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Soluble SORLA Enhances Neurite Outgrowth and
Regeneration through Activation of the EGF Receptor/ERK
Signaling Axis
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SORLA is a transmembrane trafficking protein associated with Alzheimer’s disease risk. Although SORLA is abundantly
expressed in neurons, physiological roles for SORLA remain unclear. Here, we show that cultured transgenic neurons overex-
pressing SORLA feature longer neurites, and accelerated neurite regeneration with wounding. Enhanced release of a soluble
form of SORLA (sSORLA) is observed in transgenic mouse neurons overexpressing human SORLA, while purified sSORLA
promotes neurite extension and regeneration. Phosphoproteomic analyses demonstrate enrichment of phosphoproteins related
to the epidermal growth factor (EGFR)/ERK pathway in SORLA transgenic mouse hippocampus from both genders. sSORLA
coprecipitates with EGFR in vitro, and sSORLA treatment increases EGFR Y1173 phosphorylation, which is involved in ERK
activation in cultured neurons. Furthermore, sSORLA triggers ERK activation, whereas pharmacological EGFR or ERK inhibi-
tion reverses sSORLA-dependent enhancement of neurite outgrowth. In search for downstream ERK effectors activated by
sSORLA, we identified upregulation of Fos expression in hippocampus from male mice overexpressing SORLA by RNAseq
analysis. We also found that Fos is upregulated and translocates to the nucleus in an ERK-dependent manner in neurons
treated with sSORLA. Together, these results demonstrate that sSORLA is an EGFR-interacting protein that activates EGFR/
ERK/Fos signaling to enhance neurite outgrowth and regeneration.
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Significance Statement

SORLA is a transmembrane trafficking protein previously known to reduce the levels of amyloid-b , which is critical in the
pathogenesis of Alzheimer’s disease. In addition, SORLA mutations are a risk factor for Alzheimer’s disease. Interestingly, the
SORLA ectodomain is cleaved into a soluble form, sSORLA, which has been shown to regulate cytoskeletal signaling pathways
and cell motility in cells outside the nervous system. We show here that sSORLA binds and activates the EGF receptor to
induce downstream signaling through the ERK serine/threonine kinase and the Fos transcription factor, thereby enhancing
neurite outgrowth. These findings reveal a novel role for sSORLA in promoting neurite regeneration through the EGF recep-
tor/ERK/Fos pathway, thereby demonstrating a potential neuroprotective mechanism involving SORLA.

Introduction
SORLA (sortilin-related receptor with A-type repeats) (SORL1,
LR11) is a Type I transmembrane receptor previously found to
be dysregulated in Alzheimer’s disease (AD) in genome-wide
association studies (Rogaeva et al., 2007; Lambert et al., 2013;
Miyashita et al., 2013) and microarray analyses (Scherzer et al.,
2004). How SORLA influences AD onset is not entirely clear.
However, cumulative evidence indicates that SORLA can pro-
mote APP trafficking away from the endosome to the Golgi net-
work (Andersen et al., 2005; Fjorback et al., 2012), or from the
endosome to the cell surface (Huang et al., 2016), thus bypassing
amyloidogenic b -secretase 1 cleavage in acidified endosomes.
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SORLA has also been shown to impede amyloidogenic APP
cleavage by attenuating APP oligomerization (Schmidt et al.,
2012) and/or by inhibiting APP/b -secretase 1 interaction
(Spoelgen et al., 2006). In addition to its role in inhibiting amy-
loidogenic APP processing, SORLA can also confer neuroprotec-
tion by limiting synaptotoxic EphA4 receptor activation in
response to amyloid-b (Ab ) (Fu et al., 2014; Huang et al.,
2017). Despite the growing repertoire of mechanisms linking
SORLA to AD pathogenesis, whether SORLA is involved in
other aspects of neuroprotection remains relatively unexplored.

The SORLA ectodomain comprises an N-terminal VPS10 do-
main, followed by a YWTD/EGF-like domain, and multiple LDL
receptor/FN3 repeats. Interestingly, SORLA can be cleaved at a
site proximal to the transmembrane region by TACE/ADAM17,
resulting in the release of a soluble form of the SORLA
(sSORLA) extracellular region (Hermey et al., 2006). SORLA
expression has been observed in various tissues, suggesting that
SORLA function may not be limited to neurons or the brain. For
example, SORLA expression in immune cell types (Scherzer et
al., 2004), smooth muscle cells (Zhu et al., 2004; Jiang et al.,
2006), and adipose tissue (Schmidt et al., 2016) suggests potential
roles for SORLA in atherosclerosis and insulin-related obesity.
SORLA expression in white adipose tissue positively correlates
with body mass index and enhances cell surface distribution of
the insulin receptor to potentially promote adiposity (Schmidt et
al., 2016). Serum levels of sSORLA also positively correlate with
body mass index, and sSORLA was found to suppress thermo-
genic metabolism in brown adipose tissue through inhibition of
the TGFb /SMAD pathway (Whittle et al., 2015). sSORLA can
also stimulate smooth muscle cell migration (Zhu et al., 2004;
Jiang et al., 2006) and potentially mediates medial to intimal
smooth muscle cell migration, which may be critical to athero-
sclerotic plaque formation (Jiang et al., 2008). Despite the poten-
tial roles of sSORLA described in peripheral systems and
previous studies suggesting a protective role for SORLA in AD
(Andersen et al., 2005; Spoelgen et al., 2006; Schmidt et al.,
2012; Caglayan et al., 2014; Huang et al., 2016, 2017), physio-
logical functions for SORLA and whether SORLA ectodomain
shedding from neurons can confer neuroprotective effects
remains unclear.

Here, we demonstrate a previously undescribed role for
SORLA in enhancing neurite outgrowth and regeneration.
Transgenic neurons overexpressing SORLA (SORLA TG) and
neurons exposed to the purified sSORLA ectodomain show
increased neurite extension and accelerated neurite regeneration
following wound injury in culture. Analysis of global changes in
the SORLA TG phosphoproteome from mouse hippocampus
reveals enrichment of phosphopeptides associated with the
EGFR/ERK MAPK signaling pathway, suggesting that sSORLA
upregulation promotes EGFR activation and downstream ERK
signaling. Indeed, exposure to sSORLA or transgenic SORLA/
sSORLA overexpression similarly promotes ERK activation,
whereas sSORLA-dependent neurite regeneration is abrogated
by EGFR or ERK inhibition. Together, our results implicate
sSORLA as an EGFR binding partner that drives neurite out-
growth and regeneration through ERK.

Materials and Methods
Mouse lines. The SORLA-Rosa26 (SORLA TG in the BALB/c back-

ground) mouse line overexpressing SORLA through a CMV/b -actin
promoter element was previously established (Caglayan et al., 2014).
SORLA KOmice were obtained from Thomas Willnow (Max Delbrueck
Center for Molecular Medicine, Berlin) (Andersen et al., 2005). All

procedures were compliant with the National Research Council’s Guide
for the care and use of laboratory animals, and approved by the Sanford
Burnham Prebys Medical Discovery Institute Institutional Animal Care
Use Committee. Mice were housed 2-4 animals per cage under standard
conditions, maintaining a 12 h light/dark cycle and consistent access to
animal water and chow.

Antibodies, constructs, and protein purification. Primary antibodies
were all purchased from commercial sources: SORLA (LR11; BD
Biosciences), FLAG M2 (Stratagene/Sigma Millipore), b -actin, b III-
tubulin (Tuj1) and a-tubulin (Sigma Millipore), EGFR (CST 2232S),
pEGFR (Y1173, CST 4407S), p-ERKPhospho p44/42 MAPK (Erk1/2)
(Thr202/Tyr204) Antibody CST 9101S), ERK1/2 (CST 9102S P44/42),
Fos (ab190289 Abcam), EphA4 (EphA4 (Santa Cruz Biotechnology, S-
20), APP (Sigma Millipore, MAB348), soluble APP (sAPPa) (B436
monoclonal antibody), TrkB (R&D Systems, AF1494, human/mouse/rat
TrkB antibody), Erbb2 (R&D Systems, AF5176), and IR (anti-insulin re-
ceptor a antibody, Abcam, ab5500). Secondary antibodies include the
following: anti-rabbit IgG HRP-linked antibody (CST, 7074S), anti-
mouse IgG HRP-linked antibody (CST, 7076S), Alexa-568 phalloidin
(Invitrogen, catalog #A12380), Alexa-488 donkey anti-rabbit IgG
(Thermo Fisher Scientific, catalog #A21206), donkey anti-mouse IgG
Alexa-488 (Thermo Fisher Scientific, catalog #A21202), and donkey
anti-rabbit IgG Alexa-568 (Thermo Fisher Scientific, catalog #A10042).

A sSORLA overexpression construct was generated by insertion of
an XbaI site at residue EMMLV (upstream of the predicted transmem-
brane region) by PCR-based site-directed mutagenesis of a pcDNA3
SORLA template, where a FLAGhis6 sequence with XbaI overhangs was
inserted in-frame of the XbaI site. Plasmids were transfected into
HEK293T cells overnight using Turbofect reagent (Thermo Fisher
Scientific); cells then were washed with 1� PBS and incubated in serum-
free DMEM (supplemented with glutamine/penicillin/streptomycin) for
2 d. Media was then collected and centrifuged at 500 � g to remove any
cells, and incubated with NTA-agarose in the presence of 10 mM imidaz-
ole with constant agitation for 4 h to overnight. Beads were then col-
lected by centrifugation, washed thoroughly 4 times in 10 mM Tris, pH
8.0, 0.5 M NaCl/20 mM imidazole, and the his6-tagged protein was eluted
in 0.3 M imidazole in 10 mM Tris, pH 8.0, 0.5 M NaCl. sSORLA-
FLAGhis6 was dialyzed in 1� PBS overnight, and quantified by silver
stain gel staining using a BSA protein standard. Glycerol was added to
purified sSORLA, and the samples were frozen in aliquots at�80°C.

Primary neuronal culture. Embryos were harvested from pregnant
mice at embryonic day 17 (EXVII)-EXVIII from SORLA TG x WT
(BALB/c) crosses. Primary hippocampal and cortical neurons were iso-
lated by microdissection from the cerebral cortex and hippocampus
using a stereomicroscope. Tissue was digested with trypsin and DNase 1
for 30min at 37°C, followed by trituration in DMEM with penicillin/
streptomycin and HEPES (Thermo Fisher Scientific, catalog #15630080).
Tissue from embryos used to generate SORLA TG neurons was also col-
lected and processed for genotyping analysis for SORLA TG neurons
using the MyTaq DNA extraction/PCR genotyping system (Bioline).
Individual neuronal genotypes were maintained separately on poly-D-ly-
sine-coated coverslips and plates. Neurons were cultured in Neurobasal
Medium supplemented with B27, glutamine, and penicillin/streptomy-
cin, where half of the media was replaced every 2-3 d.

Laceration injury. Cortical neurons were cultured on poly-D-lysine-
coated 12 mm coverslips in 24-well culture plates until DIV6. Neurites
were then subjected to laceration injury (mechanical wounding) by drag-
ging a 10ml pipette tip steadily across the coverslip. The cultures were
then treated with recombinant sSORLA (typically at 150 ng/ml, unless
otherwise indicated) or vehicle, and neurites were allowed to recover for
16 h before fixation and staining.

Immunocytochemistry. Immunocytochemistry was performed on
primary cultured hippocampal or cortical neurons to image, character-
ize, and quantify neurite length, and nuclear Fos labeling. Neurons on
glass coverslips were washed with PBS, fixed with 4% PFA, and perme-
abilized with 0.1% Triton X-100 in PBS. After blocking in 3% BSA in
PBS, primary antibodies were diluted in 1% BSA and used to probe neu-
rons grown on coverslips for 1 h at room temperature with protection
from light. Primary antibody incubation (or F-actin staining with
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phalloidin) was followed by staining with AlexaFluor-conjugated sec-
ondary antibodies (Invitrogen), and DAPI staining. Stained coverslips
were mounted on glass slides using mounting media containing an anti-
fade reagent. Images were acquired by epifluorescence imaging using a
deconvolution microscope (Carl Zeiss), and images were processed
using Slidebook 6.0 software (Intelligent Imaging Innovations), or using
an LSM 880 confocal microscope (Carl Zeiss). Confocal and epifluores-
cence image analyses were performed using National Institutes of Health
Image J (Fiji).

Measurement of neurite and axon length, and quantification of neu-
rite number per neuron. Neurites (dendrites and axons) per neuron were
scored as the number of projections with active growth cones extending
from neuronal bodies. Axons were defined by dendritic extensions, which
were at least twice the length of all other neurites, and having a constant
thickness throughout the length of the axon as described previously
(Richter et al., 2007). Neurite length in images was measured and quanti-
fied using the freehand line measurement on Fiji. For neurite regeneration
measurements, neurite length originating from the edge of the laceration
border to the tips of individual neurites was traced and quantified.

Coprecipitation of sSORLA-FLAGhis6 complexes from mouse brain.
sSORLA (500 ng) was immobilized to 25 ml of 50% slurry M2 beads
overnight. Solution was washed with wash/lysis buffer (10 mM Tris, pH
8.0, 0.5 M NaCl) 4� before confirmation of sSORLA binding via silver
stain (at least 50ng sSORLA was detected in duplicate pulldown reac-
tions). Immobilized sSORLA was then incubated with 0.5mg of neuro-
nal lysate, rocking at 4 degrees for 4 h. Bound components were gently
washed twice in PBS (e.g., 0.1 M phosphate, 0.15 M NaCl, pH 7.2) and
crosslinked using 1 mM dithiobis(succinimidyl propionate) crosslinker
solution for 30min at room temperature, and quenched with 20 mM

Tris, pH 7.5, for 15min. Beads were then washed and boiled in SDS
loading buffer with b -mercaptoethanol for 10min before SDS-PAGE
and immunoblot analysis; 20 ng of lysate was included as input.

Western blotting. Samples were lysed in NP40 buffer (1% Non-Idet
P40 in PBS, supplemented with protease and phosphatase inhibitors) and
SDS sample buffer was added. Samples were resolved by SDS-PAGE using
4%-20% Tris/glycine gels, transferred onto nitrocellulose blotting mem-
brane using a Bio-Rad electroblot system, and blocked in 5% dry milk in
PBS. Membranes were probed with primary and secondary antibodies,
and developed using ECL or ECL plus (Thermo Fisher Scientific).

Phosphoproteome analysis. Brain cortical tissues from WT and
SORLA TG littermates of mixed gender were lysed in 8 M urea, 50 mM

ammonium bicarbonate with Benzonase, and extracted proteins were cen-
trifuged at 14,000 � g for 10min to remove cellular debris. Supernatant
protein concentration was determined using a bicinchoninic acid protein
assay (Thermo Fisher Scientific). Disulfide bridges were reduced by incu-
bation with 5 mM tris(2-carboxyethyl)phosphine at 30°C for 60min, and
cysteines were subsequently alkylated with 15 mM iodoacetamide in the
dark at room temperature for 30min. Urea was then diluted to 1 M urea
using 50 mM ammonium bicarbonate, and proteins were subjected to
overnight digestion with mass spectrometry grade Trypsin/Lys-C mix
(Promega). Following digestion, samples were acidified with formic acid
and subsequently peptides were desalted using AssayMap C18 cartridges
mounted on an Agilent AssayMap BRAVO liquid handling system.

Phosphopeptides were enriched with Fe(III)-NTA cartridges
(Agilent Technologies) in an automated fashion using the AssayMAP
Bravo Platform (Agilent Technologies). Briefly, cartridges were primed
with 250ml of 0.1% trifluoroacetic acid in acetonitrile (ACN) and equili-
brated with IMAC loading buffer (80% ACN, 0.1% trifluoroacetic acid).
Dried samples were reconstituted in IMAC loading buffer and loaded
onto the cartridge, which was then washed with IMAC loading buffer to
remove background. Finally, phosphorylated peptides were eluted with
1% ammonia directly into formic acid. Finally, the samples were dried
down in a SpeedVac concentrator. Before LC-MS/MS analysis, sample
peptide amount was determined using a Nanodrop spectrophometer
(Thermo Fisher Scientific).

Dried phosphopeptide-enriched samples were reconstituted with 2%
ACN/0.1% FA and analyzed by LC-MS/MS using a nanoACQUITY sys-
tem (Waters) coupled to an Orbitrap Fusion Lumos mass spectrometer
(Thermo Fisher Scientific). Peptides were separated using an analytical

C18 Acclaim PepMap column (75mm � 250 mm, 2mm particles;
Thermo Fisher Scientific) using a 74 min gradient, at flow rate of 300ml/
min, consisting of the following: 1% to 5% B in 1min, 5% to 18% B in
44min, 18% to 27% B in 28min, 27% to 38% B in 2min, and 38% to
80% B in 2min (A = FA 0.1%; B= 100% ACN: 0.1% FA). The mass spec-
trometer was operated in positive data-dependent acquisition mode.
MS1 (mass spectrometry precursor intensity at maximum peak elution
for quantitation) spectra were measured in the Orbitrap with a resolu-
tion of 120000 (AGC target: 1e6; maximum injection time: 50ms; mass
range: from 350 to 1200 m/z). The instrument was set to run in top
speed mode with 3 s cycles for the survey and the MS/MS scans. After a
survey scan, precursors were isolated in the quadrupole (isolation win-
dow: 0.7 m/z; charge state: 1 2-6; collision energy: 30%), and resulting
fragments were detected in the ion trap cell with a rapid scan (AGC tar-
get for MS/MS: 2e4; maximum injection time: 35ms). The dynamic
exclusion was set to 20 s with a 10ppm mass tolerance around the pre-
cursor and its isotopes.

All mass spectra were analyzed with MaxQuant software version
1.5.5.1. MS/MS spectra were searched against the Mus musculus
Uniprot protein sequence database (downloaded in January 2019) and
GPM cRAP sequences (commonly known protein contaminants).
Precursor mass tolerance was set to 20ppm and 4.5 ppm for the first
search where initial mass recalibration was completed and for the main
search, respectively. Product ions were searched with a mass tolerance
0.5Da. The maximum precursor ion charge state used for searching was
7. Carbamidomethylation of cysteine was searched as a fixed modifica-
tion, while oxidation of methionine and acetylation of protein N-termi-
nal, and phosphorylation of serine, threonine, and tyrosine were
searched as variable modifications. Enzyme was set to trypsin in a spe-
cific mode, and a maximum of two missed cleavages was allowed for
searching. The target-decoy-based false discovery rate filter for spectrum
and protein identification was set to 1%.

Statistical analysis of phosphopeptide data were conducted using in-
house R script (version 3.5.1, 64 bit), including R Bioconductor packages,
such as limma and MSstats. First, phosphopeptide intensities were Log2-
transformed and Loess-normalized across samples to account for system-
atic errors. Testing for differential abundance was performed using
MSstats bioconductor package based on a linear mixed-effects model.
Imputed Log2FC and p values were calculated for phosphopeptides miss-
ing in one of the conditions. First, imputed Log2FC was calculated as the
average Log2 intensity of the phosphopeptide across samples in the condi-
tion it is detected, divided by 3.3. Imputed p value was calculated by divid-
ing 0.05 by the number of replicates within the detected condition of the
phosphopeptide identified. Phosphoproteomic data included in this study
has been deposited in the ProteomeXchange database (http://www.
proteomexchange.org/), under reference no. PXD019108.

RNAseq analysis and qRT-PCR validation. For RNAseq analysis of
WT and SORLA TG brain, hippocampal tissue from 3-month-old male
mice (n=2 WT, n=3 SORLA TG) was dissected and washed in cold
PBS. Tissue was homogenized and Dounced in TRIzol Reagent (Thermo
Fisher Scientific, catalog #15596026) and stored at �80°C for RNA
extraction. Total RNA was purified with Trizol reagent combined with
chloroform, following the manufacturer’s recommendations. RNA was
quantified using a NanoDrop spectrophotometer, and RNA integrity
numbers were assessed using an Agilent TapeStation 4200 system; all
samples used for subsequent analysis showed a minimum RNA integrity
number of 9. For each replicate, 250 ng of purified total RNA was sub-
mitted to Novogene for mRNA RNAseq library preparation and
sequence analysis with paired-end reads. A minimum sequence depth of
50 M with 150 bp paired-end reads was characterized for each sample.
Reads were aligned to the Mus musculus genome (mm10) using STAR
aligner (https://code.google.com/p/rna-star/) under default settings.
Differential transcript expression was characterized using DESeq2 R
package. Cutoffs for significantly altered differentially expressed genes
(DEGs) were set to p, 0.05 with a Log2 fold cutoff of 60.3. RNAseq
data included in this study has been deposited in the Gene Expression
Omnibus database under the accession no. GSE150257.

DEGs in SORLA TG versus WT (p, 0.05, Log2 fold change, �0.3
or . 0.3) were subjected to KEGG pathway analysis and Gene ontology
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(GO) profiles of DEGs were determined using DAVID (database for
annotation, visualization and integrated discovery) (Huang da et al.,
2009a,b). cDNA from mouse hippocampal tissue samples was generated
from mRNA using the iScript cDNA synthesis kit from (Bio-Rad)
according to specified protocols from the manufacturer using Powerup
SYBR Green Master Mix (Thermo Fisher Scientific) together with the
Bio-Rad CFX detection system according to the manufacturer’s instruc-
tions. Expression values for each target gene was normalized to the inter-
nal actin and GAPDH controls. Primer sequences used for qRT-PCR
analysis are as follows: SCN1B: forward 59-GGATTCCGATACCG
AGGCTG; reverse 59-GGTCCACTCCGTGAAGGTTT; NREP: forward
59-GGTGTCGGTACTTTGTTTCCTGG; reverse 59-CTCACACTCTT
GGTAGCATCCAC; GPNMB: forward 59-GCTGGTCTTCGGATGAA
AATGA; reverse 59-CCACCAAGGTGATATTGGAACCC; LPAR: for-
ward 59-AGCCATGAACGAACAACAGTC; reverse 59-CATGATGA

ACACGCAAACAGTG; KIF26B: forward 59-TCGGTAGCCGGAAAT
AAAGAGA; reverse 59-CGACTCCTCGTAAGCCTTGC; IRS1: forward
59-CGATGGCTTCTCAGACGTG; reverse 59-CAGCCCGCTTGTTGA
TGTTG; FOS: forward 59-CGGGTTTCAACGCCGACTA; reverse 59-
TTGGCACTAGAGACGGACAGA; SEMA3D: forward 59-CTGTAT
CCCCTTTTTGGGTTCAT; reverse 59-AACCAGACTGAGGAAGAC;
SEMA3F: forward 59-CATCTGCCTCAACGATGACG; reverse 59-
AGAGCCTGAAGAGGTAAAGAC; UNC5B: forward 59-CTGGGG
ACCGGGAAAGAA; reverse 59-CTGATGGGTAGGAGTCTGGG.

Experimental design and statistical analyses. For all experiments
using cultured neurons, cultures from a minimum of two independent
dissections were used for analyses. Measurements quantifying neurite
length or biochemical analyses were pooled from independent experi-
ments as indicated. All statistical analyses used in this study evaluated
significant differences between two groups using nonpaired t tests with

Figure 1. SORLA overexpression enhances neurite outgrowth and regeneration in cultured neurons. A, WT and SORLA TG hippocampal neurons were fixed and stained for tubulin (green), F-
actin (phalloidin, red), and DAPI (blue) at DIV3, and neuronal morphology was examined by fluorescence microscopy. Scale bar, 10mm. B, Neurite length in WT and SORLA TG hippocampal
neurons was scored in all neurites imaged (left; WT, 173 neurites, 43 neurons; SORLA TG, 164 neurites, 49 neurons; 3 independent dissections/cultures per treatment; p= 0.0013, t test), or
averaged per neuron (right; WT, 43 neurons; SORLA TG, 49 neurons; 6 coverslips, 4 independent dissections/cultures per genotype; p= 0.0037, t test). C, Axon length in WT compared with
SORLA TG polarized hippocampal neurons (WT, 25 axons; SORLA TG, 31 axons; 8 coverslips, 3 independent dissections/cultures per genotype; p= 0.0283, t test). D, The number of neurites per
neuron were scored in WT (black) and SORLA TG (blue) neurons, and calculated as a fraction of the total neurons scored for each genotype (WT, 116 neurites, 31 neurons; SORLA TG, 127 neu-
rites, 29 neurons; 6 coverslips, 3 independent dissections/cultures per genotype). E, WT and SORLA TG cortical neurons were wounded at DIV7, and neurite infiltration into the wound area was
visualized by immunostaining (tubulin [green], F-actin [red], DAPI [blue])/fluorescence imaging at 8, 16, and 22 h following injury (h). Scale bar, 30mm. F, Cortical neurons on coverslips were
subjected to scratch injury at DIV7, and neurite penetration into the wound area was visualized by immunostaining (tubulin [green], F-actin [red], DAPI [blue])/fluorescence imaging at 16 h fol-
lowing injury. Scale bar, 30 mm. G, Neurite lengths were quantified from all neurons imaged in F (left; WT, 422 neurites, 31 images; SORLA TG, 352 neurites, 29 images; 9 coverslips from 3 in-
dependent dissections per genotype; p, 0.0001, t test), or quantified as averages per image field (right; WT n= 31 imaging fields; SORLA TG, n= 27 imaging fields; 9 coverslips from 3
independent dissections per genotype; p, 0.0001, t test). B, C, G, Data are mean6 SD. D, Data are mean6 SE. *p, 0.05; **p, 0.01; ***p, 0.0001; Student’s t test.
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equal variance, or ANOVA from a minimum of three groups with post
hoc comparisons to evaluate significant differences between groups.
Significance was calculated using GraphPad Prism 7.03. Details regard-
ing statistical tests for individual experiments are described in the corre-
sponding figure legends.

EGFR and ERK inhibitor treatment. For experiments involving
EGFR inhibition (AG-1478) (Sigma Millipore) and analysis by immuno-
blotting, cortical neurons were treated with 100 mM AG-1478 for 3 h,
and subsequently with sSORLA (150ng/ml) or EGF for 30min. For and
ERK inhibition experiments and analysis by immunoblotting, cortical
neurons were exposed to the MEK inhibitor (PD98059, 100 mM)
(Invivogen) for 24 h, followed by treatment with sSORLA (150ng/ml)
for 30 min. For neurite regeneration assays, AG-1478 or PD98059 was
added to cortical neurons concurrently with EGF or sSORLA immedi-
ately following laceration injury, and neurites were allowed to regenerate
for 16 h. Neurons were then fixed and imaged, and quantified for neurite
length.

Results
SORLA upregulation enhances neurite outgrowth
Although transgenic SORLA overexpression has been shown to
be neuroprotective by limiting amyloidogenic APP processing

(Andersen et al., 2005) and Ab -mediated synaptotoxicity
(Huang et al., 2017), a protective role for SORLA through
enhancement of neural regeneration has not been established.
We therefore compared morphologic differences in WT and
SORLA-overexpressing (SORLA TG) neurons. Hippocampal
SORLA TG neurons cultured for DIV3 showed significantly lon-
ger neurites compared with WT neurons (Fig. 1A-C). We
observed increased total neurite length in all neurons scored as
well as increased mean neurite length averaged per neuron (Fig.
1B). Axons in polarized SORLA TG neurons were also longer
(Fig. 1C). However, we did not observe any significant differen-
ces in the distribution of neurite numbers (Fig. 1D). This sug-
gests that SORLA overexpression enhances neurite length with
little or no influence on overall neurite number.

To further characterize the effects of SORLA overexpression
on neurite regeneration, we compared the extension of cortical
WT and SORLA TG neurons into a wound area generated at
DIV7 by mechanical injury. We found that the length of SORLA
TG neurites infiltrating into the wound area at 16 and 22 h fol-
lowing injury was significantly greater compared with the length
of WT neurites (Fig. 1E-G). Together, these results indicate that

Figure 2. An sSORLA fragment enhances neurite outgrowth. A, Conditioned media from cultured WT or SORLA TG cortical neurons were sampled from DIV3 to DIV10 and immuno-
blotted for sSORLA or sAPPa as indicated. Neuronal cell lysates were also immunoblotted for full-length SORLA or APP as indicated (right). Relative sSORLA levels were quantified by
densitometry (bottom, n = 3 experiments). sSORLA levels from DIV3 neurons were set to 1.0 (F(3,16) = 5.307, DIV7 WT vs TG, p = 0.0036; DIV10 WT vs TG, p, 0.0001, two way
ANOVA with Tukey’s multiple comparisons). B, sSORLA (sSORLA-FLAGhis6) expressed in HEK293T cells was purified from conditioned medium using nickel NTA-agarose, and subjected
to Ponceau S staining following transfer onto nitrocellulose membranes. BSA was stained to determine the concentration of purified sSORLA. C, WT hippocampal neurons at DIV2
were incubated overnight with 150 ng/ml purified sSORLA, and stained for tubulin (green), F-actin (red), and DAPI. Scale bar, 10 mm. Graphs represent quantification of the length of
all neurites in WT control (black) and sSORLA (blue) treated hippocampal neurons (top) or the neurite length averaged per neuron (bottom) (control, 164 neurites, 46 neurons;
sSORLA, 182 neurites, 55 neurons; 6 coverslips, 3 independent dissections/cultures per treatment; top: p, 0.0001; bottom: p= 0.0027, t test). D, Axon length was measured in hip-
pocampal neurons identified with axonal extensions in control and sSORLA-treated WT neurons (control, 30 axons/neurons; sSORLA, 48 axons/neurons; 6 coverslips, 3 independent
dissections/cultures per treatment) (p= 0.0008, t test). E, The number of neurites was scored in control and sSORLA-treated WT hippocampal neurons (control, 164 neurites scored in
46 neurons; sSORLA, 182 neurites scored in 55 neurons; 6 coverslips, 3 independent dissections/cultures per treatment). A, E, Data are mean 6 SE. C, D, Data are mean 6 SD. C, D,
**p, 0.01; ***p, 0.001; Student’s t test; A, Two-way ANOVA followed by Tukey’s multiple comparisons.
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transgenic SORLA overexpression can enhance neurite length in
hippocampal neurons, and accelerate regenerative neurite exten-
sion following mechanical wounding.

sSORLA enhances neurite extension and regeneration
Ectodomain shedding by a sheddase on the plasma membrane
releases an sSORLA fragment comprising most of the SORLA
extracellular region (sSORLA), which has been shown to
enhance smooth muscle cell migration (Zhu et al., 2004; Jiang et
al., 2008). Given that sSORLA can upregulate ERK and Rac1
pathways to affect migratory dynamics (Jiang et al., 2008), we
sought to determine whether sSORLA can also promote neurite
outgrowth and regeneration. As expected, we found that eleva-
tion in SORLA levels concomitantly elevates the release of
sSORLA in SORLA TG neurons cultured in vitro (Fig. 2A), and
verified overexpression of SORLA in SORLA TG lysates (Fig. 2A,
“neuronal lysates”). Given that APP is also cleaved into a soluble
form, we assayed sAPPa secretion in WT and SORLA TG neu-
rons to determine whether general enhancement of cell surface
cleavage was apparent with SORLA overexpression. Although we

observed accumulation of sAPPa in these cultures, we observed
relatively little difference in sAPPa between cultured WT and
SORLA TG neurons (Fig. 2A). To determine whether sSORLA
is sufficient to enhance neurite outgrowth, we expressed an
sSORLA-FLAGhis6 construct in HEK293T cells, and purified
sSORLA from conditioned media (Fig. 2B). Purified sSORLA
added to WT DIV3 cultured hippocampal neurons significantly
enhanced neurite length (Fig. 2C), as well as axonal length (Fig.
2D). Similar to what we observed in SORLA TG neurons,
sSORLA treatment did not significantly affect the distribution of
neurite numbers (Fig. 2E).

Next, we determined whether purified sSORLA could
enhance neurite regeneration into a wound area. We found that
treatment of WT cortical neurons with sSORLA for 16 h pro-
motes neurite extension into the wound area in a dose-depend-
ent manner (Fig. 3A,B), with significantly increased neurite
outgrowth induced by 100 and 150ng/ml sSORLA (Fig. 3A,B).
In addition, we could recapitulate sSORLA-mediated enhance-
ment of neurite extension using conditioned medium from
SORLA TG neurons, while SORLA WT and SORLA KO

Figure 3. sSORLA enhances neurite outgrowth following injury in vitro. A, WT cortical neurons were subjected to mechanical wound injury at DIV7 and treated with purified sSORLA at the
concentrations indicated for 16 h. Neurons were then fixed and stained for tubulin (green), F-actin (red), or DAPI. Scale bar, 20mm. B, Quantified total (top) and averaged neurite length/
imaged field (bottom) following injury in sSORLA-treated and WT neurons (control, 165 neurites/9 images; 50 ng/ml, 153 neurites in 10 images; 100 ng/ml, 172 neurites in 11 images; 150 ng/
ml sSORLA, 166 neurites in 9 images; 3 coverslips from two independent dissections/3 cultures per treatment) (top: F(3,610) = 107.9, control vs 50 ng/ml, vs 100 ng/ml, and vs 150 ng/ml
sSORLA, p, 0.0001; bottom: F(3,34) = 64.93, control vs 50 ng/ml, p= 0.0009, control vs 100 ng/ml and 150 ng/ml sSORLA, p, 0.0001, one-way ANOVA with Tukey’s multiple comparisons).
C, WT cortical neurons at DIV 7 were subjected to scratch injury and treated with neurobasal/B27 medium (control), or conditioned medium from WT, SORLA TG, or SORLA KO neurons for 16 h,
and stained and imaged as in A. Scale bar, 20mm. D, Neurobasal media conditioned for 2 d from DIV7 WT, SORLA KO, or SORLA TG neurons were immunoblotted for sSORLA. E, Lengths from
all neurites (left) or averaged per imaged field (right) were quantified from images in experiments as shown in D. The data were obtained from control, 142 neurites in 9 images; WT medium,
149 neurites in 9 images; SORLA TG medium, 139 neurites in 9 images; SORLA KO medium, 147 neurites in 9 images; 3 coverslips from two independent dissections/3 cultures per treatment
(left: F(3,571) = 39.25; right: F(3,25) = 24.39, control vs SORLA TG, WT vs SORLA TG, SORLA TG vs SORLA KO, p, 0.0001, one-way ANOVA with Tukey’s multiple comparisons). B, E, Data are
mean6 SD. ***p, 0.001; ****p, 0.0001; one-way ANOVA followed by Tukey’s multiple comparisons.

Stupack et al. · Soluble SORLA Enhances Neurite Outgrowth J. Neurosci., July 29, 2020 • 40(31):5908–5921 • 5913



conditioned media featured reduced or undetectable sSORLA
levels and did not promote neurite extension compared with the
control (neurobasal medium only) (Fig. 3C-E). Thus, sSORLA
can promote neurite extension and regeneration.

sSORLA triggers activation of the ERKMAPK pathway
through EGFR
To identify potential mediators of sSORLA-dependent neurito-
genic enhancement, we compared global phosphoprotein pro-
files in SORLA TG and WT mouse cortex in search of
phosphoregulatory pathways that may be associated with neurite
outgrowth. We identified a total of 1423 phosphopeptides that
were differentially expressed in SORLA TG brain (736 upregu-
lated, and 687 downregulated; p, 0.05, Log2 fold change. 2;
Fig. 4A). GO DAVID analysis for KEGG pathways poten-
tially enriched in SORLA TG phosphopeptide datasets
revealed enrichment in various phosphoregulatory pathways,

including RAS and MAPK, EGFR/ErbB, as well as compo-
nents related to actin cytoskeleton regulation and endocyto-
sis (Fig. 4B,C).

Given that SORLA has been shown to modulate the activation
of cell surface receptors, such as TrkB, ErbB2, EphA4, and the in-
sulin receptor (Rohe et al., 2013; Huang et al., 2017; Pietila et al.,
2019), we searched for enrichment of differentially expressed
phosphopeptides from cell surface receptors and their intracellu-
lar effectors. Interestingly, we observed enrichment of a mouse
EGFR phosphopeptide containing phosphorylated S993 (corre-
sponding to human EGFR S991) in SORLA TG brain. This
EGFR phosphosite has been previously implicated in receptor
endocytosis (Tong et al., 2009). We also observed enrichment of
other components in the KEGG MAPK signaling pathway cate-
gory, including Rasgrf2, Rasgrf1, Rasgrp1, Raf1, Map4k3,
Map3k4, Map2k1, and JunD (Fig. 4A-C). Since EGFR S991 phos-
phorylation is reported to slowly accumulate with EGF

Figure 4. sSORLA triggers activation of the EGFR/ERK pathway in neurons. A, Phosphoproteomic characterization of SORLA TG versus WT mouse cortex. Lysates from 3-month-old SORLA TG
and WT cortex (n= 4 per genotype) were subjected to phosphoproteomic analysis by mass spectrometry. Differentially enriched phosphopeptides are shown in the volcano plot. Dot sizes indi-
cate relative phosphopeptide abundance (MS1 intensity sum across samples; see Materials and Methods). Color schemes represent statistical test SE between samples as indicated.
Phosphopeptides detected exclusively in SORLA TG cortex are shown in the adjacent magnified plot. Components of the KEGG MAPK signaling pathway identified by GO DAVID analysis are indi-
cated in the individual plots, where relevant MAPK signaling components are represented in orange (MAPK pathway components) or red (upstream Ras/MAPK regulators). B, Top 15 KEGG path-
ways identified from upregulated phosphopeptides in SORLA TG hippocampus. C, Components within the KEGG MAPK signaling pathway with upregulated peptides identified in SORLA TG
hippocampus. Components of the canonical EGFR/MAPK pathway are highlighted in blue. Mapped mouse and orthologous human phosphoresidues are shown. D, Schematic model depicting
putative activation of the MAPK pathway, potentially through SORLA interaction and activation of the EGF receptor. EGFR S991 phosphorylation (mouse S993) was identified through proteomic
analysis, and pY residues, such as EGFR pY1173 associated with EGF stimulation and downstream Ras/ERK activation, were identified by immunoblot analysis in response to sSORLA treatment.
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stimulation (Olsen et al., 2006) and is predicted to be a potential
MAPK phosphorylation site (www.phosphonet.ca), this suggests
that sSORLA may trigger downstream MAPK activation by inter-
acting with EGFR and promoting its activation (Fig. 4D). To test
this, we immobilized purified sSORLA on FLAG beads and incu-
bated sSORLA-FLAG beads (or FLAG beads alone) with mouse
brain lysates. We observed specific coprecipitation of sSORLA
with previously characterized interacting proteins, such as APP
and EphA4 (Andersen et al., 2006; Rogaeva et al., 2007; Huang et
al., 2016), and observed novel interactions between sSORLA and
EGFR, which have not been previously described (Fig. 5A).

Although did not detect differences in EGFR tyrosine phos-
phorylation between WT and SORLA TG cortex, enhanced
pS993 phosphorylation suggests that SORLA/sSORLA overex-
pression increases EGFR activation. To directly examine the
effects of sSORLA on EGFR activation (as seen through EGFR
tyrosine phosphorylation), we treated cultured primary cortical
neurons with purified sSORLA, and examined EGFR phospho-
rylation by immunoblot analysis. We found that sSORLA treat-
ment enhances EGFR phosphorylation on Y1173, a residue
previously shown to be phosphorylated in response to EGF stim-
ulation and consequently mediates docking to the Shc adaptor,
thereby recruiting Grb2 to trigger downstream Ras/ERK activa-
tion (Batzer et al., 1994; Okabayashi et al., 1994) (Fig. 5B).
Indeed, we found that primary cortical neurons treated with
sSORLA show increased EGFR pY1173 phosphorylation and
concurrent ERK phosphorylation (Fig. 5B,C). Importantly, we
also observed ERK activation in response to sSORLA exposure
in primary neurons (Fig. 5C), and in SORLA TG hippocampus
compared with WT (Fig. 5D) by immunoblot analysis. Together,
these results suggest that sSORLA binds EGFR and stimulates
activation of a canonical EGFR/ERK pathway.

EGFR and ERK activation are required for sSORLA-induced
enhancement of neurite regeneration
Our phosphoproteomic and immunoblot analyses indicate that
the EGFR/ERK pathway is upregulated by SORLA overexpression

or exposure to sSORLA. Since previous studies have demonstrated
that EGFR (Goldshmit et al., 2004) and ERK activation can pro-
mote neurite outgrowth (Kim et al., 1997; Perron and Bixby, 1999;
Gerecke et al., 2004; Wang et al., 2011; Wu et al., 2012), we exam-
ined whether EGFR and ERK activation are essential for sSORLA-
dependent neurite regeneration. Treatment of primary cortical
neurons with the EGFR inhibitor, Tyrphostin (100 mM AG-1478),
revealed almost complete inhibition of EGF- or sSORLA-depend-
ent EGFR and ERK activation (Fig. 6A,B). We also measured the
effects of EGFR inhibition on neurite outgrowth following wound
injury in cortical neurons treated with EGF or sSORLA, which
revealed that AG-1478 treatment abrogates the enhancement of
neurite outgrowth induced by EGF or sSORLA (Fig. 6C,D).

To determine whether sSORLA-mediated neuritogenic effects
are dependent on ERK activation, we treated WT cortical
neurons with sSORLA in the presence or absence of the MEK in-
hibitor, PD98059, and evaluated consequent effects on ERK acti-
vation and neurite outgrowth. We found that, while sSORLA
significantly elevates pERK levels in cortical neurons, concomi-
tant treatment with PD98059 abrogates ERK activation (Fig. 6E).
Furthermore, PD98059 abrogated enhanced neurite regeneration
with sSORLA treatment (Fig. 6F,G). Together, these results indi-
cate that sSORLA stimulates neurite regeneration through acti-
vation of EGFR and ERK.

sSORLA and SORLA overexpression activate Fos in brain
and cultured neurons
To identify potential downstreammediators of sSORLA-depend-
ent EGFR/ERK signaling, we performed RNAseq analysis to
identify changes in global gene expression in hippocampal tissue
from WT and SORLA TG mice. We identified 1379 DEGs in
SORLA TG hippocampus compared with WT, with a total of
449 upregulated and 930 downregulated genes (Fig. 7A,B;
Extended Data Fig. 7-1). KEGG and GO analyses identified
numerous KEGG pathways related to cell signaling, such as “Ras
signaling,” “MAPK signaling,” “focal adhesion” pathways, and
“axon guidance” (Fig. 7C; Extended Data Fig. 7-1). Interestingly,

Figure 5. sSORLA triggers EGFR and ERK activation. A, Characterizing sSORLA interaction with cell surface proteins. FLAG beads coupled to sSORLA-FLAGhis6 (or control FLAG beads) were
incubated with WT mouse brain lysate, and associated proteins were detected by immunoblotting as indicated (20 ng lysate input shown). B, Effects of sSORLA on EGFR/ERK activation. Cortical
neurons at DIV8 were treated with sSORLA for 0.5 h, and neuronal lysates were immunoblotted for pY1173 EGFR, EGFR, pERK, ERK, or actin as indicated. Densitometric measurements from
additional experiments were plotted in the adjacent graph (p= 0.0008, t test). C, D, sSORLA and SORLA overexpression triggers ERK activation. C, DIV9 cortical neurons were treated with
sSORLA for 0.5 h, and neuronal lysates were immunoblotted for pERK, ERK, or actin. pERK levels were quantified by densitometry, and normalized to ERK levels are shown in the adjacent graph
(control set to 1.0; 6 replicates from three experiments) (p= 0.0016, t test). D, Hippocampal lysates from 3.5-month-old WT (n= 6) and SORLA TG (TG) (n= 6) animals were immunoblotted
for SORLA, pERK, or ERK as indicated. pERK and ERK levels were quantified and normalized as in C (p= 0.0061, t test). Data are mean6 SE. **p, 0.01; ***p, 0.001; Student’s t test.
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Figure 6. EGFR and ERK activation is required for sSORLA-dependent enhancement of neurite regeneration. EGFR inhibition abrogates EGF and sSORLA-dependent EGFR activation. A, Cultured
cortical neurons were treated with EGF or sSORLA with or without the EGF inhibitor, AG-1478 as described in Materials and Methods. Lysates were then immunoblotted as indicated. B, pEGFR or
pERK levels normalized to total EGFR or ERK levels in immunoblots from A were plotted compared with the untreated control (set to 1.0): left, control versus EGF (p=0.0497), control versus sSORLA
(p= 0.0315), sSORLA versus sSORLA/inhibitor (p= 0.0228), t test; right: F(5,12) = 10.52, control versus sSORLA (p=0.0047), EGF versus EGF/inhibitor (p=0.0407), EGF versus inhibitor (p=0.0335),
sSORLA versus sSORLA/inhibitor (p=0.0022), one-way ANOVA with Tukey’s multiple comparisons. Characterizing the effects of EGFR inhibition on sSORLA-dependent enhancement of neurite regen-
eration. C, DIV6 cortical neurons were subjected to mechanical wound injury, and treated with EGF or sSORLA in the presence or absence of the EGF inhibitor AG-1478. After 16 h, neurons were fixed
and stained for tubulin (green), F-actin (red), and with DAPI (blue). Scale bar, 60 mm. D, Images from C were quantified for neurite length from the wound border in all neurons (total neurite
length, top) or averaged per image (average neurite length, bottom) (control, 201 neurites in 10 imaging fields; EGF, 150 neurites in 10 imaging fields; EGF with inhibitor, 166 neurites in 10 imaging
fields; inhibitor, 156 neurites in 8 imaging fields; sSORLA, 177 neurites in 8 imaging fields; sSORLA with inhibitor, 169 neurites in 8 imaging fields; 3 coverslips from 2 independent dissections/3 cul-
tures per treatment) (top: F(5,1014) = 128.9; bottom: F(5,48) = 69.98, control vs EGF, control vs sSORLA, EGF vs EGF/inhibitor, sSORLA vs sSORLA/inhibitor, p, 0.0001; bottom: one-way ANOVA with
Tukey’s multiple comparisons). E, WT DIV7 cortical neurons were treated with sSORLA (150 ng/ml), the MEK inhibitor PD98059 (100mM), or sSORLA and PD98059 in combination for 16 h. Neuronal
lysates were then subjected to immunoblot analysis as indicated, and pERK levels were quantified and normalized to total ERK (F(3,16) = 11.62, control vs sSORLA, p= 0.0104; sSORLA vs PD98059,
p= 0.0003; sSORLA vs sSORLA/PD98059, p=0.0014, one-way ANOVA with Tukey’s multiple comparisons). F, WT DIV7 cortical neurons were subjected to mechanical wounding, and exposed to
sSORLA, PD98059, or sSORLA with PD98059 as in E. Neurons were fixed 16 h following wounding, stained for tubulin (green), F-actin (red), and DAPI (blue), and imaged by confocal microscopy.
Scale bar, 20 mm. G, Images in F were quantified for total neurite length (from a minimum of 127 neurons/treatment; top) or averaged neurite length per imaged field (from a minimum of 9
fields/treatment; bottom): control, 180 neurites in 12 images, sSORLA, 140 neurites in 12 images; PD98059, 127 neurites in 11 images; sSORLA with PD98089, 134 neurites in 9 images; 3 coverslips
from 2 independent dissections/3 cultures per treatment; top: F(5,532) = 50.85, sSORLA versus control, sSORLA versus PD98059 and sSORLA versus sSORLA/PD98059 (p, 0.0001); bottom: F(3,28) =
14, control versus sSORLA (p= 0.0008), sSORLA versus PD98059 and sSORLA versus sSORLA/PD98059 (p, 0.0001), one-way ANOVA with Tukey’s multiple comparisons. B, E, Data are mean6 SE.
D, G, Data are mean 6 SD. Statistical significance: B, pERK/ERK, D, E, G, by One-Way ANOVA followed by Tukey’s multiple comparisons; and B, pEGFR/EGFR, One-Way ANOVA (F(5,12) = 4.625,
p= 0.0139) was used in (B), where p-values were determined by Student’s t-test. *p, 0.05, **p, 0.01, ***p, 0.001, ****p, 0.0001.
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differentially expressed transcripts in SORLA TG hippocampus
were also prominently represented in GO Biological Process
(BP) categories associated with neuronal morphogenesis, includ-
ing “neuron projection morphogenesis,” “axon regeneration,”
“axonogenesis,” and “activation of MAPK activity” (Fig. 7C).

Next, we filtered individual DEGs within GO BP categories
pertaining to axonal/dendritic outgrowth and regeneration, and
searched for upregulated potential enhancers of neurite out-
growth, and downregulated potential inhibitors of neurite out-
growth. We identified five upregulated enhancers of neurite
outgrowth (Irs1, Kif26b, Nrep, Scn1b, Fos) in our RNAseq data-
set, and five downregulated inhibitors of neurite outgrowth
(Sema3D, Sema3F, Unc5B, Lpar1, GpnmB) (Fig. 7D), and vali-
dated upregulation or downregulation of these transcripts by
qRT-PCR analysis, with the sole exception of Kif26b, which
showed little or no change (Fig. 7D).

Among the candidate DEGs identified by transcriptomic
analysis, we deemed Fos to be particularly relevant to neurite
outgrowth and ERK activation. Fos is an immediate early
response gene, and together with Jun, forms the AP-1 transcrip-
tion activation complex (Hai and Curran, 1991; Shaulian and
Karin, 2002). Importantly, Fos expression is rapidly induced dur-
ing neurite regeneration in axotomized neurons (Taylor et al.,
2005), and exogenous Fos expression is sufficient to induce neu-
rite outgrowth in the absence of external stimuli, such as NGF
(Gil et al., 2004). ERK MAPK signaling has been shown to
induce Fos expression through upstream Elk-1 phosphorylation

(a “ternary complex factor,” or TCF family member) (Janknecht
et al., 1993; Janknecht, 1995), which functions coordinately with
serum response factors at the upstream Fos serum-response ele-
ment (Mylona et al., 2011; O’Donnell et al., 2012). Fos is also
induced by growth factors, such as NGF, which enhance neurite
outgrowth (Gabellini et al., 1992; Gil et al., 2004). Together, this
suggests that Fos induction and activation may be triggered in
response to sSORLA-dependent ERK activation.

To test the involvement of Fos downstream of SORLA, we
examined whether sSORLA treatment and SORLA overex-
pression affect Fos activation in vitro and in vivo. In agree-
ment with upregulated Fos mRNA levels observed in SORLA
TG hippocampus (Fig. 7D), we detected increased nuclear
Fos localization in SORLA TG mouse hippocampus (Fig.
8A). Furthermore, we observed increased Fos protein expres-
sion in cultured neurons treated with sSORLA or NGF (Fig.
8B). Consistent with the increase in nuclear Fos transloca-
tion observed in SORLA TG hippocampus, we also detected
increased nuclear Fos distribution in cultured neurons
treated with sSORLA or NGF (Fig. 8C,D). Moreover, we
found that the MEK inhibitor, PD98059, abrogates nuclear
Fos translocation induced by sSORLA treatment (Fig. 8E,F).
Together, these results demonstrate a novel role for SORLA
and its soluble form, sSORLA in enhancing neurite out-
growth and regeneration through activation of the EGFR/
ERK pathway, and downstream Fos upregulation and nu-
clear translocation.

Figure 7. Changes in global mRNA expression in SORLA TG hippocampus. A, PCA analysis of transcriptomic profiles from WT (black) and SORLA TG (blue) hippocampus from 3-month-old
mice. B, Volcano plot represents differentially expressed transcripts in SORLA TG versus WT hippocampus. A total of 449 significantly upregulated (red) and 930 downregulated (blue) DEGs
were identified (Log2 fold change , �0.3 or. 0.3, p, 0.05). C, Selected KEGG pathways and GO BP categories, enriched in SORLA TG versus WT RNAseq datasets, were identified by GO
DAVID analysis. Pathways relevant to signal transduction (KEGG) or neurite outgrowth (GO BP) are shown (see also Extended Data Fig. 7-1). D, Potential enhancers (black) and inhibitors (gray)
of neurite outgrowth were selected from the KEGG or GO BP categories in C for validation by qRT-PCR. RNAseq profiles (left) and qRT-PCR validation (right, mean6 SE) are shown. The qRT-
PCR profiles show expected upregulation (enhancers) or downregulation (inhibitors) in the SORLA TG hippocampus, with the exception of Kif26b.
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Discussion
Although SORLA ectodomain shedding had been previously
characterized for well over a decade in mammalian cells
(Hermey et al., 2006), human neural precursor and neuroendo-
crine cell lines (Hampe et al., 2000), and invertebrate Hydra spe-
cies, such as Chlorohydra viridissima (Hampe et al., 1999), how
sSORLA potentially affects neuronal morphogenesis and func-
tion has not yet been explored. Importantly, SORLA has been
previously implicated as a genetic risk factor for AD; recent evi-
dence identified significant enrichment of rare loss-of-function
variants of the SORL1 gene in AD (Raghavan et al., 2018), sug-
gesting that SORLA dysregulation could significantly promote
AD onset and/or pathogenesis. Interestingly, analysis of cerebro-
spinal fluid from AD patients indicates that sSORLA levels are
reduced in AD, which correlates with a reduction in sAPP forms
in cerebrospinal fluid (Ma et al., 2009). Further, release of
sSORLA has been shown to be induced in acute mouse brain

slices (i.e., brain slice injury) (Hampe et al., 2000), and with re-
generative wounding stimulus in Hydra (Hampe et al., 1999),
suggesting that sSORLA levels increase in response to neuronal
injury. Although this provides evidence that sSORLA levels are
altered pathologically, whether sSORLA can affect brain function
has remained unclear. The prevailing assumption has been that
SORLA function is mediated primarily by intact, cell-associated
SORLA in neurons. Until now, whether sSORLA can be released
from neurons and its capacity to alter neuronal function are
issues that have not been addressed.

Here, we describe a new role for sSORLA in enhancing neu-
rite outgrowth and regeneration through activation of the EGFR/
ERK signaling pathway. The findings described here for sSORLA
are intriguingly similar to observations with a-secretase-cleaved
sAPPa. Purified sAPPa has been previously shown to enhance
neurite outgrowth in cortical neurons (Araki et al., 1991), poten-
tially through interactions with the b 1 integrin receptor

Figure 8. sSORLA and SORLA overexpression triggers Fos upregulation and activation. A, Brain tissue from 4-month-old WT and SORLA TG mice was sectioned, and sagittal sections were
stained for nuclei (hematoxylin, blue) or Fos (brown). Scale bar, 150 mm. Images were obtained from the dentate gyrus region using an Aperio Slide Scanner (Leica Microsystems). Nuclear Fos
in 100 mm2 sections in the dentate gyrus region was scored, and quantification is shown in the adjacent graph (3 animals, 6 sections/genotype; male mice were analyzed; p= 0.0087, t test).
B, Fos levels from DIV12 cortical neurons were treated with sSORLA (150 ng/ml) or NGF (20 ng/ml) for 60 min, and processed for immunoblot analysis. Quantification of Fos levels normalized
to actin from immunoblots is shown in the adjacent graph (compared with controls, set to 1.0): F(2,9) = 6.926, sSORLA versus control (p= 0.0199), NGF versus control (p= 0.0343), one-way
ANOVA with Tukey’s multiple comparisons. C, DIV18 WT hippocampal neurons were treated with sSORLA or NGF, stained for tubulin (green), Fos (red), or DAPI, and visualized by confocal mi-
croscopy. Scale bar, 60 mm. D, Fraction of neurons from the experiments in C with nuclear Fos staining were scored. Data points represent Fos nuclei/total nuclei (control, 49 neurons in 19
images; sSORLA, 55 neurons in 18 images; NGF, 71 neurons in 20 images; 5 coverslips from 2 independent dissections/3 cultures per treatment): F(2,55) = 15.47, control versus sSORLA
(p= 0.0138), control versus NGF (p, 0.0001), one-way ANOVA with Tukey’s multiple comparisons. E, WT cortical neurons at DIV8 were treated with sSORLA, PD98059, or sSORLA/PD98059 to-
gether for 16 h, and neurons were fixed and stained for tubulin (green), Fos (red), and DAPI (blue). Scale bar, 20mm. F, Neurons showing nuclear Fos staining over total neurons per field were
quantified from images in E (control, 283 neurites in 11 images; sSORLA, 259 neurites in 11 images; PD98059, 334 neurites in 11 images; sSORLA with PD98059, 317 neurites in 11 images; 3 cover-
slips from 2 independent dissections/3 cultures per treatment): F(3,36) = 72.83, control versus sSORLA and sSORLA versus sSORLA/PD98059 (p, 0.0001), one-way ANOVA followed by Tukey’s multi-
ple comparisons. Graphs represent mean6 SE. A, Student’s t test. B, D, F, One-way ANOVA followed by Tukey’s multiple comparisons. *p, 0.05, **p, 0.01, ***p, 0.001.
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(Young-Pearse et al., 2008), and by enhancing or potentiating
neurite outgrowth mediated by NGF-induced signaling (Milward
et al., 1992; Wallace et al., 1997). Similar to sSORLA, neuronal ex-
posure to sAPPa also enhances neurite outgrowth through ERK
activation (Gakhar-Koppole et al., 2008; Chasseigneaux et al.,
2011). In contrast to sSORLA, however, acute exposure to sAPPa
was not found to detectably affect ERK phosphorylation/activation
directly (Gakhar-Koppole et al., 2008). Thus, ADAM protease-de-
pendent cleavage of AD-related transmembrane proteins, such as
SORLA and APP, may serve to promote ERK-dependent neurito-
genesis through autocrine or paracrine sSORLA/sAPPa pathways.

Although neurite outgrowth and neuritogenic activity are
clearly critical during the development of the CNS, how neurito-
genic soluble proteins, such as sSORLA and sAPPa, may be
involved in late-stage AD is less clear. Histologic studies have
detected neurite/axonal outgrowth in brain regions with synaptic
pathology (Masliah et al., 1991), suggesting that pathogenic
events may be associated with compensatory neurite regenera-
tion. Although neurite growth is critical during early brain devel-
opment, neurite extension is also important during neurogenesis
in the adult dentate gyrus within the hippocampal formation.
Generation of nascent neurons from neural progenitor cells
within the dentate gyrus is thought to be important for synaptic
plasticity, pattern separation (Sahay et al., 2011), and spatial
memory (Stone et al., 2011). Although alterations in neurogene-
sis have been reported in some AD mouse models (Mu and
Gage, 2011) as well as human AD patients (Jin et al., 2004; Crews
et al., 2010; Perry et al., 2012; Gomez-Nicola et al., 2014),
whether neurogenesis can attenuate AD pathogenesis and mem-
ory impairment remains unclear. Interestingly, recent evidence
indicates that memory in AD mice can be improved through
combined enhancement of neurogenesis and stimulation of
BDNF pathways (Choi et al., 2018). Given that BDNF is a neuro-
trophic factor that enhances neurite outgrowth (Cheng et al.,
2011; Wang et al., 2015), together with evidence that BDNF can
enhance SORLA expression (Rohe et al., 2009; Young et al.,
2015), it may be interesting in future studies to determine
whether BDNF-associated effects on memory enhancement may
be dependent, at least in part, on SORLA/sSORLA. Indeed, neu-
rotrophins and neurotrophin receptors are currently targets of
interest in AD therapy (Cao et al., 2018); whether SORLA/
sSORLA association with neurotrophin pathways can be of
future interest remains to be determined.

Our results demonstrate a role for sSORLA in the regeneration
of dendrites and axons, which suggests that SORLA/sSORLA may
be important in pathologically relevant contexts, such as nerve
regeneration following injury. Interestingly, expression of the
SORLA homolog in the Hydrozoan, Chlorohydra viridissima is
enriched in developing buds, representing sites of reproductive
outgrowth (Hampe et al., 1999), suggesting that SORLA plays a
likely role in development and regeneration. Murine SORLA
shows high expression in the brain of developing embryos
(Hermans-Borgmeyer et al., 1998), suggesting that SORLA may
also be important in early neuronal differentiation and morpho-
genesis. Although a role for SORLA as a neuritogenic modifier
has not been previously demonstrated, our results integrate well
into broader known functions of SORLA in cell growth, differen-
tiation, and morphogenesis as described in Hydra and mice.
Moreover, observations that SORLA is expressed in the spinal
cord (Jacobsen et al., 1996) suggest that sSORLA could play a role
in promoting axon regeneration following spinal cord injury.
Indeed, neurotrophic BDNF infusion or grafting BDNF-secreting
cells in axotomized rodent spinal cord injury models have

demonstrated neuroprotective effects, including enhancement of
axon fiber regeneration (Bregman et al., 1997; Ye and Houle,
1997), neuronal survival (Kobayashi et al., 1997; Tobias et al.,
2003; Ruitenberg et al., 2004; Kwon et al., 2007), and promoting
neuronal plasticity during recovery from spinal cord injury
(Weishaupt et al., 2012). Furthermore, sSORLA infusion may
potentially circumvent toxicity effects associated with BDNF. For
example, BDNF secretion by activated microglia may complicate
recovery by promoting neuropathic pain pathways (Coull et al.,
2005; Zhang et al., 2012), and aggravate spasticity by inducing
overexcitability in spinal cord motor neurons (Boyce et al., 2012;
Lu et al., 2012). Thus, potential downstream mediators of nerve
recovery, such as sSORLA, may be particularly beneficial in ameli-
orating nervous system injury and neurodegenerative events.
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