highly reproducible in vitro assay to study Nogo-A related signaling 57 

and neurite outgrowth inhibition in general. We identify extracellular signal regulated kinase (ERK1/2) as 58 

an effector propagating Nogo-A signaling. We describe ERK1/2 downstream events such as elevation of 59 

RhoA levels, which may enhance Nogo-A mediated growth cone collapse and retraction. We also observe 60 

a signaling crosstalk between Nogo-A and the axonal growth promoting AKT/mTORC1 and JAK/STAT 61 

pathways at multiple levels. Taken together, these results suggest that Nogo-A signaling not only leads to 62 

growth cone collapse and retraction via the RhoA/ROCK axis, but also results in inhibitory crosstalk with 63 

growth-promoting cascades.  64 
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Methods 65 

Experimental Animals. 66 

All animal experiments were performed with the approval of and in strict accordance with the guidelines 67 

of the Zurich Cantonal Veterinary Office. All efforts were made to minimize animal suffering and to 68 

reduce the number of animals required. 69 

Spinal cord extracts. 70 

Rats were decapitated, and the spinal cords were dissected, followed by immediate homogenization in 71 

ice-cold extraction buffer (3.7% CHAPS and 5 mM EDTA in PBS) containing 1x HALT
TM

 protease and 72 

phosphatase inhibitor (Thermo FisherScientific). The homogenates were incubated for 30 min on ice, and 73 

centrifuged 4 times for 15 min at 13’000 g at 4°C. The supernatants were aliquoted, snap-frozen in liquid 74 

nitrogen, and stored at -80 °C until use. 75 

Antibodies and reagents. 76 

For neurite outgrowth assays the following molecules were used at the indicated concentrations: 10 77 

µg/ml mouse anti-Nogo-A antibody 11C7 (produced in house; Oertle et al. (2003)), 10 µg/ml mouse anti 78 

IgG1 M-BSV-1 (APS, FG12/B5), 1 nM JTE-013 (Tocris, 2392), 0.5 U Heparinase III (Sigma, H8891), 2 nM 79 

NEP1-40 (Sigma, N7161), 1 nM SCH772984 (Selleckchem, S7101), 10 ng/ml IL-6 (R&D, 406-ML-005). For 80 

western blotting, the primary antibodies are summarized in table Table 1.1. Secondary HRP-coupled 81 

antibodies were all purchased from Thermo Fisher Scientific and used at a concentration of 0.05-0.1 82 

μg/ml. For immunocytochemistry, the following primary antibodies were used at the indicated 83 

concentrations: 1:10’000 mouse anti-β3-Tubulin (Promega, G712A), rabbit anti-p-ERK T202/Y204 (CST, 84 

9101), mouse anti-RhoA (Santa Cruz, SC-418). As secondary antibodies, 1μg/ml anti-mouse or anti-rabbit 85 

Cy3-coupled antibodies (Invitrogen, A10521, A10520) were used. 1:100 Phalloidin Alexa Fluor488 86 

(Invitrogen, A12379) was used to stain the f-actin cytoskeleton, and 50 nM DAPI (Invitrogen, D3571) was 87 

used as a nuclear counterstain. 88 

Table 1.1 – Antibodies used for Western Blotting. 89 

Target Host Species Dilution Company 
Catalogue 

Number 

p-AKT S473 rabbit 1:1000 Cell Signaling Technology 9271 

p-AKT T308 rabbit 1:500 Cell Signaling Technology 9270 

AKT rabbit 1:1000 Cell Signaling Technology 9272 

p-4EBP1 S65 rabbit 1:500 Cell Signaling Technology 9451 
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p-4EBP1 T37/46 rabbit 1:500 Cell Signaling Technology 2855 

4EBP1 rabbit 1:500 Cell Signaling Technology 9644 

p-S6K S389 mouse 1:1000 Cell Signaling Technology 9206 

S6K rabbit 1:1000 Cell Signaling Technology 2708 

p-S6P S235/236 rabbit 1:1000 Cell Signaling Technology 4858 

S6P mouse 1:1000 Cell Signaling Technology 2317 

p-ERK1/2 T202/Y204 rabbit 1:2000 Cell Signaling Technology 9101 

ERK1/2 rabbit 1:1000 Cell Signaling Technology 4695 

p-RSK S380 rabbit 1:1000 Cell Signaling Technology 11989 

RSK rabbit 1:1000 Cell Signaling Technology 9355 

RhoA rabbit 1:1000 Cell Signaling Technology 2117 

p-CREB S133 rabbit 1:1000 Cell Signaling Technology 9198 

CREB rabbit 1:1000 Cell Signaling Technology 9197 

RhoA rabbit 1:1000 Cell Signaling Technology 2117 

p-c-Myc S62 rabbit 1:1000 Cell Signaling Technology 13748 

c-Myc rabbit 1:10’000 Abcam ab32072 

c-Jun rabbit 1:500 Cell Signaling Technology 9165 

p-STAT3 S727 rabbit 1:500 Cell Signaling Technology 94994 

STAT3 mouse 1:1000 Cell Signaling Technology 9139 

SOCS1 rabbit 1:1000 Cell Signaling Technology 3950 

SOCS3 rabbit 1:1000 Cell Signaling Technology 2932 

KLF4 rabbit 1:1000 Cell Signaling Technology 12173 

GAPDH mouse 1:20’000 Abcam ab8245 

Cell Culture. 90 

N1E-115 mouse neuroblastoma cells were obtained from ATCC and maintained at 37 °C in a humidified 91 

atmosphere with 5% CO2 in DMEM (Sigma) supplemented with 10% FBS (Sigma), 2% L-Glutamine and 1% 92 

P/S. Neuron like differentiation was induced by switching the medium to Neurobasal (Gibco) 93 

supplemented with 2% L-Glutamine (Sigma) and 1% P/S (Sigma). 94 

Neurite outgrowth assay. 95 

Cells were plated in differentiation medium at a density of 10’000 cells/cm
2
. After 24 h the cells were 96 

treated with spinal cord extract and molecular factors and left to grow for another 24 h. The assays were 97 
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stopped by the addition of 4% PFA at RT for 15 min. The cells were then counter-stained with Coomassie 98 

solution (0.25% Coomassie Brilliant Blue R250 (Sigma), 50% MeOH, 10% AcOH) for five minutes, followed 99 

by two consecutive washes with PBS and stored at 4°C. Four images at predefined locations in the wells 100 

were acquired on a ScanR HCS microscope (Olympus) equipped with an UPLSAPO dry 10x/0.4 objective 101 

and Hamamatsu ORCA-FLASH 4.0 V2 camera using the ScanR analysis software. Mean neurite outgrowth 102 

was quantified in ImageJ by applying a grid to the pictures and counting intersections of neurites with 103 

the grid lines and total cell bodies and calculating the ratio thereof (Ronn et al., 2000). Each experiment 104 

was conducted in three technical replicates and all quantifications show five independent experiments.  105 

Cell Lysis. 106 

Cells were washed twice in PBS on ice and lysed in RIPA buffer (150 mM NaCl, 1% NP-40, 1% Sodium 107 

deoxycholate, 0.1% SDS, 50 mM Tris pH8) containing 2x HALT
TM

 phosphatase inhibitor cocktail and 5 mM 108 

EDTA. The lysates were incubated on ice for 30 min and centrifuged at 13’000 g for 15 min at 4 °C. The 109 

supernatants were collected and stored at –80°C. 110 

Immunoblotting. 111 

The samples were prepared in Laemmli buffer (Biorad) supplemented with 10% βMEtOH and denatured 112 

at 90°C for 3 min. The samples were separated with pre-cast 4-15% Mini PROTEAN R TXG TM gels 113 

(Biorad) at 250 V in Tris-Glycine running buffer (25 mM Tris, 192 mM Glycine, 0.1% SDS, pH 8.3). Proteins 114 

were transferred onto a 0.45 µm PVDF membrane in Tris-Glycine transfer buffer (25 mM Tris, 19 2mM 115 

Glycine, 20% MeOH) for 90 min with a constant current of 300 mA. Subsequently, membranes were 116 

blocked for 1 h with 5% BSA (Sigma) in TBS-T (10 mM Tris, 150 mM NaCl, 0.01% Tween-20, pH 7.5) and 117 

probed with primary antibodies overnight at 4°C. The membranes were washed 3 times in TBS-T, probed 118 

with secondary HRP-coupled antibodies for 1 h at RT and washed again 3 times in TBS-T. Detection was 119 

performed using SuperSignal
TM

 West PICO (Thermo Scientific) or WesternBright
TM

 Sirius (Advansta) 120 

chemiluminescent substrates and images were acquired on the Gel Doc
TM

 imager (Biorad). Densitometry 121 

analysis was performed with ImageJ software (NIH, Bethesda, MD, USA) and values were normalized to 122 

the housekeeping gene GAPDH or total protein and the mean value of the corresponding control group.  123 

Dot Blot. 124 

Serial dilutions of rat Nogo-A-∆20 (produced in-house, Oertle et al. (2003)) and spinal cord extract were 125 

transferred onto a 0.45 µm PVDF membrane. Subsequently, membranes were blocked for 30 min with 126 

5% milk powder (Migros) in TBS-T (10 mM Tris, 150 mM NaCl, 0.01% Tween-20, pH 7.5) and probed 1 h 127 

with 11C7 1:40’000 at RT. The membranes were washed three times in TBS-T, probed with secondary 128 
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HRP-coupled antibody for 1 h at RT and washed again 3 times in TBS-T. Detection was performed using 129 

SuperSignal
TM

 West PICO (Thermo Scientific) or WesternBright
TM

 Sirius (Advansta) chemiluminescent 130 

substrates and images were acquired on the Gel Doc
TM

 imager (Biorad). Densitometry analysis was 131 

performed with ImageJ software (NIH, Bethesda, MD, USA). 132 

qRT PCR. 133 

Total RNA from cultured cells was isolated with the RNeasy Micro kit (Qiagen) according to manufactures 134 

instructions and reverse transcribed using TaqMan Reverse Transcription reagents (Applied Biosystems). 135 

cDNA was amplified using the Light Cycler 480 thermocycler (Roche) with the polymerase ready mix 136 

(SYBR Green I Master, Roche). Relative quantification was performed using the comparative CT method 137 

(Schmittgen and Livak, 2008) and cDNA levels were normalized to the reference gene TBP. Each reaction 138 

was done in triplicates and quantification shows data from three independent experiments. The primers 139 

were validated using melting curve analysis of PCR products followed by gel electrophoresis to verify the 140 

amplicon size. The primers used in this study are outlined in table 1.2. 141 

Table 1.2 – Primer sequences used for qRT-PCR. 142 

Target Forward Primer Reverse Primer Ta [°C] [bp] 

Nogo-A 3’-CAGTGGATGAGACCCTTTTTG-5’ 3’-CAGTGGATGAGACCCTTTTTG-5’ 59 92 

NgR1 3’-CTCGACCCCGAAGATGAAG-5’ 3’-TGTAGCACACACAAGCACCAG-5’ 60 98 

Troy 3’-ACGAACCACACTGTACCA-5’ 3’-TGACACACAGGATGAGCAGG-5’ 58 139 

P75 3’-CTCAGATGAAGCCAACCACG-5’ 3’-ACCTTGTGATCCATCGGCCA-5’ 59 154 

Lingo1 3’-AAGTGGCCAGTTCATCAGGT-5’ 3’-TGTAGCAGAGCCTGACAGCA-5’ 58 113 

PirB 3’-TGTGGCCTTCATCCTGTTCCT-5’ 3’-CCTGGTTATGGGCTCTTCAGC-5’ 59 137 

S1PR2 3’-CTCTGAGTATAAGCCGCCCA-5’ 3’-AAAACCAACCACTGGCTGTC-5’ 58 141 

TSPAN3 3’-GACTTGCCACGTTTGTCT-5’ 3’-GGAGTTGGTCCCGTTGTA-5’ 58 149 

SDC3 3’-TTCTGGAGATCTGGATGACAC-5’ 3’-CACCAAGGGCTCAATCAC-5’ 59 232 

SDC4 3’-TCCACGACAATGCCATCGACTC-5’ 3’-ACCTACGATCACAGCTACGAGCAC-5’ 59 64 

SOCS1 3’-GCAGCTCGAAAAGGCAGTCGAA-5’ 3’-GCTCCCACTCCGATTACCGGCG-5’ 60 276 

SOCS3 3’-ATTTGCCTTCGGGACTAGC-5’ 3’-AACTTGCTGTGGGTGACCAT-5’ 58 126 

KLF4 3’-TCCTTTCCTGCCAGACCA-5’ 3’-GGTGGCATGAGCTCTTGA-5’ 59 66 

STAT3 3’-CCAAACCCTCAAGAGCCAAGG-5’ 3’-TCACTCACAATGCTTCTCCGC-5’ 59 132 

c-Jun 3’-GACGCAAGCCAATGGGAAAG-5’ 3’-CCAGCCTGAGCTCAACACTT-5’ 59 89 

c-Myc 3’-CACCAGCAGCGACTCTGAA-5’ 3’-CACCTCTTGAGGACCAGTG-5’ 59 89 
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TBP 3’-TTGCTGCTGCTGTCTTTGTT-5’ 3’-GGGAGAATCATGGACCAGAA-5’ 58-60 93 

Immunocytochemistry. 143 

Fixed cells were blocked and permeabilized in blocking buffer (0.1% Triton-X, 10% BSA in PBS) for 1 h. 144 

Primary antibodies were applied in 1% BSA in PBS and incubated over night at 4°C. The samples were 145 

washed three times in PBS, followed by incubation with secondary antibodies in 1% BSA in PBS for 1 h at 146 

RT. After washing three times in PBS, the samples were coverslipped in fluorescence mounting medium 147 

(Dako) and imaged on an Axioskop2 fluorescence microscope (Zeiss) equipped with a Plan NEOFLUAR dry 148 

20x/0.5 objective and Zeiss Axiocam MRc camera using the Zeiss Axiovision software. For image 149 

acquisition, exposure times were kept constant and below grey scale saturation. For 150 

immunofluorescence measurement, the signal in the phalloidin channel was thresholded and an area 151 

mask was created around the fluorescent object using the ImageJ software (NIH, Bethesda, MD, USA). 152 

This mask was then applied onto the RhoA or p-ERK1/2 pictures and the total pixel intensity within the 153 

area was measured. This value was normalized to the area of the growth cone or cell body. Similarly, the 154 

nuclear counter stain was used to define the area of the nucleus. Each experiment was conducted in 155 

three technical replicates and all quantifications show at least three independent experiments. Per 156 

technical replicate fife randomly chosen images were analyzed, which contained between 10 and 20 157 

cells. 158 

Statistics. 159 

All graphs and statistical analyses were computed in GraphPad Prism version 7.03 (GraphPad Software 160 

Inc., La Jolla, CA, USA). All data were normalized to baseline values and plotted as mean values ± 161 

standard error of the mean (SEM). One-way analysis of variance (ANOVA) with Bonferroni multiple 162 

comparisons test was used to compare multiple groups and Dunnet multiple comparison test was used 163 

to compare multiple groups to the baseline (only in the analysis of Nogo-A and receptor expression 164 

during differentiation of N1E-115 cells). Asterisks indicate the following p-values: *p < 0.05, **p < 0.01, 165 

***p < 0.001.  166 
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Results 167 

N1E-115 Neuroblastoma Cells as a Model System to Study neurite outgrowth and Nogo-A Signaling 168 

We characterized the expression of Nogo-A and its receptors in the mouse neuroblastoma-derived cell 169 

line N1E-115. In the absence of serum, this cell line readily differentiates into a neuron-like morphology 170 

within 24 hours and continues to form processes thereafter (Sup. Fig.1 A, B). In the undifferentiated 171 

state, as well as in the 24 and 48 hour differentiated states, the cells expressed all known Nogo-A 172 

receptors (Kempf et al., 2017; Thiede-Stan et al., 2015; Kempf et al., 2014; Kempf and Schwab, 2013)) 173 

(Sup. Fig.1 C, D). To model the growth inhibitory CNS environment in vitro, we treated the N1E-115 cells 174 

with crude spinal cord extract (SCE) containing soluble as well as membrane proteins including myelin 175 

proteins. Three independent preparations of SCE contained a comparable level of Nogo-A (1.33 ± 0.05 176 

nM) (Sup. Fig.2 A-C) and treatment of 24 h differentiated cells with SCE inhibited subsequent neurite 177 

outgrowth in a dose dependent manner (Sup. Fig.2 D, E). 178 

Next, we investigated whether part of the SCE-mediated neurite outgrowth inhibition can be attributed 179 

to Nogo-A signaling by blocking the Nogo-A-∆20 signaling domain as well as several Nogo-A receptors 180 

(Fig.1 B). Direct inhibition of Nogo-A-∆20 via the function-blocking antibody 11C7 resulted in a robust 181 

rescue of neurite outgrowth in presence of SCE, compared to the control antibody condition (Fig.1 A, C). 182 

Similarly, co-treatment with SCE and JTE-013, a functional antagonist of the Nogo-A-∆20 receptor S1PR2 183 

(Marsolais and Rosen, 2009), and enzymatic cleavage of heparin sulfates from the cell surface to inhibit 184 

the Nogo-A-∆20 receptors Sdc3/4 (Kempf et al., 2017) also increased neurite outgrowth when compared 185 

to the SCE and solvent control condition (Fig.1 A, C). In addition, blockade of the Nogo-66 receptor NgR1 186 

via the antagonist peptide NEP1-40 (GrandPré et al., 2002) alleviated the SCE-mediated inhibition of 187 

neurite outgrowth (Fig.1 A, C). These results demonstrate that a substantial part of the SCE-mediated 188 

outgrowth inhibition is mediated by Nogo-A. Interestingly, the Nogo-A-∆20 interacting receptors S1PR2 189 

and Sdc3/4 as well as the Nogo-66 binding NgR1 are involved in this growth restricting signaling event.  190 

Nogo-A Activates ERK1/2 and mTORC1 Downstream Effector S6K 191 

Multiple studies have reported mTORC1 as a downstream target of Nogo-A (Manns et al., 2014; Peng et 192 

al., 2011; Raiker et al., 2010; Gao et al., 2010; Wang et al., 2008). Therefore, we tested whether SCE 193 

differentially regulated either the mTORC1 activating upstream protein AKT, or the downstream proteins 194 

elongation and initiation factor 4E binding protein 1 (4E-BP1) and ribosomal protein S6 kinase (S6K) 195 

(Saxton and Sabatini, 2017). SCE treatment induced AKT phosphorylation on S473 suggesting differential 196 
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mTORC2 activation (Fig.2 A, B). However, many neurotrophic factors induce AKT phosphorylation at 197 

T308, and this phosphorylation site has been associated with the pro-regenerative effects of AKT 198 

overexpression in vivo (Keefe et al., 2017; Miao et al., 2016). Furthermore, possible signaling crosstalk via 199 

Nogo-A downstream effector ROCK mediated activation of PTEN, which results in negative regulation of 200 

AKT at the T308 site, was suggested in the context of cellular chemotaxis (Li et al., 2005). While SCE 201 

treatment did not result in decreased phospho-T308 AKT levels (Fig.2 A, B), SCE co-treatment with insulin 202 

decreased the insulin mediated upregulation of phospho-T308 AKT (Fig.2 C, D). These results suggest 203 

that depending on cellular context, SCE affects AKT differentially on its two phosphorylation sites. 204 

Next, we investigated whether this differential AKT phosphorylation propagated to the activation of 205 

mTORC1 downstream proteins. While phosphorylation of 4E-BP1 at S65 or T37/46 was not altered by 206 

SCE treatment, SCE induced a drastic increase in S6K and the downstream ribosomal protein S6 (S6P) 207 

phosphorylation (Fig.2 E, F). This contradictory result suggests a lateral mTORC1 activating signal 208 

integration downstream of AKT, or alternatively a direct S6K activation by factors in the SCE, e.g. via 209 

ERK1/2 or RSK. 210 

The mitogen activated protein kinase (MAPK) ERK1/2 can activate mTORC1 downstream of AKT via 211 

inhibitory phosphorylation of tuberous sclerosis complex 1/2 (TSC1/2). Furthermore, it can lead to 212 

activation of S6K via direct phosphorylation by the downstream kinase ribosomal S6 kinase (RSK) (Saxton 213 

and Sabatini, 2017). Treatment of N1E-115 cells with SCE resulted in pronounced ERK1/2 activation 214 

within 30 min to 1 h after treatment, as reflected by phosphorylation of the sites T202/Y204 in its 215 

activation loop, as well as phosphorylation of its downstream effector RSK (Fig.3 A-D). This activation was 216 

partially Nogo-A dependent, as inhibition of the Nogo-A-∆20 domain via function-blocking antibodies 217 

resulted in a decrease of ERK1/2 phosphorylation. Furthermore, pharmacological inhibition of ERK1/2 218 

with the small molecule SCH772984 (Morris et al., 2013) partially rescued the SCE-mediated decrease in 219 

neurite outgrowth, suggesting that ERK1/2 activation is a downstream effect of the inhibitory ligands in 220 

the SCE (Fig.3 F, G). 221 

ERK1/2 mediated signaling is associated with diverse functions, and its localization is regulated by a 222 

plethora of adaptor and scaffolding proteins to ensure a precise spatiotemporal signaling response 223 

(Plotnikov et al., 2010). Therefore, we investigated the cellular location of the active phospho-ERK1/2. 224 

While ERK1/2 was activated by SCE globally in our model system, a more pronounced activation was 225 

observed in the growth cones and the cell body, suggesting a role apart from transcriptional control 226 

(Fig.3 H, I). Importantly, the activation of ERK1/2 was completely blocked by 11C7 treatment in the 227 
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growth cone, further corroborating ERK1/2 activation as a downstream target of Nogo-A. Taken 228 

together, these results identify ERK1/2 as a novel Nogo-A signaling effector in neurite outgrowth 229 

inhibition and growth cone collapse. 230 

Nogo-A Induces Local Protein Synthesis of RhoA via an ERK1/2 Dependent Pathway 231 

Several studies have demonstrated that the regenerative capacity of some axons depends on local 232 

protein synthesis and degradation in the growth cone (Gumy et al., 2010). Intriguingly, also growth cone 233 

collapse mediated by inhibitory cues, such as semaphorins and Nogo-A, were shown to be dependent on 234 

local protein synthesis (Manns et al., 2014; Wu et al., 2005). Both protein translation and degradation 235 

are processes that have been associated with MAPK signaling (Roux and Topisirovic, 2012). Based on the 236 

increase in phospho-S6K and phospho-S6P and the observed Nogo-A dependent ERK activation in the 237 

growth cone, we hypothesized that local protein synthesis of Nogo-A downstream proteins could 238 

enhance Nogo-A mediated axonal growth inhibition. Therefore, we analyzed the total levels of RhoA, an 239 

integrator of many growth inhibitory cues including Nogo-A (Kempf and Schwab, 2013). Total RhoA levels 240 

increased in N1E-115 cells after treatment with SCE; this effect was prevented by the addition of Nogo-A 241 

neutralizing antibodies (Fig.4 A, B). Next, we tested whether the activation of S6P and RhoA translation 242 

are downstream effects of ERK1/2 signaling. While activation of S6P was partially reduced by ERK1/2 243 

inhibition, the RhoA increase was completely abolished by the specific ERK1/2 inhibitor SCH772984 (Fig.4 244 

C-G). These results show that in addition to activating the RhoA/ROCK enzymatic cascade, Nogo-A can 245 

further reduce neuronal growth and regeneration by upregulating RhoA levels in growth cones via an 246 

ERK1/2 dependent pathway. 247 

Nogo-A Upregulates JAK/STAT Pathway Inhibitors SOCS3 and KLF4 248 

Apart from the growth cone, ERK1/2 activation was also induced by Nogo-A or SCE in the neuronal soma 249 

and to a lesser extent in the nucleus. ERK1/2 has been described to alter the transcriptional profile in the 250 

nucleus (Plotnikov et al., 2010). The transcription factor STAT3 has been previously shown to be 251 

upregulated in Nogo-A antibody treated rat brains (Bareyre et al., 2011), to mediate the conditioning 252 

lesion effect in DRG neurons (Qiu et al., 2005) and to boost axonal regeneration following optic nerve 253 

crush (Mehta et al., 2016; Pernet et al., 2013). STAT proteins are regulated by two distinct 254 

phosphorylation events. Tyrosine phosphorylation in the SH2 domain by JAK induces dimerization and 255 

nuclear translocation, a process which can be modulated by ERK1/2-mediated serine phosphorylation in 256 

the STAT linker domain (Tian and An, 2004; Jain et al., 1998; Wen et al., 1995). Phospho-profiling of SCE 257 

treated N1E-115 cells revealed a rapid increase in phosphorylation at the ERK1/2 associated phospho-258 
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site (Fig.5 A, B), while no changes could be detected at the JAK2-associated site (data not shown). 259 

Previous work has indicated that exclusive phosphorylation of the STAT linker domain negatively 260 

regulates tyrosine phosphorylation and STAT mediated transcription (Tian and An, 2004; Jain et al., 261 

1998). In fact, SCE-treatment induced a depletion of total STAT3 levels, suggesting a regulatory 262 

mechanism for direct negative effects of neurite growth inhibitory factors on the JAK/STAT pathway 263 

(Fig.5 C). In contrast, activation of tyrosine STAT3 phosphorylation induced by interleukin 6 (IL-6) 264 

treatment (Schumann et al., 1999) rescued neurite outgrowth in the SCE treated condition (Fig.5 D,E), 265 

making STAT3 a potential integration point for neurite outgrowth-promoting and outgrowth-inhibiting 266 

signals.  267 

We further tested whether Nogo-A interferes with the JAK/STAT pathway by regulating its well 268 

characterized inhibitors SOCS1, SOCS3 and KLF4. We observed a Nogo-A dependent upregulation of 269 

SOCS3 mRNA levels after 6 h and SOCS1 and KLF4 mRNA levels after 24 h (Fig.6 A-C). The observed early 270 

Nogo-A independent decrease in SOCS3 and KLF4 mRNA levels could correspond to the decrease of 271 

STAT3 protein levels described above, as they are transcriptional targets of the JAK/STAT pathway 272 

themselves. Furthermore, both SOCS3 and KLF4 protein levels were upregulated in a Nogo-A dependent 273 

manner upon SCE treatment of N1E-115 cells (Fig.6 D-F). Interestingly, SOCS3 protein levels increased 274 

before it was transcriptionally upregulated, suggesting a dual mechanism in its regulation. These results 275 

demonstrate a novel signaling route via STAT pathway inhibition by which Nogo-A could decrease axonal 276 

growth and regeneration.  277 
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Discussion 278 

Using a robust neurite outgrowth assay with N1E-115 mouse neuroblastoma cells, we show that spinal 279 

cord extracts induce a differential activation of the mTORC1 effectors S6K and 4E-BP1 downstream of 280 

AKT, likely via activation of the MAPK ERK1/2 in a Nogo-A dependent way. Rapid activation of the ERK1/2 281 

pathway by Nogo-A and SCE mediates the local synthesis and accumulation of RhoA in growth cones 282 

thereby potentiating Nogo-A mediated growth cone collapse. Furthermore, Nogo-A signaling could 283 

directly inhibit the JAK/STAT pathway via upregulation of its inhibitors SOCS3 and KLF4. 284 

Over the last two decades, several Nogo-A receptors have been identified, showing complex multi-ligand 285 

multi-receptor signaling system (Kempf et al., 2017; Thiede-Stan et al., 2015; Kempf et al., 2014; Kempf 286 

and Schwab, 2013). This is the first study utilizing a cell line that shows expression of all Nogo-A 287 

receptors, thereby corroborating the importance of several key receptors in one functional assay. In the 288 

past, many in vitro studies have focused on a single ligand receptor interaction in the context of axonal 289 

growth or the lack thereof. However, a series of studies highlight the importance of investigating cellular 290 

signaling as an integrative, context-dependent process (Mazel, 2017; Day et al., 2016). Our approach of 291 

treating cells with crude spinal cord extract (SCE) instead of selected ligands offers the advantage of 292 

modelling the in vivo situation more closely. By applying specific blockers, in particular a monospecific 293 

antibody against Nogo-A, along with the SCE, we were able to delineate the individual contributions of 294 

specific inhibitory cues within the SCE. Furthermore, the use of a cell line over primary neuronal cultures 295 

in our neurite outgrowth assay allows for both a faster and more cost effective screening and exploration 296 

of potential novel outgrowth promoting interventions in an environment that resembles the 297 

physiological situation within the CNS. 298 

Previous studies have indicated crosstalk between Nogo-A signaling and the AKT/mTORC1 pathway, 299 

while the underlying mechanisms remained unclear (Gao et al., 2010; Manns et al., 2014; Peng et al., 300 

2011; Raiker et al., 2010; Sun et al., 2015; Wang et al., 2008). In vitro evidence for Nogo-A downstream 301 

effector ROCK dependent phosphorylation and thereby activation of PTEN could represent one possible 302 

signaling internode for such a crosstalk (Li et al., 2005). Consistently, SCE treatment decreased insulin-303 

induced phosphorylation on the T308 site of AKT in our study. Interestingly, the mTORC2-associated 304 

S473 site of AKT was upregulated after treatment with SCE suggesting an activation of mTORC2 by 305 

factors within the SCE. Consensus in the literature is that full activation of AKT requires both 306 

phosphorylation events (Saxton and Sabatini, 2017), although a recent study by (Miao et al., 2016) 307 

reported that the two phosphorylation sites T308 and S473 affect neurite regeneration in opposing 308 

ways: While the canonical PDK1/AKT/mTORC1 pathway had a positive impact on regeneration, 309 
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phosphorylation of AKT on S473 blocked regeneration, possibly by activating the mTORC1 inhibitor 310 

TSC1/2 via GSK3. 311 

Phosphorylation of the mTORC1 effector S6K and downstream S6P was induced by SCE treatment, 312 

partially in a Nogo-A dependent way. This indicates lateral integration of Nogo-A signaling in the 313 

mTORC1 pathway downstream of AKT, possibly via activation of the MAPK ERK1/2 and downstream 314 

effector RSK, which were highly activated by SCE treatment. The MEK/ERK1/2 pathway and AKT/mTORC1 315 

pathways have been associated with substantial signaling crosstalk on multiple levels. While MEK 316 

dependent phosphorylation of AKT inhibits the upstream pathway, ERK1/2 or RSK dependent 317 

phosphorylation of TSC1/2 or mTORC1 adaptor protein raptor activates mTORC1 signaling (Saxton and 318 

Sabatini, 2017). Additionally, this downstream integration of inhibitory signaling might in turn further 319 

inhibit the AKT upstream PI3K by activating phosphorylation-dependent degradation of its scaffolding 320 

subunit IRS1 (Saxton and Sabatini, 2017), thereby desensitizing the cell for further growth promoting 321 

extrinsic cues. 322 

SCE treatment induced rapid Nogo-A dependent activation of ERK1/2 in the growth cones, and global 323 

inhibition of ERK1/2 activation rescued neurite outgrowth upon SCE treatment. Furthermore, we 324 

observed an ERK1/2-dependent increase in RhoA levels upon SCE-treatment similar to a previously 325 

published study in the context of semaphorin 3A mediated growth cone collapse (Wu et al., 2005). 326 

Several studies have linked ERK1/2 activation and retrograde transport with induction of pro-327 

regenerative transcriptional changes downstream of neurotrophic factor signaling (O’Donovan et al., 328 

2014; Perlson et al., 2006; Chao, 2003) suggesting a dual role for ERK1/2 signaling dependent on its 329 

subcellular localization. A similar location-dependent role in axonal regeneration was described for DLK1 330 

in the context of retinal ganglion cell axon regeneration: Following optic nerve crush, DLK1 was 331 

responsible for the majority of injury-elicited gene expression changes, and its deletion enhanced retinal 332 

ganglion cell survival (Watkins et al., 2013). However, co-deletion of DLK1 and PTEN ablated the strong 333 

pro-regenerative effect of PTEN deletion after optic nerve crush, suggesting a positive role for DLK1 in 334 

the induction of regenerative sprouting. Possible differential regulation of ERK1/2 scaffolding proteins, 335 

the machinery mediating retrograde transport, and the underlying mechanism of activation remain to be 336 

investigated. Furthermore, the internalization and retrograde transport of recombinant Nogo-A-∆20 337 

fragments was reported in multiple studies (Thiede-Stan et al., 2015; Kempf et al., 2014; Joset et al., 338 

2010), however, it remains to be investigated whether this also occurs with endogenous full length 339 

Nogo-A, and how the signaling effectors of internalized and cell surface Nogo-A might differ. 340 
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SCE treatment of the neuronal cells resulted in negative JAK/STAT pathway regulation on several levels. 341 

We observed increased, potentially ERK1/2 mediated serine phosphorylation of STAT3 as well as STAT3 342 

depletion. Furthermore, SCE treatment resulted in a Nogo-A dependent upregulation of the STAT3-343 

inhibitors SOCS3 and KLF4 both on a transcriptional and translational level. An earlier study (Miao et al., 344 

2006) identified SOCS3 as a negative regulator of STAT3 tyrosine phosphorylation and nuclear 345 

translocation, resulting in reduced neurite outgrowth. Later studies found that SOCS3 deletion in retinal 346 

ganglion cells induced robust axonal regeneration following optic nerve crush (Smith et al., 2009), while 347 

SOCS3 overexpression reduced optic nerve regeneration (Hellström et al., 2011). It is therefore intriguing 348 

that Nogo-A induced SOCS3 expression and may thereby inhibit neuronal outgrowth via direct inhibition 349 

of the JAK/STAT cascade. Also KLF4 has been shown to repress axonal growth both in vitro and in vivo via 350 

inhibition of STAT3 (Qin et al., 2013; Moore et al., 2009). In the optic nerve, a marked increase in KLF4 351 

expression was reported around birth (Moore et al., 2009), a time point also associated with the invasion 352 

of oligodendrocyte precursor cells into the optic nerve (Pernet et al., 2008). However, it remains to be 353 

investigated whether there is a functional link between KLF4 expression in neuronal cells and Nogo-A 354 

expression in oligodendroglial cells. 355 

The results presented in this study provide novel insights into Nogo-A mediated intracellular signaling 356 

beyond the activation of the RhoA/ROCK pathway. We show that the MAPK ERK1/2 is activated by Nogo-357 

A and may directly affect growth cone dynamics via regulation of local protein synthesis, in particular of 358 

RhoA. Furthermore, we highlight several novel transcriptional regulators which were affected by Nogo-A 359 

signaling on a transcriptional, translational as well as a post-translational level. Finally, we demonstrate a 360 

possible inhibitory crosstalk between Nogo-A signaling and the growth promoting AKT/mTORC1 and 361 

JAK/STAT pathways. These data highlight the importance of studying signaling as an integrative process 362 

and further promote our understanding of how neurite outgrowth inhibitory cues are integrated into the 363 

neuronal signaling network.  364 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 11, 2020. ; https://doi.org/10.1101/2020.07.10.197368doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.10.197368
http://creativecommons.org/licenses/by-nc-nd/4.0/


16 

 

Acknowledgements 365 

This work was supported by the Swiss National Science Foundation (grant Nr. 31-138676/1) and an 366 

advanced ERC grant (NOGORISE) to the senior author. 367 

Author contributions 368 

M. Maibach designed the research and wrote the manuscript and designed the figures. M. Maibach, E. 369 

Piovesana and contributed to data acquisition and analysis. E. Piovesana, J. Kaiser, M. Maurer and M.E. 370 

Schwab gave valuable input in experimental and manuscript discussions. 371 

Conflict of interest 372 

The authors declare no competing financial interests.  373 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 11, 2020. ; https://doi.org/10.1101/2020.07.10.197368doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.10.197368
http://creativecommons.org/licenses/by-nc-nd/4.0/


17 

 

References 

Bareyre, F.M., N. Garzorz, C. Lang, T. Misgeld, H. Büning, and M. Kerschensteiner. (2011). In vivo imaging 

reveals a phase-specific role of STAT3 during central and peripheral nervous system axon 

regeneration. Proc. Natl. Acad. Sci. U. S. A. 108:6282–6287. 

Bareyre, F.M., B. Haudenschild, and M.E. Schwab. (2002). Long-lasting sprouting and gene expression 

changes induced by the monoclonal antibody IN-1 in the adult spinal cord. J. Neurosci. 22:7097–

7110. 

Buffo, A., M. Zagrebelsky, A.B. Huber, A. Skerra, M.E. Schwab, P. Strata, and F. Rossi. (2000). Application 

of Neutralizing Antibodies against NI-35/250 Myelin-Associated Neurite Growth Inhibitory Proteins 

to Purkinje Cell Axons. J. Neurosci. 20:2275–2286. 

Chao, M. V. (2003). Neurotrophins and their receptors: A convergence point for many signalling 

pathways. Nat. Rev. Neurosci. 4:299–309. 

Craveiro, L.M., D. Hakkoum, O. Weinmann, L. Montani, L. Stoppini, and M.E. Schwab. (2008). 

Neutralization of the membrane protein Nogo-A enhances growth and reactive sprouting in 

established organotypic hippocampal slice cultures. Eur. J. Neurosci. 28:1808–1824. 

Danilov, C.A., and O. Steward. (2015). Conditional genetic deletion of PTEN after a spinal cord injury 

enhances regenerative growth of CST axons and motor function recovery in mice. Exp. Neurol. 

266:147–160. 

Day, E.K., N.G. Sosale, and J.L. Matthew. (2016). Cell Signaling Regulation by Protein Phosphorylation: A 

Multivariate, Heterogeneous, and Context-dependent Process. Curr. Opin. Biotechnol. 40:185–192. 

Du, K., S. Zheng, Q. Zhang, S. Li, X. Gao, J. Wang, L. Jiang, and K. Liu. (2015). Pten Deletion Promotes 

Regrowth of Corticospinal Tract Axons 1 Year after Spinal Cord Injury. J. Neurosci. 35:9754–9763. 

Gao, Y., B. Wang, Z. Xiao, B. Chen, J. Han, X. Wang, J. Zhang, S. Gao, Y. Zhao, and J. Dai. (2010). Nogo-66 

regulates nanog expression through stat3 pathway in murine embryonic stem cells. Stem Cells Dev. 

19:53–60. 

GrandPré, T., L.I. Shuxin, and S.M. Strittmatter. (2002). Nogo-66 receptor antagonist peptide promotes 

axonal regeneration. Nature. 417:547–551. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 11, 2020. ; https://doi.org/10.1101/2020.07.10.197368doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.10.197368
http://creativecommons.org/licenses/by-nc-nd/4.0/


18 

 

Gumy, L.F., C.L. Tan, and J.W. Fawcett. (2010). The role of local protein synthesis and degradation in axon 

regeneration. Exp. Neurol. 223:28–37. 

Hellström, M., J. Muhling, E.M. Ehlert, J. Verhaagen, M.A. Pollett, Y. Hu, and A.R. Harvey. (2011). 

Negative impact of rAAV2 mediated expression of SOCS3 on the regeneration of adult retinal 

ganglion cell axons. Mol. Cell. Neurosci. 46:507–515. 

Jain, N., T. Zhang, S.L. Fong, C.P. Lim, and X. Cao. (1998). Repression of Stat3 activity by activation of 

mitogen-activated protein kinase (MAPK). Oncogene. 17:3157–3167. 

Joset, A., D.A. Dodd, S. Halegoua, and M.E. Schwab. (2010). Pincher-generated Nogo-A endosomes 

mediate growth cone collapse and retrograde signaling. J. Cell Biol. 188:271–85. 

Keefe, K.M., I.S. Sheikh, and G.M. Smith. (2017). Targeting neurotrophins to specific populations of 

neurons: NGF, BDNF, and NT-3 and their relevance for treatment of spinal cord injury. Int. J. Mol. 

Sci. 18:1–17. 

Kempf, A., E. Boda, J.C.F. Kwok, R. Fritz, V. Grande, A.M. Kaelin, Z. Ristic, A. Schmandke, A. Schmandke, B. 

Tews, et al. (2017). Control of Cell Shape, Neurite Outgrowth, and Migration by a Nogo-A/HSPG 

Interaction. Dev. Cell. 43:24–34.e5. 

Kempf, A., and M.E. Schwab. (2013). Nogo-A represses anatomical and synaptic plasticity in the central 

nervous system. Physiology. 28:151–63. 

Kempf, A., B. Tews, M.E. Arzt, O. Weinmann, F.J. Obermair, V. Pernet, M. Zagrebelsky, A. Delekate, C. 

Iobbi, A. Zemmar, et al. (2014). The sphingolipid receptor S1PR2 is a receptor for Nogo-a repressing 

synaptic plasticity. PLoS Biol. 12:e1001763. 

Lewandowski, G., and O. Steward. (2014). AAVshRNA-Mediated Suppression of PTEN in Adult Rats in 

Combination with Salmon Fibrin Administration Enables Regenerative Growth of Corticospinal 

Axons and Enhances Recovery of Voluntary Motor Function after Cervical Spinal Cord Injury. J. 

Neurosci. 34:9951–9962. 

Li, Z., X. Dong, X. Dong, Z. Wang, W. Liu, N. Deng, Y. Ding, L. Tang, T. Hla, R. Zeng, et al. (2005). Regulation 

of PTEN by Rho small GTPases. Nat. Cell Biol. 7:399–404. 

Lu, Y., S. Belin, and Z. He. (2014). Signaling regulations of neuronal regenerative ability. Curr. Opin. 

Neurobiol. 27C:135–142. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 11, 2020. ; https://doi.org/10.1101/2020.07.10.197368doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.10.197368
http://creativecommons.org/licenses/by-nc-nd/4.0/


19 

 

Manns, R., A. Schmandke, A. Schmandke, P. Jareonsettasin, G. Cook, M.E. Schwab, C. Holt, and R. Keynes. 

(2014). Protein synthesis dependence of growth cone collapse induced by different Nogo-A-

domains. PLoS One. 9:e86820. 

Mazel, T. (2017). Crosstalk of cell polarity signaling pathways. Protoplasma. 254:1241–1258. 

Mehta, S.T., X. Luo, K.K. Park, J.L. Bixby, and V.P. Lemmon. (2016). Hyperactivated Stat3 boosts axon 

regeneration in the CNS. Exp. Neurol. 280:115–130. 

Miao, L., L. Yang, H. Huang, F. Liang, C. Ling, and Y. Hu. (2016). MTORC1 is necessary but mTORC2 and 

GSK3β are inhibitory for AKT3-induced axon regeneration in the central nervous system. Elife. 5:1–

22. 

Miao, T., D. Wu, Y. Zhan, X. Bo, M.C. Subang, P. Wang, and P.M. Richardson. (2006). Suppressor of 

Cytokine Signaling-3 Suppresses the Ability of Activated Signal Transducer and Activator of 

Transcription-3 to Stimulate Neurite Growth in Rat Primary Sensory Neurons. J. Neurosci. 26:9512–

9519. 

Moore, D.L., M.G. Blackmore, Y. Hu, K.H. Kaestner, J.L. Bixby, V.P. Lemmon, and J.L. Goldberg. (2009). KLF 

Family Members Regulate Intrinsic Axon Regeneration Ability. Science (80-. ). 326:298–301. 

Morris, E.J., S. Jha, C.R. Restaino, P. Dayananth, H. Zhu, A. Cooper, D. Carr, Y. Deng, W. Jin, S. Black, et al. 

(2013). Discovery of a novel ERK inhibitor with activity in models of acquired resistance to BRAF and 

MEK inhibitors. Cancer Discov. 3:742–750. 

O’Donovan, K.J., K. Ma, H. Guo, C. Wang, F. Sun, S.B. Han, H. Kim, J.K. Wong, J. Charron, H. Zou, et al. 

(2014). B-RAF kinase drives developmental axon growth and promotes axon regeneration in the 

injured mature CNS. J. Exp. Med. 211:801–814. 

Oertle, T., M.E. van der Haar, C.E. Bandtlow, A. Robeva, P. Burfeind, A. Buss, A.B. Huber, M. Simonen, L. 

Schnell, C. Brösamle, et al. (2003). Nogo-A inhibits neurite outgrowth and cell spreading with three 

discrete regions. J. Neurosci. 23:5393–5406. 

Ohtake, Y., D. Park, P.M. Abdul-Muneer, H. Li, B. Xu, K. Sharma, G.M. Smith, M.E. Selzer, and S. Li. (2014). 

The effect of systemic PTEN antagonist peptides on axon growth and functional recovery after 

spinal cord injury Yosuke. Biomaterials. 35:4610–4626. 

Park, K., K. Liu, Y. Hu, P. Smith, C. Wang, B. Cai, B. Xu, L. Conolly, I. Kramvis, M. Sahin, et al. (2008). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 11, 2020. ; https://doi.org/10.1101/2020.07.10.197368doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.10.197368
http://creativecommons.org/licenses/by-nc-nd/4.0/


20 

 

Promoting axon regeneration in the adult CNS by modulation of the PTEN/mTOR pathway. Science 

(80-. ). 322:963–966. 

Peng, X., K. Zhigang, D. Fink, and M. Mata. (2011). Neuronal Nogo-A regulates glutamate receptor 

subunit expression in hippocampal neurons. J. Neurochem. 119:997–1003. 

Perlson, E., I. Michaelevski, N. Kowalsman, K. Ben-Yaakov, M. Shaked, R. Seger, M. Eisenstein, and M. 

Fainzilber. (2006). Vimentin Binding to Phosphorylated Erk Sterically Hinders Enzymatic 

Dephosphorylation of the Kinase. J. Mol. Biol. 364:938–944. 

Pernet, V., S. Joly, F. Christ, L. Dimou, and M.E. Schwab. (2008). Nogo-A and myelin-associated 

glycoprotein differently regulate oligodendrocyte maturation and myelin formation. J. Neurosci. 

28:7435–44. 

Pernet, V., S. Joly, N. Jordi, D. Dalkara, A. Guzik-Kornacka, J.G. Flannery, and M.E. Schwab. (2013). 

Misguidance and modulation of axonal regeneration by Stat3 and Rho/ROCK signaling in the 

transparent optic nerve. Cell Death Dis. 4:e734-11. 

Plotnikov, A., E. Zehorai, S. Procaccia, and R. Seger. (2010). The MAPK cascades: Signaling components, 

nuclear roles and mechanisms of nuclear translocation. Biochim. Biophys. Acta. 1813:1619–1633. 

Qin, S., Y. Zou, and C.-L. Zhang. (2013). Crosstalk between KLF4 and STAT3 regulates axon regeneration. 

Nat. Commun. 4:395–401. 

Qiu, J., W.B.J. Cafferty, S.B. McMahon, and S.W.N. Thompson. (2005). Conditioning Injury-Induced Spinal 

Axon Regeneration Requires Signal Transducer and Activator of Transcription 3 Activation. J. 

Neurosci. 25:1645–1653. 

Raiker, S.J., H. Lee, K.T. Baldwin, Y. Duan, P. Shrager, and R.J. Giger. (2010). Oligodendrocyte-myelin 

glycoprotein and Nogo negatively regulate activity-dependent synaptic plasticity. J. Neurosci. 

30:12432–45. 

Rawlings, J.S. (2004). The JAK/STAT signaling pathway. J. Cell Sci. 117:1281–1283. 

Ronn, L.C.B., I. Ralets, B.P. Hartz, M. Bech, A. Berezin, V. Berezin, A. Moller, and E. Bock. (2000). A simple 

procedure for quantification of neurite outgrowth based on stereological principles. J. Neurosci. 

Methods. 100:25–32. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 11, 2020. ; https://doi.org/10.1101/2020.07.10.197368doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.10.197368
http://creativecommons.org/licenses/by-nc-nd/4.0/


21 

 

Roux, P.P., and I. Topisirovic. (2012). Regulation of mRNA translation by signaling pathways. Cold Spring 

Harb. Perspect. Biol. 4:1–23. 

Saxton, R.A., and D.M. Sabatini. (2017). mTOR Signaling in Growth, Metabolism, and Disease. Cell. 

168:960–976. 

Schmittgen, T.D., and K.J. Livak. (2008). Analyzing real-time PCR data by the comparative CT method. 

Nat. Protoc. 3:1101–1108. 

Schumann, G., M. Huell, U. Machein, G. Hocke, and B.L. Fiebich. (1999). Interleukin-6 activates signal 

transducer and activator of transcription and mitogen-activated protein kinase signal transduction 

pathways and induces de novo protein synthesis in human neuronal cells. J. Neurochem. 73:2009–

2017. 

Schwab, M.E., and S.M. Strittmatter. (2014). Nogo limits neural plasticity and recovery from injury. Curr. 

Opin. Neurobiol. 27C:53–60. 

Smith, P.D., F. Sun, K.K. Park, B. Cai, C. Wang, K. Kuwako, I. Martinez-Carrasco, L. Connolly, and Z. He. 

(2009). SOCS3 Deletion Promotes Optic Nerve Regeneration In Vivo. Neuron. 64:617–623. 

Sun, J.-J., Q.-G. Ren, L. Xu, and Z.-J. Zhang. (2015). LINGO-1 antibody ameliorates myelin impairment and 

spatial memory deficits in experimental autoimmune encephalomyelitis mice. Sci. Rep. 5:14235. 

Thiede-Stan, N.K., B. Tews, D. Albrecht, Z. Ristic, H. Ewers, and M.E. Schwab. (2015). Tetraspanin-3 is an 

organizer of the multi-subunit Nogo-A signaling complex. J. Cell Sci. 128:3583–3596. 

Tian, Z.J., and W. An. (2004). ERK1 / 2 contributes negative regulation to STAT3 activity in HSS -

transfected HepG2 cells. Cell Res. 14:141–147. 

Wang, B., Z. Xiao, B. Chen, J. Han, Y. Gao, J. Zhang, W. Zhao, X. Wang, and J. Dai. (2008). Nogo-66 

promotes the differentiation of neural progenitors into astroglial lineage cells through mTOR-STAT3 

pathway. PLoS One. 3:e1856. 

Watkins, T.A., B. Wang, S. Huntwork-Rodriguez, J. Yang, Z. Jiang, J. Eastham-Anderson, Z. Modrusan, J.S. 

Kaminker, M. Tessier-Lavigne, and J.W. Lewcock. (2013). DLK initiates a transcriptional program 

that couples apoptotic and regenerative responses to axonal injury. Proc. Natl. Acad. Sci. 110:4039–

4044. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 11, 2020. ; https://doi.org/10.1101/2020.07.10.197368doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.10.197368
http://creativecommons.org/licenses/by-nc-nd/4.0/


22 

 

Wen, Z., Z. Zhong, and J.E. Darnell. (1995). Maximal activation of transcription by statl and stat3 requires 

both tyrosine and serine phosphorylation. Cell. 82:241–250. 

Wu, K.Y., U. Hengst, L.J. Cox, E.Z. Macosko, A. Jeromin, E.R. Urquhart, and S.R. Jaffrey. (2005). Local 

translation of RhoA regulates growth cone collapse. Nature. 436:1020–1024. 

Zukor, K., S. Belin, C. Wang, N. Keelan, X. Wang, and Z. He. (2013). Short hairpin RNA against PTEN 

enhances regenerative growth of corticospinal tract axons after spinal cord injury. J. Neurosci. 

33:15350–61. 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 11, 2020. ; https://doi.org/10.1101/2020.07.10.197368doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.10.197368
http://creativecommons.org/licenses/by-nc-nd/4.0/


23 

 

Figure legends  

Fig. 1. Inhibition of key Nogo-A signaling components rescues N1E-115 neurite outgrowth in presence 

of growth inhibitory spinal cord extract. (A) Representative pictures of N1E-115 outgrowth inhibition by 

spinal cord extract (SCE) and rescue thereof through treatment with function-blocking Nogo-A antibody 

(11C7), S1PR2 antagonist (JTE-013), heparinase III (HepIII) and NgR1 blocking peptide (NEP1-40). (B) 

Schematic representation of the examined inhibitors of Nogo-A signaling components. (C) Quantification 

of mean N1E-115 outgrowth per cell in the different treatment conditions. Red scale bar = 50 µm, n = 5 

independent experiments, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 

Fig. 2. SCE downstream signaling integrates into the AKT/mTORC1 pathway. (A, B) Representative p-

AKT S473, p-AKT T308, and AKT western blots of N1E-115 cells treated with SCE in combination with 

either control antibody (IgG) or Nogo-A-∆20 function-blocking antibody (11C7) and quantification 

thereof. (C, D) Representative western blots of cells treated with either insulin and SCE alone or in 

combination and quantification thereof. (E, F) Representative p-4E-BP1 S65, p-4E-BP1 T37/46, 4E-BP1, p-

S6K S389, S6K, p-S6P S235/236 and S6P western blots of N1E-115 cells treated with SCE in combination 

with either control antibody (IgG) or Nogo-A-∆20 function-blocking antibody (11C7) and quantification 

thereof. n = 3 independent experiments, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 

Fig. 3. Inhibitory effect of SCE is partially dependent on ERK1/2 activation. (A, B) Representative western 

blots for p-ERK1/2 and total ERK1/2 of N1E-115 cells treated with SCE in combination with either control 

antibody (IgG) or Nogo-A-∆20 function-blocking antibody (11C7) and quantification of activated ERK1/2 

(p- ERK1/2/total ERK1/2). (C, D) Representative western blots for p-RSK and total RSK of N1E-115 cells 

treated with SCE in combination with either control antibody (IgG) or Nogo-A-∆20 function-blocking 

antibody (11C7) and quantification thereof. (F, G) Representative pictures of N1E-115 cells treated for 24 

h with SCE only or SCE in combination with ERK inhibitor (SCH772984) and quantification of mean 

outgrowth per cell thereof. (H) Representative pictures of growth cones stained for p-ERK1/2 (red) and f-

actin (phalloidin; green) of N1E-115 cells treated for 1 h with SCE in combination with either control 

antibody (IgG) or Nogo-A-∆20 function-blocking antibody (11C7). (I) Quantification of activated ERK1/2 in 

the growth cone (GC), the cell body (CB) and the nucleus (Nucl.). Red scale bar = 50 µm, white scale bar = 

5 µm, n = 3 independent experiments for WB, n = 5 independent experiments for outgrowth assays, n = 

3 independent experiments for IF, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 
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Fig. 4. Nogo-A elevates RhoA protein levels via an ERK1/2 dependent pathway. (A, B) Representative 

RhoA western blot of N1E-115 cells treated with SCE in combination with either control antibody (IgG) or 

Nogo- A-∆20 function-blocking antibody (11C7) and quantification thereof. (C) Representative pictures of 

growth cones stained for RhoA (immunofluorescence (IF); red) and f-actin (phalloidin; green) of N1E-115 

cells treated for 1h with SCE in combination with either solvent control or ERK1/2 inhibitor (SCH772984). 

(D) Quantification of RhoA in growth cones (GC) and cell bodies (CB). (E-G) Representative RhoA, p-S6P 

and total S6P western blots of N1E-115 cells treated with SCE in combination with either solvent control 

or ERK1/2 inhibitor (SCH772984) and quantification thereof. White scale bar = 5 µm, n = 3 independent 

experiments for WB, n = 3 independent experiments for IF, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 

Fig. 5. STAT3 as an integration point for neurite outgrowth inhibitory and promoting signals. (A-C) 

Representative p-STAT3 and total STAT3 western blots of N1E-115 cells treated with SCE in combination 

with either control antibody (IgG) or Nogo-A-∆20 function-blocking antibody (11C7) and quantification 

thereof. (D, E) Representative pictures of N1E-115 cells treated with SCE alone or SCE in combination 

with IL-6 and quantification of mean outgrowth per cell thereof. Red scale bar = 50 µm, n = 5 

independent experiments for outgrowth assays, n = 3 independent experiments for WB, *p ≤ 0.05, **p ≤ 

0.01, ***p ≤ 0.001. 

Fig. 6. Nogo-A elevates levels of JAK/STAT pathway inhibitors SOCS3 and KLF4. (A-C) Transcriptional 

changes of SOCS1, SOCS3 and KLF4 in N1E-115 cells treated with either SCE alone or SCE in combination 

with control antibody (IgG) or Nogo-A-∆20 function-blocking antibody (11C7). (D - G) Representative 

SOCS1, SOCS3 and KLF4 western blots of N1E-115 cells treated with SCE in combination with either 

control antibody (IgG) or Nogo-A-∆20 function-blocking antibody (11C7) and quantification thereof. n = 3 

independent experiments for qRT-PCR and WB, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 

SupFig. 1. N1E-115 cells as a model system to study Nogo-A mediated neurite outgrowth inhibition. (A) 

Representative pictures of undifferentiated, 24 h and 48 h differentiated N1E-115 cells stained for f-actin 

(phalloidin; green) and β3-tubulin (red). (B) Quantification of cells with processes longer than the cell 

diameter. (C, D) Transcriptional analysis of Nogo-A and Nogo-A receptors in undifferentiated, 24 h and 

48 h differentiated N1E-115 cells. Asterisks indicate significant changes relative to the undifferentiated 

group. White scale bar = 50 µm, n = 3 independent experiments, *p = 0.05, **p = 0.01, ***p = 0.001. 

SupFig. 2. Spinal cord extract contains Nogo-A and inhibits neurite outgrowth in a dose-dependent 

manner. (A-C) Representative standard curve of Nogo-A-∆20 (A) used to calculate the percentage of 
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Nogo-A (B) and nM concentration of Nogo-A (C) in three independent spinal cord extract (SCE) 

preparations. (D) SCE inhibits outgrowth of N1E-115 cells in a dose dependent manner. The mean IC50 of 

three independent SCE preparations was 13 µg/ml. (E) Representative pictures of N1E-115 neurite 

outgrowth inhibition by increasing SCE concentrations. Red scale bar = 50 µm, n = 3 independent 

experiments.  
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Figures 

Figure 1: Inhibition of key Nogo-A signaling components rescues N1E-115 neurite outgrowth in presence 

of growth inhibitory spinal cord extract.  
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Figure 2: SCE downstream signaling integrates into the AKT/mTORC1 pathway. 
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Figure 3: Inhibitory effect of SCE is partially dependent on ERK1/2 activation. 
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Figure 4: Nogo-A elevates RhoA protein levels via an ERK1/2 dependent pathway. 
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Figure 5: STAT3 as an integration point for neurite outgrowth inhibitory and promoting signals. 
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Figure 6: Nogo-A elevates levels of JAK/STAT pathway inhibitors SOCS3 and KLF4. 
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Supplementary Figure 1: N1E-115 cells as a model system to study Nogo-A mediated neurite outgrowth

inhibition. 
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Supplementary Figure 2: Spinal cord extract contains Nogo-A and inhibits neurite outgrowth in a dose-

dependent manner. 
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