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Abstract 43 

SORLA is a transmembrane trafficking protein associated with Alzheimer’s disease (AD) risk. 44 

Although SORLA is abundantly expressed in neurons, physiological roles for SORLA remain 45 

unclear. Here, we show that cultured transgenic neurons overexpressing SORLA feature longer 46 

neurites, and accelerated neurite regeneration with wounding. Enhanced release of a soluble form 47 

of SORLA (sSORLA) is observed in transgenic mouse neurons overexpressing human SORLA, 48 

while purified sSORLA promotes neurite extension and regeneration. Phosphoproteomic 49 

analyses demonstrate enrichment of phosphoproteins related to the epidermal growth factor 50 

(EGFR)/ERK pathway in SORLA transgenic mouse hippocampus from both genders. sSORLA 51 

co-precipitates with EGFR in vitro, and sSORLA treatment increases EGFR Y1173 52 

phosphorylation, which is involved in ERK activation in cultured neurons. Furthermore, 53 

sSORLA triggers ERK activation, whereas pharmacological EGFR or ERK inhibition reverses 54 

sSORLA-dependent enhancement of neurite outgrowth. In search for downstream ERK effectors 55 

activated by sSORLA, we identified upregulation of Fos expression in hippocampus from male 56 

mice overexpressing SORLA by RNAseq analysis. We also found that Fos is upregulated and 57 

translocates to the nucleus in an ERK-dependent manner in neurons treated with sSORLA. 58 

Together, these results demonstrate that sSORLA is an EGFR-interacting protein that activates 59 

EGFR/ERK/Fos signaling to enhance neurite outgrowth and regeneration.60 

61 

Significance statement 62 

SORLA is a transmembrane trafficking protein previously known to reduce the levels of 63 

amyloid- , which is critical in the pathogenesis of Alzheimer’s disease. In addition, SORLA 64 

mutations are a risk factor for Alzheimer’s disease. Interestingly, the SORLA ectodomain is 65 
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cleaved into a soluble form, sSORLA, which has been shown to regulate cytoskeletal signaling 66 

pathways and cell motility in cells outside the nervous system. We show here that sSORLA 67 

binds and activates the EGF receptor to induce downstream signaling through the ERK 68 

serine/threonine kinase and the Fos transcription factor, thereby enhancing neurite outgrowth. 69 

These findings reveal a novel role for sSORLA in promoting neurite regeneration through the 70 

EGF receptor/ERK/Fos pathway, thereby demonstrating a potential neuroprotective mechanism 71 

involving SORLA. 72 

73 
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Introduction74 

 SORLA (sortilin-related receptor with A-type repeats)(SORL1, LR11) is a type-I 75 

transmembrane receptor previously found to be dysregulated in Alzheimer’s disease (AD) in76 

genome-wide association studies (GWAS)(Rogaeva et al., 2007; Lambert et al., 2013; Miyashita 77 

et al., 2013) and microarray analyses (Scherzer et al., 2004). How SORLA influences AD onset 78 

is not entirely clear. However, cumulative evidence indicates that SORLA can promote APP 79 

(amyloid-  precursor protein) trafficking away from the endosome to the Golgi network 80 

(Andersen et al., 2005; Fjorback et al., 2012), or from the endosome to the cell surface (Huang et 81 

al., 2016), thus bypassing amyloidogenic BACE1 ( -secretase 1) cleavage in acidified 82 

endosomes. SORLA has also been shown to impede amyloidogenic APP cleavage by attenuating 83 

APP oligomerization (Schmidt et al., 2012), and/or by inhibiting APP/BACE1 interaction 84 

(Spoelgen et al., 2006). In addition to its role in inhibiting amyloidogenic APP processing, 85 

SORLA can also confer neuroprotection by limiting synaptotoxic EphA4 receptor activation in 86 

response to A (amyloid- )(Fu et al., 2014; Huang et al., 2017a). Despite the growing repertoire 87 

of mechanisms linking SORLA to AD pathogenesis, whether SORLA is involved in other 88 

aspects of neuroprotection remains relatively unexplored.  89 

 The SORLA ectodomain comprises an N-terminal VPS10 domain, followed by a 90 

YWTD/EGF-like domain, and multiple LDL receptor/FN3 repeats. Interestingly, SORLA can be 91 

cleaved at a site proximal to the transmembrane region by TACE/ADAM17, resulting in the 92 

release of a soluble form of the SORLA extracellular region (Hermey et al., 2006). SORLA 93 

expression has been observed in various tissues, suggesting that SORLA function may not be 94 

limited to neurons or the brain. For example, SORLA expression in immune cell types (Scherzer 95 

et al., 2004), smooth muscle cells (Zhu et al., 2004; Jiang et al., 2006), and adipose tissue 96 
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(Schmidt et al., 2016) suggests potential roles for SORLA in atherosclerosis and insulin-related 97 

obesity. SORLA expression in white adipose tissue positively correlates with body mass index 98 

(BMI), and enhances cell surface distribution of the insulin receptor to potentially promote 99 

adiposity (Schmidt et al., 2016). Serum levels of sSORLA also positively correlates with BMI, 100 

and sSORLA was found to suppress thermogenic metabolism in brown adipose tissue through 101 

inhibition of the TGF /SMAD pathway (Whittle et al., 2015). sSORLA can also stimulate 102 

smooth muscle cell (SMC) migration (Zhu et al., 2004; Jiang et al., 2006) and potentially 103 

mediates medial to intimal SMC migration, which may be critical to atherosclerotic plaque 104 

formation (Jiang et al., 2008). Despite the potential roles of sSORLA described in peripheral 105 

systems and previous studies suggesting a protective role for SORLA in AD (Andersen et al., 106 

2005; Spoelgen et al., 2006; Schmidt et al., 2012; Caglayan et al., 2014; Huang et al., 2016; 107 

Huang et al., 2017b), physiological functions for SORLA and whether SORLA ectodomain 108 

shedding from neurons can confer neuroprotective effects remains unclear.  109 

 Here, we demonstrate a previously undescribed role for SORLA in enhancing neurite 110 

outgrowth and regeneration. Transgenic neurons overexpressing SORLA (SORLA TG) and 111 

neurons exposed to the purified soluble SORLA ectodomain show increased neurite extension 112 

and accelerated neurite regeneration following wound injury in culture. Analysis of global 113 

changes in the SORLA TG phosphoproteome from mouse hippocampus reveals enrichment of 114 

phosphopeptides associated with the EGFR/ ERK MAPK signaling pathway, suggesting that 115 

sSORLA upregulation promotes EGFR activation and downstream ERK signaling. Indeed, 116 

exposure to sSORLA or transgenic SORLA/sSORLA overexpression similarly promote ERK 117 

activation while sSORLA-dependent neurite regeneration is abrogated by EGFR or ERK 118 
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inhibition. Together, our results implicate sSORLA as an EGFR binding partner that drives 119 

neurite outgrowth and regeneration through ERK. 120 

Methods121 

Mouse lines 122 

 The SORLA-Rosa26 (SORLA TG in the BALB/c background) mouse line 123 

overexpressing SORLA through a CMV/ -actin promoter element was previously established 124 

(Caglayan et al., 2014). SORLA KO mice were obtained from Dr. Thomas Willnow (Max 125 

Delbrueck Center for Molecular Medicine, Berlin) (Andersen et al., 2005). All procedures were 126 

compliant with the National Research Council Guide for the Care and use of Laboratory Animals, 127 

and approved by the Sanford Burnham Prebys Medical Discovery Institute Institutional Animal 128 

Care Use Committee (IACUC). Mice were housed 2-4 animals per cage under standard 129 

conditions, maintaining a 12 hour light/dark cycle and consistent access to animal water and 130 

chow.131 

Antibodies, constructs and protein purification 132 

 Primary antibodies were all purchased from commercial sources: SORLA (LR11; BD 133 

Biosciences), FLAG M2 (Stratagene/Sigma), -actin, III-tubulin (Tuj1) and -tubulin (Sigma), 134 

EGFR (CST 2232S), pEGFR (Y1173, CST 4407S) , p-ERKPhospho p44/42 MAPK (Erk1/2) 135 

(Thr202/Tyr204) Antibody CST 9101S) , ERK1/2 (CST 9102S P44/42), Fos (ab190289 Abcam), 136 

EphA4 (EphA4 (Santa Cruz Biotechnology S-20), APP (Millipore Sigma MAB348), sAPP137 

(B436 monoclonal antibody), TrkB (R&D Systems AF1494, human/mouse/rat TrkB antibody), 138 

Erbb2 (R&D Systems AF5176), IR (anti-Insulin Receptor alpha antibody Abcamab5500). 139 

Secondary antibodies include: anti-rabbit IgG HRP-linked antibody (CST 7074S), anti-mouse 140 

IgG HRP-linked antibody (CST 7076S), Alexa-568 phalloidin (Molecular Probes cat #A12380), 141 
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Alexa-488 donkey anti-rabbit IgG (ThermoFisher cat# A21206), donkey anti-mouse IgG Alexa-142 

488 (ThermoFisher cat# A21202), donkey anti-rabbit IgG Alexa-568 (ThermoFisher cat# 143 

A10042).144 

 A sSORLA overexpression construct was generated by insertion of an XbaI site at 145 

residue E2055 (upstream of the predicted transmembrane region) by PCR-based site-directed 146 

mutagenesis of a pcDNA3 SORLA template, where a FLAGhis6 sequence with XbaI overhangs 147 

was inserted in-frame of the XbaI site. Plasmids were transfected into HEK293T cells overnight 148 

using Turbofect reagent (ThermoFisher); cells then were washed with 1xPBS and incubated in 149 

serum-free DMEM (supplemented with glutamine/penicillin/streptomycin) for 2 days. Media 150 

was then collected and centrifuged at 500xg to remove any cells, and incubated with NTA-151 

agarose in the presence of 10mM imidazole with constant agitation for 4h to overnight. Beads 152 

were then collected by centrifugation, washed thoroughly 4 times in 10mM Tris pH 8.0/0.5M 153 

NaCl/20mM imidazole, and the his6-tagged protein was eluted in 0.3M imidazole in 10mM Tris 154 

pH 8.0/0.5M NaCl. sSORLA-FLAGhis6 was dialyzed in 1xPBS overnight, and quantified by 155 

silver stain gel staining using a BSA protein standard. Glycerol was added to purified sSORLA, 156 

and the samples were frozen in aliquots at -80°C.  157 

Primary neuronal culture 158 

 Embryos were harvested from pregnant mice at embryonic day 17 (E17)-E18 from 159 

SORLA TG x WT (BALB/c) crosses. Primary hippocampal and cortical neurons were isolated 160 

by microdissection from the cerebral cortex and hippocampus using a stereomicroscope. Tissue 161 

was digested with trypsin and DNase 1 for 30 minutes at 37°C, followed by trituration in DMEM 162 

with penicillin /streptomycin and HEPES (ThermoFisher, cat # 15630080). Tissue from embryos 163 

used to generate SORLA TG neurons was also collected and processed for genotyping analysis 164 



 

8 
 

for SORLA TG neurons using the MyTaq DNA extraction/PCR genotyping system (Bioline). 165 

Individual neuronal genotypes were maintained separately on poly-D-lysine coated coverslips 166 

and plates. Neurons were cultured in Neurobasal Medium supplemented with B27, glutamine, 167 

and penicillin/streptomycin, where half of the media was replaced every 2-3 days.  168 

Laceration injury 169 

 Cortical neurons were cultured on poly-D-lysine-coated 12mm coverslips in 24-well 170 

culture plates until DIV6. Neurites were then subjected to laceration injury (mechanical 171 

wounding) by dragging a 10 l pipette tip steadily across the coverslip. The cultures were then 172 

treated with recombinant sSORLA (typically at 150ng/ml, unless otherwise indicated) or vehicle, 173 

and neurites were allowed to recover for 16 hours prior to fixation and staining.  174 

Immunocytochemistry175 

 Immunocytochemistry was performed on primary cultured hippocampal or cortical 176 

neurons to image, characterize and quantify neurite length, and nuclear Fos labeling. Neurons on 177 

glass coverslips were washed with PBS, fixed with 4% paraformaldehyde (PFA) and 178 

permeabilized with 0.1% Triton X-100 in PBS. After blocking in 3% BSA in PBS, primary 179 

antibodies were diluted in 1% BSA and used to probe neurons grown on coverslips for 1 hour at 180 

room temperature with protection from light. Primary antibody incubation (or F-actin staining 181 

with phalloidin), was followed by staining with Alexa-Fluor conjugated secondary antibodies 182 

(Invitrogen), and DAPI staining. Stained coverslips were mounted on glass slides using 183 

mounting media containing an anti-fade reagent. Images were acquired by epifluorescence 184 

imaging using a Zeiss deconvolution microscope, and images were processed using Slidebook 185 

6.0 software (Intelligent Imaging Innovations), or using a Zeiss LSM 880 confocal microscope.  186 

Confocal and epifluorescence image analyses were performed using NIH Image J (FIJI). 187 
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Measurement of neurite and axon length, and quantification of neurite number per neuron 188 

 Neurites (dendrites and axons) per neuron was scored as the number of projections with 189 

active growth cones extending from neuronal bodies. Axons were defined by dendritic 190 

extensions which were at least twice the length of all other neurites, and having a constant 191 

thickness throughout the length of the axon as described previously (Richter et al., 2007). 192 

Neurite length in images were measured and quantified using the freehand line measurement on 193 

FIJI. For neurite regeneration measurements, neurite length originating from the edge of the 194 

laceration border to the tips of individual neurites were traced and quantified. 195 

Co-precipitation of sSORLA-FLAGhis6 complexes from mouse brain 196 

 500ng of sSORLA was immobilized to 25uL of 50% slurry M2 beads O/N. Solution was 197 

washed with wash/lysis buffer (10mM Tris pH 8.0, 0.5M NaCl) 4x before confirmation of 198 

sSORLA binding via silver stain (at least 50ng sSORLA was detected in duplicate pulldown 199 

reactions). Immobilized sSORLA was then incubated with 0.5 mg of neuronal lysate, rocking at 200 

4 degrees for 4 hours. Bound components were gently washed twice in Phosphate Buffered Saline 201 

(PBS; e.g., 0.1M phosphate, 0.15M NaCl; pH 7.2) and crosslinked using 1mM DSP 202 

(dithiobis(succinimidyl propionate)) crosslinker solution for 30min at RT, and quenched with 203 

20mM Tris pH 7.5 for 15 min. Beads were then washed, and boiled in SDS loading buffer with 204 

-mercapto ethanol for 10 min prior to SDS-PAGE and immunoblot analysis. Twenty ng of 205 

lysate was included as input.206 

Western Blotting 207 

 Samples were lysed in NP40 buffer (1% Non-Idet P40 in PBS, supplemented with 208 

protease and phosphatase inhibitors) and SDS sample buffer was added. Samples were resolved 209 

by SDS-PAGE using 4-20% tris/glycine gels, transferred onto nitrocellulose blotting membrane 210 
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using a BioRad electroblot system, and blocked in 5% dry milk in PBS. Membranes were probed 211 

with primary and secondary antibodies, and developed using ECL or ECL plus (ThermoFisher).  212 

Phosphoproteome analysis 213 

 Brain cortical tissues from WT and SORLA TG littermates of mixed gender were lysed 214 

in 8M urea, 50 mM ammonium bicarbonate (ABC) with Benzonase, and extracted proteins were 215 

centrifuged at 14,000 g for 10 min to remove cellular debris. Supernatant protein concentration 216 

was determined using a bicinchoninic acid (BCA) protein assay (Thermo Scientific). Disulfide 217 

bridges were reduced by incubation with 5 mM tris(2-carboxyethyl)phosphine at 30°C for 60 218 

min, and cysteines were subsequently alkylated with 15 mM iodoacetamide (IAA) in the dark at 219 

room temperature for 30 min. Urea was then diluted to 1 M urea using 50 mM ammonium 220 

bicarbonate, and proteins were subjected to overnight digestion with mass spec grade 221 

Trypsin/Lys-C mix (Promega). Following digestion, samples were acidified with formic acid and 222 

subsequently peptides were desalted using AssayMap C18 cartridges mounted on an Agilent 223 

AssayMap BRAVO liquid handling system.  224 

 Phosphopeptides were enriched with Fe(III)-NTA cartridges (Agilent Technologies) in an 225 

automated fashion using the AssayMAP Bravo Platform (Agilent Technologies). Briefly, 226 

cartidges were primed with 250 L of 0.1% trifluoroacetic acid (TFA) in acetonitrile (ACN) and 227 

equilibrated with IMAC loading buffer (80% ACN, 0.1% TFA). Dried samples were 228 

reconstituted in IMAC loading buffer and loaded onto the cartridge, which was then washed with 229 

IMAC loading buffer to remove background. Finally, phosphorylated peptides were eluted with 230 

1% ammonia directly into formic acid. Finally, the samples were dried down in a SpeedVac 231 

concentrator. Prior to LC-MS/MS analysis, sample peptide amount was determined using a 232 

Nanodrop spectrophometer (ThermoFisher). 233 



 

11 
 

 Dried phosphopeptide-enriched samples were reconstituted with 2% ACN-0.1% FA and 234 

analyzed by LC-MS/MS using a nanoACQUITY system (Waters) coupled to an Orbitrap Fusion 235 

Lumos mass spectrometer (Thermo Fisher Scientific). Peptides were separated using an 236 

analytical C18 Acclaim PepMap column (75 m x 250 mm, 2 m particles; Thermo Scientific) 237 

using a 74-min gradient, at flow rate of 300 l/min, consisting in: 1% to 5% B in 1 min, 5% to 238 

18% B in 44 min, 18% to 27% B in 28 min, 27% to 38% B in 2 min, and 38% to 80% B in 2 min 239 

(A= FA 0.1%; B=100% ACN: 0.1% FA). The mass spectrometer was operated in positive data-240 

dependent acquisition mode. MS1 (Mass spectrometry precursor intensity at maximum peak 241 

elution for quantitation) spectra were measured in the Orbitrap with a resolution of 120000 242 

(AGC target: 1e6; maximum injection time:50 ms; mass range: from 350 to 1200 m/z). The 243 

instrument was set to run in top speed mode with 3 s cycles for the survey and the MS/MS scans. 244 

After a survey scan, precursors were isolated in the quadrupole (isolation window: 0.7 m/z; 245 

charge state: + 2-6; collision energy: 30%) and resulting fragments were detected in the ion trap 246 

cell with a rapid scan (AGC target for MS/MS: 2e4; maximum injection time: 35 ms). The 247 

dynamic exclusion was set to 20 s with a 10 ppm mass tolerance around the precursor and its 248 

isotopes.249 

 All mass spectra from were analyzed with MaxQuant software version 1.5.5.1. MS/MS 250 

spectra were searched against the Mus musculus Uniprot protein sequence database (downloaded 251 

in January 2019) and GPM cRAP sequences (commonly known protein contaminants). Precursor 252 

mass tolerance was set to 20ppm and 4.5ppm for the first search where initial mass recalibration 253 

was completed and for the main search, respectively. Product ions were searched with a mass 254 

tolerance 0.5 Da. The maximum precursor ion charge state used for searching was 7. 255 

Carbamidomethylation of cysteine was searched as a fixed modification, while oxidation of 256 
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methionine and acetylation of protein N-terminal, and phosphorylation of serine, threonine and 257 

tyrosine were searched as variable modifications. Enzyme was set to trypsin in a specific mode 258 

and a maximum of two missed cleavages was allowed for searching. The target-decoy-based 259 

false discovery rate (FDR) filter for spectrum and protein identification was set to 1%.  260 

 Statistical analysis of phosphopeptide data was carried out using in-house R script 261 

(version 3.5.1, 64-bit), including R Bioconductor packages such as limma and MSstats. First, 262 

phosphopeptide intensities were log2-transformed and loess-normalized across samples to 263 

account for systematic errors. Testing for differential abundance was performed using MSstats 264 

bioconductor package based on a linear mixed-effects model. Imputed log2FC and pvalue were 265 

calculated for phosphopeptides missing in one of the conditions. First, imputed Log2FC was 266 

calculated as the average log2 intensity of the phosphopeptide across samples in the condition it 267 

is detected, divided by 3.3. Imputed pvalue was calculated by dividing 0.05 by the number of 268 

replicates within the detected condition of the phosphopeptide identified. Phosphoproteomic data 269 

included in this study is currently being deposited in the ProteomeXchange database 270 

(http://www.proteomexchange.org/), under the reference no. PXD019108. 271 

RNAseq analysis and qRT-PCR validation 272 

 For RNAseq analysis of WT and SORLA TG brain, hippocampal tissue from 3 month 273 

old male mice (n=2 WT, n=3 SORLA TG) was dissected and washed in cold PBS. Tissue was 274 

homogenized and dounced in TRIzol Reagent (Thermo fisher, Cat # 15596026) and stored at -275 

80°C for RNA extraction. Total RNA was purified with Trizol reagent combined with 276 

chloroform, following manufacturer’s recommendations. RNA was quantified using a NanoDrop 277 

spectrophotometer and RNA integrity numbers (RINs) were assessed using an Agilent 278 

TapeStation 4200 system; all samples used for subsequent analysis showed a minimum RIN of 9. 279 
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For each replicate, 250 ng of purified total RNA was submitted to Novogene for mRNA RNAseq 280 

library preparation and sequence analysis with paired end reads. A minimum sequence depth of 281 

50M with 150 bp paired-end reads was characterized for each sample. Reads were aligned to the 282 

Mus musculus genome (mm10) using STAR aligner (https://code.google.com/p/rna-star/) under 283 

default settings. Differential transcript expression was characterized using DESeq2 R package. 284 

Cutoffs for significantly altered differentially expressed genes (DEGs) were set to p<0.05 with a 285 

Log2 fold cutoff of 0.3. RNAseq data included in this study has been deposited in the Gene 286 

Expression Omnibus database under the accession no. GSE150257. 287 

 Differentially expressed genes (DEGs) in SORLA TG versus WT (p < 0.05, Log2 fold 288 

change > 0.3) were subjected to KEGG pathway analysis and Gene ontology (GO) profiles of 289 

DEGs were determined using DAVID (database for annotation, visualization and integrated 290 

discovery (Huang da et al., 2009a, b)). cDNA from mouse hippocampal tissue samples were 291 

generated from mRNA using the iScript cDNA synthesis kit from (BioRad) according to 292 

specified protocols from the manufacturer using Powerup SYBR Green Master Mix (Thermo 293 

Fisher Scientific) together with the BioRad CFX detection system according to the 294 

manufacturer’s instructions. Expression values for each target gene was normalized to the 295 

internal actin and GAPDH controls. Primer sequences used for qRT-PCR analysis are as follows:  296 

SCN1B – Forward 5’GGA TTC CGA TAC CGA GGC TG, Reverse 5’GGT CCA CTC CGT 297 

GAA GGT TT;298 

NREP – Forward 5’GGT GTC GGT ACT TTG TTT CCT GG, Reverse 5’ CTC ACA CTC TTG 299 

GTA GCA TCC AC;300 

GPNMB - Forward 5’GCT GGT CTT CGG ATG AAA ATG A, Reverse 5’CCA CCA AGG 301 

TGA TAT TGG AAC CC; 302 
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LPAR - Forward 5’AGC CAT GAA CGA ACA ACA GTC, Reverese 5’CAT GAT GAA CAC 303 

GCA AAC AGT G; 304 

KIF26B - Forward 5’ TCG GTA GCC GGA AAT AAA GAG A, Reverse 5’CGA CTC CTC 305 

GTA AGC CTT GC; 306 

IRS1 - Forward 5’ CGA TGG CTT CTC AGA CGT G, Reverse 5’CAG CCC GCT TGT TGA 307 

TGT TG; 308 

FOS - Forward 5’CGG GTT TCA ACG CCG ACT A, Reverse 5’-TTG GCA CTA GAG ACG 309 

GAC AGA; 310 

SEMA3D - Forward 5’CTG TAT CCC CTT TTT GGG TTC AT, Reverse 5’-AAC CAG ACT 311 

GAGGAA GAC; 312 

SEMA3F - Forward 5’CAT CTG CCT CAA CGA TGA CG, Reverse 5’AGA GCC TGA AGA 313 

GGT AAA GAC 314 

UNC5B - Forward 5’-CTG GGG ACC GGG AAA GAA, Reverse 5’CTG ATG GGT AGG 315 

AGT CTG GG 316 

Experimental design and statistical analyses 317 

 For all experiments using cultured neurons, cultures from a minimum of two independent 318 

dissections were used for analyses. Measurements quantifying neurite length or biochemical 319 

analyses were pooled from independent experiments as indicated. All statistical analyses used in 320 

this study evaluated significant differences between two groups using nonpaired t tests with321 

equal variance, or ANOVA from a minimum of three groups with post hoc comparisons to 322 

evaluate significant differences between groups. Significance was calculated using GraphPad 323 

Prism 7.03. Details regarding statistical tests for individual experiments are described in the 324 

corresponding figure legends. 325 



 

15 
 

EGFR and ERK inhibitor treatment 326 

 For experiments involving EGFR inhibition (AG-1478)(Sigma-Aldrich) and analysis by 327 

immunoblotting, cortical neurons were treated with 100 M AG-1478 for 3 hours, and 328 

subsequently with sSORLA (150ng/ml) or EGF for 30 min. For and ERK inhibition experiments 329 

and analysis by immunoblotting, cortical neurons were exposed to the MEK inhibitor (PD98059, 330 

100 M)(Invivogen) for 24h, followed by treatment with sSORLA (150ng/ml) for 30 mins. For 331 

neurite regeneration assays, AG-1478 or PD98059 were added to cortical neurons concurrently 332 

with EGF or sSORLA immediately following laceration injury, and neurites were allowed to 333 

regenerate for 16h. Neurons were then fixed and imaged, and quantified for neurite length. 334 

Results335 

SORLA upregulation enhances neurite outgrowth 336 

 Although transgenic SORLA overexpression has been shown to be neuroprotective by 337 

limiting amyloidogenic APP processing (Andersen et al., 2005) and A -mediated 338 

synaptotoxicity (Huang et al., 2017a), a protective role for SORLA through enhancement of 339 

neural regeneration has not been established. We therefore compared morphological differences 340 

in wildtype (WT) and SORLA-overexpressing (SORLA TG) neurons. Hippocampal SORLA TG 341 

neurons cultured for 3 days in vitro (DIV3) showed significantly longer neurites compared to 342 

WT neurons (Fig. 1A-C). We observed increased total neurite length in all neurons scored as 343 

well as increased mean neurite length averaged per neuron (Fig. 1B). Axons in polarized SORLA 344 

TG neurons were also longer (Fig. 1C). However, we did not observe any significant differences 345 

in the distribution of neurite numbers (Fig. 1D). This suggests that SORLA overexpression 346 

enhances neurite length with little or no influence on overall neurite number. 347 
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 To further characterize the effects of SORLA overexpression on neurite regeneration, we 348 

compared the extension of cortical WT and SORLA TG neurons into a wound area generated at 349 

DIV7 by mechanical injury. We found that the length of SORLA TG neurites infiltrating into the 350 

wound area at 16 and 22 hours following injury was significantly greater compared to the length 351 

of WT neurites (Fig. 1E-G). Together, these results indicate that transgenic SORLA 352 

overexpression can enhance neurite length in hippocampal neurons, and accelerate regenerative 353 

neurite extension following mechanical wounding. 354 

Soluble SORLA enhances neurite extension and regeneration 355 

 Ectodomain shedding by a sheddase on the plasma membrane releases a soluble SORLA 356 

fragment comprising most of the SORLA extracellular region (sSORLA), which has been shown 357 

to enhance smooth muscle cell migration (Zhu et al., 2004; Jiang et al., 2008). Given that 358 

sSORLA can upregulate ERK and Rac1 pathways to affect migratory dynamics (Jiang et al., 359 

2008), we sought to determine whether soluble SORLA can also promote neurite outgrowth and 360 

regeneration. As expected, we found that elevation in SORLA levels concomitantly elevates the 361 

release of sSORLA in SORLA TG neurons cultured in vitro (Fig. 2A), and verified 362 

overexpression of SORLA in SORLA TG lysates (Fig. 2A, “neuronal lysates”). Given that APP 363 

is also cleaved into a soluble form, we assayed sAPP  secretion in WT and SORLA TG neurons 364 

to determine whether general enhancement of cell surface cleavage was apparent with SORLA 365 

overexpression. Although we observed accumulation of sAPP  in these cultures, we observed 366 

relatively little difference in sAPP  between cultured WT and SORLA TG neurons (Fig. 2A). To 367 

determine whether sSORLA is sufficient to enhance neurite outgrowth, we expressed a 368 

sSORLA-FLAGhis6 construct in HEK293T cells, and purified sSORLA from conditioned media 369 

(Fig. 2B). Purified sSORLA added to WT DIV3 cultured hippocampal neurons significantly 370 
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enhanced neurite length (Fig. 2C), as well as axonal length (Fig. 2D). Similar to what we 371 

observed in SORLA TG neurons, sSORLA treatment did not significantly affect the distribution 372 

of neurite numbers (Fig. 2E).373 

 Next, we determined whether purified sSORLA could enhance neurite regeneration into a 374 

wound area. We found that treatment of WT cortical neurons with sSORLA for 16 hours 375 

promotes neurite extension into the wound area in a dose-dependent manner (Fig. 3A, B), with 376 

significantly increased neurite outgrowth induced at 100ng/ml and 150ng/ml sSORLA (Fig. 3A, 377 

B). In addition, we could recapitulate sSORLA-mediated enhancement of neurite extension using 378 

conditioned medium from SORLA TG neurons, while SORLA WT and SORLA KO conditioned 379 

media featured reduced or undetectable sSORLA levels and did not promote neurite extension 380 

compared to the control (neurobasal medium only) (Fig. 3C-E). Thus, sSORLA can promote 381 

neurite extension and regeneration. 382 

sSORLA triggers activation of the ERK MAPK pathway through EGFR 383 

 To identify potential mediators of sSORLA-dependent neuritogenic enhancement, we 384 

compared global phosphoprotein profiles in SORLA TG and WT mouse cortex in search of 385 

phosphoregulatory pathways that may be associated with neurite outgrowth. We identified a total 386 

of 1423 phosphopeptides that were differentially expressed in SORLA TG brain (736 387 

upregulated, and 687 downregulated; p<0.05, Log2 fold change>2, Fig. 4A). GO DAVID 388 

analysis for KEGG pathways potentially enriched in SORLA TG phosphopeptide datasets 389 

revealed enrichment in various phosphoregulatory pathways, including RAS and MAPK, 390 

EGFR/ErbB, as well as components related to actin cytoskeleton regulation and endocytosis (Fig. 391 

4B, C).392 
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 Given that SORLA has been shown to modulate the activation of cell surface receptors 393 

such as TrkB, ErbB2, EphA4, and the insulin receptor (Rohe et al., 2013; Huang et al., 2017a; 394 

Pietila et al., 2019), we searched for enrichment of differentially expressed phosphopeptides 395 

from cell surface receptors and their intracellular effectors. Interestingly, we observed 396 

enrichment of a mouse S993 EGFR phosphopeptide (corresponding to human EGFR S991) in 397 

SORLA TG brain. This EGFR phosphosite has been previously implicated in receptor 398 

endocytosis (Tong et al., 2009). We also observed enrichment of other components in the KEGG 399 

“MAPK signaling pathway” category, including Rasgrf2, Rasgrf1, Rasgrp1, Raf1, Map4k3, 400 

Map3k4, Map2k1 and JunD (Fig. 4A-C). Since EGFR S991 phosphorylation is reported to 401 

slowly accumulate with EGF stimulation (Olsen et al., 2006) and is predicted to be a potential 402 

MAPK phosphorylation site (phosphonet.ca), this suggests that sSORLA may trigger 403 

downstream MAPK activation by interacting with EGFR and promoting its activation (Fig. 4D). 404 

To test this, we immobilized purified sSORLA on FLAG beads and incubated sSORLA-FLAG 405 

beads (or FLAG beads alone) with mouse brain lysates. We observed specific co-precipitation of 406 

sSORLA with previously characterized interacting proteins such as APP and EphA4 (Andersen 407 

et al., 2006; Rogaeva et al., 2007; Huang et al., 2016), and observed novel interactions between 408 

sSORLA and EGFR, which have not been previously described (Fig. 5A).  409 

 Although we were unable to detect differences in EGFR tyrosine phosphorylation 410 

between WT and SORLA TG cortex, enhanced pS993 phosphorylation suggests that 411 

SORLA/sSORLA overexpression increases EGFR activation. To directly examine the effects of 412 

sSORLA on EGFR activation (as seen through EGFR tyrosine phosphorylation), we treated 413 

cultured primary cortical neurons with purified sSORLA, and examined EGFR phosphorylation 414 

by immunoblot analysis. We found that sSORLA treatment enhances EGFR phosphorylation on 415 
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Y1173, a residue previously shown to be phosphorylated in response to EGF stimulation and 416 

consequently mediates docking to the Shc adaptor, thereby recruiting Grb2 to trigger 417 

downstream Ras/ERK activation (Batzer et al., 1994; Okabayashi et al., 1994)(Fig. 5B). Indeed, 418 

we found that primary cortical neurons treated with sSORLA show increased EGFR pY1173 419 

phosphorylation and concurrent ERK phosphorylation (Fig. 5B, C). Importantly, we also 420 

observed ERK activation in response to sSORLA exposure in primary neurons (Fig. 5C), and in 421 

SORLA TG hippocampus compared to WT (Fig. 5D) by immunoblot analysis. Together, these 422 

results suggest that sSORLA binds EGFR and stimulates activation of a canonical EGFR/ERK 423 

pathway.424 

EGFR and ERK activation are required for sSORLA-induced enhancement of neurite 425 

regeneration  426 

 Our phosphoproteomic and immunoblot analyses indicate that the EGFR/ERK pathway is 427 

upregulated by SORLA overexpression or exposure to sSORLA. Since previous studies have 428 

demonstrated that EGFR (Goldshmit et al., 2004) and ERK activation can promote neurite 429 

outgrowth (Kim et al., 1997; Perron and Bixby, 1999; Gerecke et al., 2004; Wang et al., 2011; 430 

Wu et al., 2012), we examined whether EGFR and ERK activation are essential for sSORLA-431 

dependent neurite regeneration. Treatment of primary cortical neurons with the EGFR inhibitor, 432 

Tyrphostin (100 M AG-1478) revealed almost complete inhibition of EGF- or sSORLA-433 

dependent EGFR and ERK activation (Fig. 6A, B). We also measured the effects of EGFR 434 

inhibition on neurite outgrowth following wound injury in cortical neurons treated with EGF or 435 

sSORLA, which revealed that AG-1478 treatment abrogates the enhancement of neurite 436 

outgrowth induced by EGF or sSORLA (Fig. 6C, D).437 
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 To determine whether sSORLA-mediated neuritogenic effects are dependent on ERK 438 

activation, we treated WT cortical neurons with sSORLA in the presence or absence of the MEK 439 

inhibitor, PD98059 and evaluated consequent effects on ERK activation and neurite outgrowth. 440 

We found that while sSORLA significantly elevates pERK levels in cortical neurons, 441 

concomitant treatment with PD98059 abrogates ERK activation (Fig. 6E). Furthermore, 442 

PD98059 abrogated enhanced neurite regeneration with sSORLA treatment (Fig. 6F, G). 443 

Together, these results indicate that sSORLA stimulates neurite regeneration through activation 444 

of EGFR and ERK. 445 

sSORLA and SORLA overexpression activate Fos in brain and cultured neurons 446 

 To identify potential downstream mediators of sSORLA-dependent EGFR/ERK signaling, 447 

we performed RNAseq analysis to identify changes in global gene expression in hippocampal 448 

tissue from WT and SORLA TG mice. We identified 1379 differentially expressed genes 449 

(DEGs) in SORLA TG hippocampus compared to WT, with a total of 449 upregulated and 930 450 

downregulated genes (Fig. 7A, B, Extended data Fig. 7-1). KEGG and Gene Ontology (GO) 451 

analyses identified numerous KEGG pathways related to cell signaling such as “Ras signaling”,452 

“MAPK signaling”, “focal adhesion" pathways and “axon guidance” (Fig. 7C, Extended data Fig. 453 

7-1). Interestingly, differentially expressed transcripts in SORLA TG hippocampus were also 454 

prominently represented in GO Biological Process categories associated with neuronal 455 

morphogenesis, including “neuron projection morphogenesis”, “axon regeneration”, 456 

“axonogenesis”, and “activation of MAPK activity” (Fig. 7C).457 

 Next, we filtered individual DEGs within GO Biological Process (BP) categories 458 

pertaining to axonal/dendritic outgrowth and regeneration, and searched for upregulated potential 459 

enhancers of neurite outgrowth, and downregulated potential inhibitors of neurite outgrowth. We 460 
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identified 5 upregulated enhancers of neurite outgrowth (Irs1, Kif26b, Nrep, Scn1b, Fos) in our 461 

RNAseq dataset, and 5 downregulated inhibitors of neurite outgrowth (Sema3D, Sema3F, 462 

Unc5B, Lpar1, GpnmB)(Fig. 7D), and validated upregulation or downregulation of these 463 

transcripts by qRT-PCR analysis, with the sole exception of Kif26b which showed little or no 464 

change (Fig. 7D).465 

 Among the candidate DEGs identified by transcriptomic analysis, we deemed Fos to be 466 

particularly relevant to neurite outgrowth and ERK activation. Fos is an immediate early 467 

response gene, and together with Jun, forms the AP-1 transcription activation complex (Hai and 468 

Curran, 1991; Shaulian and Karin, 2002). Importantly, Fos expression is rapidly induced during 469 

neurite regeneration in axotomized neurons (Taylor et al., 2005), and exogenous Fos expression 470 

is sufficient to induce neurite outgrowth in the absence of external stimuli such as NGF (Gil et al., 471 

2004). ERK MAPK signaling has been shown to induce Fos expression through upstream Elk-1 472 

phosphorylation (a “ternary complex factor”, or TCF family member) (Janknecht et al., 1993; 473 

Janknecht, 1995), which functions coordinately with serum response factors at the upstream Fos 474 

serum-response element (Mylona et al., 2011; O'Donnell et al., 2012). Fos is also induced by 475 

growth factors such as NGF, which enhance neurite outgrowth (Gabellini et al., 1992; Gil et al., 476 

2004). Together, this suggests that Fos induction and activation may be triggered in response to 477 

sSORLA-dependent ERK activation. 478 

 To test the involvement of Fos downstream of SORLA, we examined whether sSORLA 479 

treatment and SORLA overexpression affect Fos activation in vitro and in vivo. In agreement 480 

with upregulated Fos mRNA levels observed in SORLA TG hippocampus (Fig. 7D), we detected 481 

increased nuclear Fos localization in SORLA TG mouse hippocampus (Fig. 8A). Furthermore, 482 

we observed increased Fos protein expression in cultured neurons treated with sSORLA, or NGF 483 



 

22 
 

(Fig. 8B). Consistent with the increase in nuclear Fos translocation observed in SORLA TG 484 

hippocampus, we also detected increased nuclear Fos distribution in cultured neurons treated 485 

with sSORLA or NGF (Fig. 8C, D). Moreover, we found that the MEK inhibitor, PD98059 486 

abrogates nuclear Fos translocation induced by sSORLA treatment (Fig. 8E, F). Together, these 487 

results demonstrate a novel role for SORLA and its soluble form, sSORLA in enhancing neurite 488 

outgrowth and regeneration through activation of the EGFR/ERK pathway, and downstream Fos 489 

upregulation and nuclear translocation. 490 

Discussion491 

 Although SORLA ectodomain shedding had been previously characterized for well over 492 

a decade in mammalian cells (Hermey et al., 2006), human neural precursor and neuroendocrine 493 

cell lines (Hampe et al., 2000) and invertebrate Hydra species such as Chlorohydra viridissima.494 

(Hampe et al., 1999), how sSORLA potentially affects neuronal morphogenesis and function has 495 

not yet been explored. Importantly, SORLA has been previously implicated as a genetic risk 496 

factor for AD; recent evidence identified significant enrichment of rare loss-of-function variants 497 

of the SORL1 gene in AD (Raghavan et al., 2018), suggesting that SORLA dysregulation could 498 

significantly promote AD onset and/or pathogenesis. Interestingly, analysis of cerebrospinal fluid 499 

(CSF) from AD patients indicates that sSORLA levels are reduced in AD, which correlates with 500 

a reduction in soluble APP forms (sAPP) in CSF (Ma et al., 2009). Further, release of sSORLA 501 

has been shown to be induced in acute mouse brain slices (i.e. brain slice injury) (Hampe et al., 502 

2000), and with regenerative wounding stimulus in Hydra (Hampe et al., 1999), suggesting that 503 

sSORLA levels increase in response to neuronal injury. Although this provides evidence that 504 

sSORLA levels are altered pathologically, whether sSORLA can affect brain function has 505 

remained unclear. The prevailing assumption has been that SORLA function is mediated 506 



 

23 
 

primarily by intact, cell-associated SORLA in neurons. Until now, whether sSORLA can be 507 

released from neurons and its capacity to alter neuronal function are issues that have not been 508 

addressed.509 

 Here, we describe a new role for sSORLA in enhancing neurite outgrowth and 510 

regeneration through activation of the EGFR/ERK signaling pathway. The findings described 511 

here for sSORLA are intriguingly similar to observations with -secretase cleaved soluble APP 512 

(sAPP ). Purified sAPP  has been previously shown to enhance neurite outgrowth in cortical 513 

neurons (Araki et al., 1991), potentially through interactions with the 1 integrin receptor 514 

(Itg 1)(Young-Pearse et al., 2008), and by enhancing or potentiating neurite outgrowth mediated 515 

by NGF-induced signaling (Milward et al., 1992; Wallace et al., 1997). Similar to sSORLA, 516 

neuronal exposure to sAPP  also enhances neurite outgrowththrough ERK activation (Gakhar-517 

Koppole et al., 2008; Chasseigneaux et al., 2011). In contrast to sSORLA, however, acute 518 

exposure to sAPP was not found to detectably affect ERK phosphorylation/activation directly 519 

(Gakhar-Koppole et al., 2008). Thus, ADAM protease-dependent cleavage of AD-related 520 

transmembrane proteins such as SORLA and APP may serve to promote ERK-dependent 521 

neuritogenesis through autocrine or paracrine sSORLA/sAPP  pathways. 522 

 Although neurite outgrowth and neuritogenic activity are clearly critical during the 523 

development of the central nervous system, how neuritogenic soluble proteins such as sSORLA 524 

and sAPP  may be involved in late stage AD is less clear. Histological studies have detected 525 

neurite/axonal outgrowth in brain regions with synaptic pathology (Masliah et al., 1991), 526 

suggesting that pathogenic events may be associated with compensatory neurite regeneration. 527 

Although neurite growth is critical during early brain development, neurite extension is also 528 

important during neurogenesis in the adult dentate gyrus within the hippocampal formation. 529 
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Generation of nascent neurons from neural progenitor cells within the dentate gyrus is thought to 530 

be important for synaptic plasticity, pattern separation (Sahay et al., 2011) and spatial memory 531 

(Stone et al., 2011). Although alterations in neurogenesis have been reported in some AD mouse 532 

models (Mu and Gage, 2011) as well as human AD patients (Jin et al., 2004; Crews et al., 2010; 533 

Perry et al., 2012; Gomez-Nicola et al., 2014), whether neurogenesis can attenuate AD 534 

pathogenesis and memory impairment remains unclear. Interestingly, recent evidence indicates 535 

that memory in AD mice can be improved through combined enhancement of neurogenesis and 536 

stimulation of BDNF pathways (Choi et al., 2018). Given that BDNF is a neurotrophic factor that 537 

enhances neurite outgrowth (Cheng et al., 2011; Wang et al., 2015), together with evidence that 538 

BDNF can enhance SORLA expression (Rohe et al., 2009; Young et al., 2015), it may be 539 

interesting in future studies to determine whether BDNF-associated effects on memory 540 

enhancement may be dependent at least in part, on SORLA/sSORLA. Indeed, neurotrophins and 541 

neurotrophin receptors are currently targets of interest in AD therapy (Cao et al., 2018); whether 542 

SORLA/sSORLA association with neurotrophin pathways can be of future interest remains to be 543 

determined. 544 

 Our results demonstrate a role for sSORLA in the regeneration of dendrites and axons, 545 

which suggests that SORLA/sSORLA may be important in pathologically relevant contexts such 546 

as nerve regeneration following injury. Interestingly, expression of the SORLA homologue in the 547 

Hydrozoan, Chlorohydra viridissima is enriched in developing buds, representing sites of 548 

reproductive outgrowth (Hampe et al., 1999), suggesting that SORLA plays a likely role in 549 

development and regeneration. Murine SORLA shows high expression in the brain of developing 550 

embryos (Hermans-Borgmeyer et al., 1998), suggesting that SORLA may also be important in 551 

early neuronal differentiation and morphogenesis. Although a role for SORLA as a neuritogenic 552 
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modifier has not been previously demonstrated, our results integrate well into broader known 553 

functions of SORLA in cell growth, differentiation and morphogenesis as implicated in Hydra 554 

and mice. Moreover, observations that SORLA is expressed in the spinal cord (Jacobsen et al., 555 

1996) suggest that sSORLA could play a role in promoting axon regeneration following spinal 556 

cord injury. Indeed, neurotrophic BDNF infusion or grafting BDNF-secreting cells in 557 

axotomized rodent spinal cord injury models have demonstrated neuroprotective effects, 558 

including enhancement of axon fiber regeneration (Bregman et al., 1997; Ye and Houle, 1997), 559 

neuronal survival (Kobayashi et al., 1997; Tobias et al., 2003; Ruitenberg et al., 2004; Kwon et 560 

al., 2007), and promoting neuronal plasticity during recovery from spinal cord injury (Weishaupt 561 

et al., 2012). Furthermore, sSORLA infusion may potentially circumvent toxicity effects 562 

associated with BDNF. For example, BDNF secretion by activated microglia may complicate 563 

recovery by promoting neuropathic pain pathways (Coull et al., 2005; Zhang et al., 2012), and 564 

aggravate spasticity by inducing overexcitability in spinal cord motor neurons (Boyce et al., 565 

2012; Lu et al., 2012). Thus, potential downstream mediators of nerve recovery such as sSORLA 566 

may be particularly beneficial in ameliorating nervous system injury and neurodegenerative 567 

events.  568 
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Figure legends 815 

Figure 1. SORLA overexpression enhances neurite outgrowth and regeneration in cultured 816 

neurons.817 

(A) Wildtype (WT) and SORLA TG hippocampal neurons were fixed and stained for tubulin 818 

(green), F-actin (phalloidin, red) and DAPI (blue) at DIV3, and neuronal morphology was 819 

examined by fluorescence microscopy (bar, 10 m). 820 

(B) Neurite length in WT and SORLA TG hippocampal neurons were scored in all neurites 821 

imaged (left graph; WT, 173 neurites, 43 neurons; SORLA TG, 164 neurites, 49 neurons; 3 822 

independent dissections/cultures per treatment) (p=0.0013, t test), or averaged per neuron (right 823 

graph; WT, 43 neurons; SORLA TG, 49 neurons; 6 coverslips, 4 independent 824 

dissections/cultures per genotype) (p=0.0037, t test).825 

(C) Axon length in WT compared to SORLA TG polarized hippocampal neurons (WT, 25 826 

axons; SORLA TG, 31 axons; 8 coverslips, 3 independent dissections/cultures per genotype) 827 

(p=0.0283, t test).828 

(D) The number of neurites per neuron were scored in WT (black) and SORLA TG (blue) 829 

neurons, and calculated as a fraction of the total neurons scored for each genotype (WT, 116 830 

neurites, 31 neurons; SORLA TG, 127 neurites, 29 neurons; 6 coverslips, 3 independent 831 

dissections/cultures per genotype).  832 

(E) WT and SORLA TG cortical neurons were wounded at DIV7, and neurite infiltration into the 833 

wound area was visualized by immunostaining (tubulin (green), F-actin (red), DAPI 834 

(blue))/fluorescence imaging at at 8, 16 and 22 hours following injury (h), bar=30 m.835 
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(F) Cortical neurons on coverslips were subjected to scratch injury at DIV7, and neurite 836 

penetration into the wound area was visualized by immunostaining (tubulin (green), F-actin (red), 837 

DAPI (blue))/fluorescence imaging at 16 hours following injury (bar = 30 m).  838 

(G) Neurite lengths were quantified from all neurons imaged in (F) (left graphs; WT, 422 839 

neurites, 31 images; SORLA TG, 352 neurites, 29 images; 9 coverslips from 3 independent 840 

dissections per genotype) (p<0.0001, t test), or quantified as averages per image field (right 841 

graphs; WT n=31 imaging fields; SORLA TG, n=27 imaging fields; 9 coverslips from 3 842 

independent dissections per genotype) (p<0.0001, t test). Data in (B), (C) and (G) represent mean 843 

± SD, results in (D) represent mean ± SE; statistical significance was evaluated by Student’s t-844 

test (*p<0.02, **p<0.002, ***p<0.0001). 845 

Figure 2. A soluble SORLA fragment enhances neurite outgrowth.  846 

(A) Conditioned media from cultured WT or SORLA TG cortical neurons were sampled from 847 

DIV3 to DIV10 and immunoblotted for sSORLA or sAPP  as indicated. Neuronal cell lysates 848 

were also immunoblotted for full-length SORLA or APP as indicated (right panel). Relative 849 

sSORLA levels were quantified by densitometry (lower graph, n= 3 experiments); sSORLA 850 

levels from DIV3 neurons were set to 1.0 (F(3, 16)=5.307, DIV7 WT vs TG, p=0.0036; DIV10 851 

WT vs TG, p<0.0001, Two way ANOVA with Tukey’s multiple comparisons).852 

(B) Soluble SORLA (sSORLA-FLAGhis6) expressed in HEK293T cells was purified from 853 

conditioned medium using nickel NTA-agarose, and subjected to Ponceau S staining following 854 

transfer onto nitrocellulose membranes. Bovine serum albumin was stained to determine the 855 

concentration of purified sSORLA. 856 

(C) Wildtype hippocampal neurons at DIV2 were incubated overnight with 150ng purified 857 

sSORLA, and stained for tubulin (green), F-actin (red) and DAPI (bar = 10 m). Graphs show 858 
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quantification of the length of all neurites in WT control (black) and sSORLA (blue) treated 859 

hippocampal neurons (top graph) or the neurite length averaged per neuron (bottom graph) 860 

(control, 164 neurites, 46 neurons; sSORLA, 182 neurites, 55 neurons; 6 coverslips, 3 861 

independent dissections/cultures per treatment) (top graph, p<0.0001; bottom graph, p=0.0027, t862 

test).863 

(D) Axon length was measured in hippocampal neurons identified with axonal extensions in 864 

control and sSORLA treated WT neurons (control, 30 axons/neurons; sSORLA, 48 865 

axons/neurons; 6 coverslips, 3 independent dissections/cultures per treatment) (p=0.0008, t test).866 

(E) The number of neurites was scored in control and sSORLA-treated WT hippocampal neurons 867 

(control, 164 neurites scored in 46 neurons; sSORLA, 182 neurites scored in 55 neurons; 6 868 

coverslips, 3 independent dissections/cultures per treatment). Graphs in (A) and (E) represent 869 

mean ± SE, graphs in (C) and (D) represent mean ± SD, statistical significance in (C) and (D) 870 

was evaluated by Student’s t-test, and two-way ANOVA followed by Tukey’s multiple 871 

comparisons in (A) (*p<0.05, **p<0.01, ***p<0.001). 872 

Figure 3. Soluble SORLA enhances neurite outgrowth following injury in vitro.873 

(A) WT cortical neurons were subjected to mechanical wound injury at DIV7 and treated with 874 

purified sSORLA at the concentrations indicated for 16 hours. Neurons were then fixed and 875 

stained for tubulin (green), F-actin (red) or with DAPI (bar = 20 m).  876 

(B) Quantified total (upper graph) and averaged neurite length/imaged field (lower graph) 877 

following injury in sSORLA-treated and WT neurons (control, 165 neurites/9 images; 50 ng/ml, 878 

153 neurites in 10 images; 100 ng/ml, 172 neurites in 11 images; 150 ng/ml sSORLA, 166 879 

neurites in 9 images; 3 coverslips from 2 independent dissections/3 cultures per treatment) (top 880 

graph, F(3, 610)=107.9, control vs 50ng, vs 100ng, and vs 150ng sSORLA, p<0.0001; bottom 881 
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graph, F(3,34)=64.93, control vs 50ng, p=0.0009, control vs 100ng and 150ng sSORLA, p<0.0001, 882 

One-way ANOVA with Tukey’s multiple comparisons).  883 

(C) WT cortical neurons at DIV 7 were subjected to scratch injury, and treated with 884 

neurobasal/B27 medium (control), or conditioned medium from WT, SORLA TG or SORLA 885 

KO neurons for 16 hours, and stained and imaged as in (A)). Bar = 20 m.886 

(D) Neurobasal media conditioned for 2 days from DIV7 WT, SORLA KO or SORLA TG 887 

neurons were immunoblotted for sSORLA.  888 

(E) Lengths from all neurites (left graph) or averaged per imaged field (right graph) were 889 

quantified from images in experiments as shown in (D). The data were obtained from control, 890 

142 neurites in 9 images; WT medium, 149 neurites in 9 images; SORLA TG medium, 139 891 

neurites in 9 images; SORLA KO medium, 147 neurites in 9 images; 3 coverslips from 2 892 

independent dissections/3 cultures per treatment (left graph F(3, 571)=39.25 and right graphs F(3, 893 

25)=24.39, control vs SORLA TG, WT vs SORLA TG, SORLA TG vs SORLA KO, p<0.0001, 894 

One-way ANOVA with Tukey’s multiple comparisons). Graphs in (B) and (E) represent mean ± 895 

SD; statistical significance was determined by one-way ANOVA followed by Tukey’s multiple896 

comparisons (***p < 0.001, ****p < 0.0001). 897 

Figure 4. sSORLA triggers activation of the EGFR/ERK pathway in neurons.898 

(A) Phosphoproteomic characterization of SORLA TG vs WT mouse cortex. Lysates from 3 899 

month-old SORLA TG and WT cortex (n=4 per genotype) were subjected to phosphoproteomic 900 

analysis by mass spectrometry. Differentially enriched phosphopeptides are shown in the 901 

Volcano plot; dot sizes indicate relative phosphopeptide abundance (“MS1” intensity sum across 902 

samples, see Methods), and color schemes represent statistical test “Standard Error” (SE) 903 

between samples as indicated. Phosphopeptides detected exclusively in SORLA TG cortex are 904 
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shown in the adjacent magnified plot; components of the KEGG “MAPK signaling pathway” 905 

identified by GO DAVID analysis are indicated in the individual plots, where relevant MAPK 906 

signaling components are indicated in orange (MAPK pathway components) or red (upstream 907 

Ras/MAPK regulators).908 

(B) Top 15 KEGG pathways identified from upregulated phosphopeptides in SORLA TG 909 

hippocampus.  910 

(C) Components within the KEGG “MAPK signaling pathway” with upregulated peptides 911 

identified in SORLA TG hippocampus. Components of the canonical EGFR/MAPK pathway are 912 

highlighted in blue. Mapped mouse and orthologous human phosphoresidues are shown. 913 

(D) Schematic model depicting putative activation of the MAPK pathway, potentially through 914 

SORLA interaction and activation of the EGF receptor. EGFR S991 phosphorylation (mouse 915 

S993) was identified through proteomic analysis, and pY residues such as EGFR pY1173 916 

associated with EGF stimulation and downstream Ras/ERK activation were assayed by 917 

immunoblot in response to sSORLA treatment. 918 

Figure 5. sSORLA triggers EGFR and ERK activation 919 

(A) Characterizing sSORLA interaction with cell surface proteins. FLAG beads coupled to 920 

sSORLA-FLAGhis6 (or control FLAG beads) were incubated with WT mouse brain lysate, and 921 

associated proteins were detected by immunoblotting as indicated (20ng lysate input is shown).922 

(B) Effects of sSORLA on EGFR/ERK activation. Cortical neurons at DIV8 were treated with 923 

sSORLA for 0.5 hours, and neuronal lysates were immunoblotted for pY1173 EGFR, EGFR, 924 

pERK, ERK or actin as indicated. Densitometric measurements from additional experiments 925 

were plotted in the adjacent graph (p=0.0008, t test). 926 
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(C-D) sSORLA and SORLA overexpression triggers ERK activation. (C) DIV9 cortical neurons 927 

were treated with sSORLA for 0.5 hours, and neuronal lysates were immunoblotted for pERK, 928 

ERK or actin. pERK levels were quantified by densitometry and normalized to ERK levels are 929 

shown in the adjacent graph (control set to 1.0; 6 replicates from 3 experiments) (p=0.0016, t930 

test). (D) Hippocampal lysates from 3.5 month old WT (n=6) and SORLA TG (TG) (n=6) 931 

animals were immunoblotted for SORLA, pERK or ERK as indicated. pERK and ERK levels 932 

were quantified and normalized as in (C) (p=0.0061, t test). All graphs represent mean ± SE, 933 

significance was determined by Student’s t-test (**p<0.01, ***p<0.001).  934 

Figure 6. EGFR and ERK activation are required for sSORLA-dependent enhancement of 935 

neurite regeneration.936 

(A-B) EGFR inhibition abrogates EGF and sSORLA-dependent EGFR activation. (A) Cultured 937 

cortical neurons were treated with EGF or sSORLA with or without the EGF inhibitor, AG-1478 938 

as described in Methods. Lysates were then immunoblotted as indicated. (B) pEGFR or pERK 939 

levels normalized to total EGFR or ERK levels in immunoblots from (A) were plotted in 940 

comparison to the untreated control (set to 1.0) (left graph, control vs EGF (p=0.0497), control 941 

vs sSORLA (p=0.0315), sSORLA vs sSORLA/inhibitor (p=0.0228), t test; right graph, F(5, 942 

12)=10.52, control vs sSORLA (p=0.0047), EGF vs EGF/inhibitor (p=0.0407), EGF vs inhibitor 943 

(p=0.0335), sSORLA vs sSORLA/inhibitor (p=0.0022), One-way ANOVA with Tukey’s 944 

multiple comparison). 945 

(C-D) Characterizing the effects of EGFR inhibition on sSORLA-dependent enhancement of 946 

neurite regeneration. (C) DIV6 cortical neurons were subjected to mechanical wound injury, and 947 

treated with EGF or sSORLA in the presence or absence of the EGF inhibitor AG-1478. After 16 948 

hours, neurons were fixed and stained for tubulin (green), F-actin (red) and with DAPI (blue) 949 
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(bar=60 m). (D) Images from (C) were quantified for neurite length from the wound border in 950 

all neurons (total neurite length, upper graph) or averaged per image (avg neurite length, lower 951 

graph) (control, 201 neurites in 10 imaging fields; EGF, 150 neurites in 10 imaging fields; EGF 952 

with inhibitor, 166 neurites in 10 imaging fields; inhibitor, 156 neurites in 8 imaging fields; 953 

sSORLA, 177 neurites in 8 imaging fields; sSORLA with inhibitor, 169 neurites in 8 imaging 954 

fields; 3 coverslips from 2 independent dissections/3 cultures per treatment) (top graph F(5,955 

1014)=128.9, and bottom graph F(5, 48)=69.98, control vs EGF, control vs sSORLA, EGF vs 956 

EGF/inhibitor, sSORLA vs sSORLA/inhibitor, p<0.0001; bottom graphs, One-way ANOVA 957 

with Tukey’s multiple comparison).958 

(E) WT DIV7 cortical neurons were treated with sSORLA (150 ng), the MEK inhibitor PD98059 959 

(100 M), or sSORLA and PD98059 in combination for 16 hours. Neuronal lysates were then 960 

subjected to immunoblot analysis as indicated, and pERK levels were quantified and normalized 961 

to total ERK (F(3, 16)=11.62, control vs sSORLA (p=0.0104); sSORLA vs PD98059 (p=0.0003), 962 

sSORLA vs sSORLA/PD98059 (p=0.0014), One-way ANOVA with Tukey’s multiple 963 

comparisons).  964 

(F-G) (F) WT DIV7 cortical neurons were subjected to mechanical wounding, and exposed to 965 

sSORLA, PD98059 or sSORLA with PD98059 as in (E). Neurons were fixed 16h following 966 

wounding, stained for tubulin (green), F-actin (red) and DAPI (blue) and imaged by confocal 967 

microscopy (bar=20 m). (G) Images in (F) were quantified for total neurite length (from a 968 

minimum of 127 neurons/treatment) (top graph), or averaged neurite length per imaged field 969 

(from a minimum of 9 fields/treatment) (bottom graph) (control, 180 neurites in 12 images, 970 

sSORLA, 140 neurites in 12 images; PD98059, 127 neurites in 11 images; sSORLA with 971 

PD98089, 134 neurites in 9 images; 3 coverslips from 2 independent dissections/3 cultures per 972 
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treatment) (top graph F(5, 532)=50.85, sSORLA vs control, sSORLA vs PD98059 and sSORLA vs 973 

sSORLA/PD98059 (p<0.0001); bottom graph F(3, 28)=14, control vs sSORLA (p=0.0008), 974 

sSORLA vs PD98059 and sSORLA vs sSORLA/PD98059 (p<0.0001), One-way ANOVA with 975 

Tukey’s multiple comparisons). Graphs in (B) and (E) represent mean ± SE, and mean ± SD in 976 

(D) and (G); statistical significance was determined by One-Way ANOVA followed by Tukey’s 977 

multiple comparisons) (D, E, G) and pERK/ERK measurements in (B); and One-Way ANOVA 978 

(F(5, 12)=4.625, p=0.0139) was used in (B), where p-values were determined by Student’s t-test979 

for pEGFR/EGFR in (B) (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 980 

Figure 7. Changes in global mRNA expression in SORLA TG hippocampus. 981 

(A) PCA analysis of transcriptomic profiles from WT (black) and SORLA TG (blue) 982 

hippocampus from 3 month old mice.  983 

(B) Volcano plot depicting differentially expressed transcripts in SORLA TG vs WT 984 

hippocampus. 449 significantly upregulated (red) and 930 downregulated (blue) differentially 985 

expressed genes were identified (Log2 fold change > 0.3, p<0.05).  986 

(C) Selected KEGG pathways and GO biological process (BP) categories enriched in SORLA 987 

TG versus WT RNAseq datasets, identified by GO DAVID analysis. Pathways relevant to signal 988 

transduction (KEGG) or neurite outgrowth (GO BP) are shown. (see also Extended Data Figure 989 

7-1)990 

(D) Potential enhancers (black) and inhibitors (gray) of neurite outgrowth were selected from the 991 

KEGG or GO BP categories in (C) for validation by qRT-PCR. RNAseq profiles (left graph) and 992 

qRT-PCR validation (right graph, mean±SE) are shown. The qRT-PCR profiles show expected 993 

upregulation (enhancers) or downregulation (inhibitors) in the SORLA TG hippocampus, with 994 

the exception of Kif26b. 995 
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Figure 8. sSORLA and SORLA overexpression triggers Fos upregulation and activation.996 

(A) Brain tissue from 4 month old WT and SORLA TG mice were sectioned, and sagittal 997 

sections were stained for nuclei (hematoxylin, blue) or Fos (brown), bar = 150 m. Images were 998 

obtained from the dentate gyrus (DG) region using a Leica Aperio Slide Scanner. Nuclear Fos in 999 

100 m2 sections in the DG region was scored and quantification is shown in the adjacent graph 1000 

(3 animals, 6 sections/genotype; male mice were analyzed) (p=0.0087, t test). 1001 

(B) Fos levels from DIV12 cortical neurons were treated with sSORLA (150 ng) or NGF (20 ng) 1002 

for 60 mins, and processed for immunoblot analysis. Quantification of Fos levels normalized to 1003 

actin from immunoblots is shown in the adjacent graph (compared to controls, set to 1.0) (F(2, 1004 

9)=6.926, sSORLA vs control (p=0.0199), NGF vs control (p=0.0343), One-way ANOVA with 1005 

Tukey’s multiple comparison).1006 

(C) DIV18 WT hippocampal neurons were treated with sSORLA or NGF, stained for tubulin 1007 

(green), Fos (red) or DAPI and visualized by confocal microscopy (bar=60 m).  1008 

(D) Fraction of neurons from the experiments in (C) with nuclear Fos staining were scored. Data 1009 

points represent Fos nuclei/total nuclei (control, 49 neurons in 19 images; sSORLA, 55 neurons 1010 

in 18 images; NGF, 71 neurons in 20 images; 5 coverslips from 2 independent dissections/3 1011 

cultures per treatment) (F(2, 55)=15.47, control vs sSORLA (p=0.0138), control vs NGF 1012 

(p<0.0001), One-way ANOVA with Tukey’s multiple comparison).1013 

(E) WT cortical neurons at DIV8 were treated with sSORLA, PD98059 or sSORLA/PD98059 1014 

together for 16h, and neurons were fixed and stained for tubulin (green), Fos (red) and DAPI 1015 

(blue), bar= 20 m.  1016 

(F) Neurons showing nuclear Fos staining over total neurons per field were quantified from 1017 

images in (E) (control, 283 neurites in 11 images; sSORLA, 259 neurites in 11 images; PD98059, 1018 
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334 neurites in 11 images; sSORLA with PD98059, 317 neurites in 11 images; 3 coverslips from 1019 

2 independent dissections/3 cultures per treatment) (F(3, 36)=72.83, control vs sSORLA and 1020 

sSORLA vs sSORLA/PD98059 (p<0.0001), One-way ANOVA, Tukey’s multiple comparison).1021 

Graphs represent mean ± SE, and statistical significance was determined by Student’s t-test (A) 1022 

and One-Way ANOVA (B, D, and F) followed by Tukey’s multiple comparisons (*p<0.05, 1023 

**p<0.01, ***p<0.001) 1024 

Extended data: 1025 

Figure 7-1 (extended excel data table). RNAseq analysis of SORLA TG versus WT mouse 1026 

hippocampus.1027 

Sheet 1, DEGs enriched in SORLA TG vs WT mouse hippocampus (Log2 FC 0.3, p<0.05) 1028 

Sheet 2, KEGG pathways enriched in SORLA TG vs WT mouse hippocampus 1029 

Sheets 3-5, Gene Ontology (GO) pathways enriched in SORLA TG vs WT DEGs, including 1030 

Biological Process (BP, sheet 3), Cellular components (CC, sheet 4), and molecular function 1031 

(MF, sheet 5) 1032 

1033 

1034 


















