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Abstract
Background Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disease. There is no cure currently. The 
discovery that mutations in the gene SOD1 are a cause of ALS marks a breakthrough in the search for effective treatments 
for ALS. SOD1 is an antioxidant that is highly expressed in motor neurons. Human SOD1 is prone to aberrant modifications. 
Familial ALS-linked SOD1 variants are particularly susceptible to aberrant modifications. Once modified, SOD1 undergoes 
conformational changes and becomes misfolded. This study aims to determine the effect of selective removal of misfolded 
SOD1 on the pathogenesis of ALS.
Methods Based on the chaperone-mediated protein degradation pathway, we designed a fusion peptide named CT4 and 
tested its efficiency in knocking down intracellularly misfolded SOD1 and its efficacy in modifying the pathogenesis of ALS.
Results Expression of the plasmid carrying the CT4 sequence in human HEK cells resulted in robust removal of misfolded 
SOD1 induced by serum deprivation. Co-transfection of the CT4 and the G93A-hSOD1 plasmids at various ratios demon-
strated a dose-dependent knockdown efficiency on G93A-hSOD1, which could be further increased when misfolding of SOD1 
was enhanced by serum deprivation. Application of the full-length CT4 peptide to primary cultures of neurons expressing 
the G93A variant of human SOD1 revealed a time course of the degradation of misfolded SOD1; misfolded SOD1 started to 
decrease by 2 h after the application of CT4 and disappeared by 7 h. Intravenous administration of the CT4 peptide at 10 mg/
kg to the G93A-hSOD1 reduced human SOD1 in spinal cord tissue by 68% in 24 h and 54% in 48 h in presymptomatic ALS 
mice. Intraperitoneal administration of the CT4 peptide starting from 60 days of age significantly delayed the onset of ALS 
and prolonged the lifespan of the G93A-hSOD1 mice.
Conclusions The CT4 peptide directs the degradation of misfolded SOD1 in high efficiency and specificity. Selective removal 
of misfolded SOD1 significantly delays the onset of ALS, demonstrating that misfolded SOD1 is the toxic form of SOD1 that 
causes motor neuron death. The study proves that selective removal of misfolded SOD1 is a promising treatment for ALS.
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CTM  Chaperone-mediated autophagy targeting motif
DBR  Derlin-1 binding region
Derlin-1  Degradation in endoplasmic reticulum protein 1
FALS  Familial amyotrophic lateral sclerosis
NSC  Neural stem cell
WT  Wild-type

Introduction

Amyotrophic lateral sclerosis (ALS) is characterized by 
selective loss of motor neurons leading to muscle weak-
ness, paralysis, and premature death. There is no cure. 
Mutations in the gene SOD1 are identified as a cause of 
familial ALS (FALS) [1]. Strong evidence supports that 
the FALS-linked SOD1 variants cause the degeneration 
of motor neurons through a “gain of an adverse property” 
[2] derived from aberrant conformational changes [3]. The 
FALS-linked SOD1 variants are readily susceptible to post-
translational modifications and become misfolded. Wild-
type human SOD1, when oxidatively modified, undergoes 
conformational changes and acquires the same toxic func-
tions observed for FALS-associated SOD1 variants [4–6]. 
Misfolded SOD1 is thus considered a toxic factor common 
to familial and sporadic ALS [4]. This study aims to inves-
tigate whether targeted suppression of misfolded SOD1 can 
serve as a viable approach in the development of successful 
therapies for ALS.

We have previously reported a novel technique that allows 
rapid knockdown of endogenous proteins by peptide-directed 
lysosomal degradation [7]. The technique involves the selec-
tive degradation of proteins with KFERQ-like sequences by 
lysosomes. This is accomplished by fusing a protein-specific 
peptide to a lysosomal targeting signal, which activates the 
lysosomal chaperone-mediated autophagy (CMA) path-
way and prompts the recognition and degradation of the 
endogenous protein [8]. The effectiveness of this method 
is evidenced by the efficient knockdown of both small 
(α-synuclein, 19kDa) and large (DAPK1, 160kDa) cytoplas-
mic proteins, as well as the PSD-95, a synaptic scaffolding 
protein, and the A53T pathological variant of α-synuclein 
[7].

Recent evidence has revealed that most pathogenic SOD1 
mutants share a common feature: their binding to Derlin-1, 
specifically the CT4 epitope, composed of 12 amino acids 
(FLYRWLPSRRGG) [9]. The protein–protein interaction 
(PPI) of misfolded SOD1 is a promising target for drug 
development as it plays a pivotal role in pathological condi-
tions. This interaction is facilitated by the exposure of a pre-
viously concealed Derlin-1-binding region (DBR) located on 
the N-terminus of SOD1, specifically between amino acids 
5 and 18. We designed a fusion peptide (TAT-CT4-CTM, 
named CT4), which is sensitive to the conformational state 

of SOD1. CT4 peptide comprises three distinct elements: a 
cell membrane-penetrating sequence (TAT) that facilitates 
delivery across the blood–brain barrier and cell membranes, 
a 12 amino acids Derlin-1-CT4 epitope that selectively tar-
gets misfolded SOD1 and a chaperone-mediated autophagy-
targeting motif (CTM) that directs the peptide-protein com-
plex towards lysosomal degradation. Here we show that the 
CT4 peptide directs degradation of misfolded SOD1 in high 
efficiency and specificity. Administration of the peptide sig-
nificantly delays disease onset and prolongs the lifespan of 
the G93A-hSOD1 mouse model of ALS. Our data provide 
direct evidence that misfolded SOD1 is the toxic form of 
SOD1 that causes motor neuron death. The study proves 
that selective removal of misfolded SOD1 is a promising 
treatment for ALS.

Materials and methods

Animals

All animal experiments followed the “Guide to the Care 
and Use of Experimental Animals” established by  the 
Canadian Council on Animal Care (CCAC). Transgenic 
mice carrying the G93A mutation of human SOD1 [B6.Cg-
Tg(SOD1*G93A)1Gur/J; 004435] and wild-type human 
SOD1 (B6.Cg-Tg(SOD1)2Gur/J; 002298) were obtained 
from Jackson Laboratory. Mouse colonies were maintained 
in the Central Animal Care Services, University of Mani-
toba. Mice carrying the human SOD1 transgenes were 
identified by PCR screening of ear-punched DNA. The 
mice were monitored with hind limb extension reflex, grip 
strength, and body weight twice a week from the presymp-
tomatic stage until the end stage. Any initial sign of limb 
muscle weakness in the grip strength test was considered 
the onset of ALS disease. Endpoint was defined as when 
the mouse could not right itself within 30 s when placed on 
its side, and the bodyweight loss reached 25% of the peak.

Plasmids

HA-CT4-CTM and HA-mCT4-CTM plasmids were con-
structed by inserting the CT4-CTM or mutant CT4-CTM 
coding sequence into the pEGFP-N2 vector (Addgene, 
Watertown, MA) using BglII and EcoRI restriction sites. 
The CT4-CTM and mCT4-CTM coding sequences were 
prepared by annealing a custom-designed oligonucleo-
tide duplex (Integrated DNA Technologies, Coralville, 
Iowa). pEGFP-N2 and CTM-GFP plasmids were prepared 
as described previously [7]. EGFP-tagged wild-type WT-
hSOD1 and G93A-hSOD1 were constructed in the same 
manner as previously reported [10]. WT-hSOD1 gene 
was cloned by RT-PCR from total RNA extracted from 
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WT-hSOD1 transgenic mouse and subcloned into pEGFP-
N1 (Clontech, Palo Alto, CA, USA). Similarly, the G93A-
hSOD1 gene was cloned by RT-PCR from total RNA 
extracted from G93A-hSOD1 transgenic mice. Plasmids 
pF141 pAcGFP1 SOD1WT (RRID: Addgene_26402) and 
pF145 pAcGFP1 G93A-hSOD1 (RRID: Addgene_26406) 
were a gift from Dr. Elizabeth Fisher. All the plasmid con-
structions were verified by sequencing. Transfections for 
transient expression of constructs were performed using 
FuGENE 6 transfection reagent (Promega, Madison, WI) 
according to the manufacturer’s instructions.

Cell sorting by flow cytometry

GFP positive population of transfected HEK293T cells 
was sorted by flow cytometry as previously described [11]. 
Briefly, cultured cells were trypsinized and resuspended in 
100μL ice-cold FACS buffer (PBS with 1.5% FBS, 25 mM 
HEPES pH7.0, and 1 mM EDTA into 75 mm polystyrene 
round-bottom test tubes. Cells were rinsed twice with 2 mL 
FACS buffer and resuspended in a final volume of ice-cold 
300 μL FACS buffer for analysis. Non-transfected HEK293T 
cells served as negative controls to calibrate the analyzer for 
each experiment. The GFP-positive population of cells were 
sorted based on the expression of GFP. The purity of the 
sorted populations was analyzed using a BD FACSCanto-II 
Digital Flow Cytometry Analyzer using FlowJo (Tree Star, 
USA) software.

Live cell labelling

For lysosomal staining, CHO cells that were transfected with 
GFP-tagged G93A-hSOD1 were seeded in Nunc Glass Bot-
tom Dishes (Thermo Fisher). After an overnight incubation, 
the cells were washed three times with PBS. Solutions of the 
LysoTracker™ Red (Thermo Fisher, #L7528) were prepared 
from stock solution with prewarmed 10% FBS DMEM. 
After adding the probe solution, the cells were incubated in 
a 5%  CO2 atmosphere at 37 °C for 30 min. Then, the super-
natant was discarded, and the cells were post-incubated with 
growth medium in a 5%  CO2 atmosphere at 37 °C for 4 h 
prior to Live-cell imaging.

Peptide administration

TAT-CT4-CTM (CT4) and TAT-mCT4-CTM (mCT4) pep-
tides were obtained from the Peptide Synthesis and Puri-
fication Core Facility at the University of British Colum-
bia. The peptides were administered to the G93A-hSOD1 
mice by intravenous (IV) or intraperitoneal (IP) injections. 
We observed peak body weight in our in-house colony 
at 100 days of age in young adult presymptomatic mice. 
Therefore, to test the short-term effect of CT4, 100-day-old 

G93A mice received IV injections at a dose of 10 mg/kg 
body weight q.d for three days. To determine the long-term 
therapeutic effect of CT4 on ALS, the G93A-hSOD1 mice 
randomly received either mCT4 or CT4 at 10 mg/kg body 
weight q.o.d through IP injection beginning at 60 days of 
age until being euthanized at the endpoint. We selected 
60 days because we would like to give the presymptomatic 
animal at least 1 month of treatment before the peak body 
weight. Gender and litter-balanced mice were assigned to 
each group.

GST pull‑down assay

A nucleotide sequence corresponding to GGGGS-CT4 was 
cloned in-frame with glutathione S-transferase (GST) in a 
pGEX-4T-1 vector (Invitrogen, Carlsbad, CA, USA). GST-
linked CT4 fusion protein was produced in E. coli, BL21 
(DE3, Thermo Fisher) cells by induction with 0.5 mM IPTG 
at 30 °C at OD600 of about 0.6–0.8 for 6 h. Pellets were then 
collected by centrifugation and discarding the medium. Pel-
lets were sonicated and centrifuged before purification. For 
negative control, GST protein was affinity purified simulta-
neously under similar conditions. GST protein interaction 
pull-down was done according to the manufacturer’s proto-
cols (Thermo Scientific, 21516). The purified protein was 
monitored with stain-free gel imaging.

Western blot analysis

Mice were deeply anaesthetized with isoflurane and tran-
scardially perfused with ice-cold PBS. Spinal cords and 
brains were collected and homogenized in 10 volumes of 
IP lysis buffer (Thermo Fisher, Waltham, MA. Cat# 87787) 
with 1% (v/v) protease inhibitor cocktails (Thermo Fisher, 
Waltham, MA. Cat# 78429). Homogenates were centrifuged 
at 21,000×g for 30 min at 4 °C, and supernatants were col-
lected for analysis. For the cell culture samples, cells were 
washed two times with ice-cold PBS, scraped in lysis buffer, 
and then transferred into a microcentrifuge tube. The cell 
suspensions were maintained in agitation for 30 min at 
4 °C. Then the cell lysates were centrifuged at 21,000×g for 
30 min at 4 °C, and the supernatants were collected. After 
BCA assay (Pierce, Rockford, IL, USA) for protein con-
centrations, the samples were boiled for 5 min in Laemmli 
sample buffer containing 2.5% β-mercaptoethanol, separated 
on 12% TGX Stain-Free polyacrylamide gels (Bio-Rad, Her-
cules, CA. Cat #1610185), and transferred to PVDF mem-
branes on a Trans-Blot Turbo Transfer System (Bio-Rad). 
Membranes were blocked with 5% (w/v) fat-free dry milk 
in Tris-buffered saline (10 mM Tris–HCl, pH 7.5, 150 mM 
NaCl) containing 0.05% Tween-20 for 1 h and incubated 
with primary antibodies overnight at 4 °C (see Supplemen-
tary Table 1 for the detail of primary antibodies). Blots 
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were washed thrice in TBST buffer and then incubated with 
appropriate secondary antibodies for 1 h at room tempera-
ture. The protein bands were visualized with the enhanced 
chemiluminescence reagent (ECL Prime, GE Healthcare. 
Cat# RPN2232) on an imager (ChemiDoc MP, imaging 
system, Bio-Rad).

Proximity ligation assay (PLA)

Protein–protein interactions between LAMP2 and misfolded 
SOD1 were analyzed using Duolink in situ Red Starter 
Kit (DUO92101, Millipore Sigma Canada Co., Oakville, 
Ontario). CHO cells were transfected to overexpress G93A-
hSOD1 protein tagged with GFP. G93A-hSOD1 overex-
pressing CHO cells seeded on poly-d-lysine (PDL) coated 
coverslips were fixed with 4% paraformaldehyde. The cells 
were washed with PBS and permeabilized using 0.25% Tri-
ton X-100 in PBS for 10 min, followed by incubation with 
Duolink blocking solution in a preheated humidified cham-
ber at 37 °C for 1 h. Primary antibody solution contain-
ing mouse-anti-GFP 1:2000 and rabbit-anti-LAMP2 1:200 
was added and incubated for 1 h in a preheated humidified 
chamber at 37 °C. Then, secondary antibodies conjugated 
with oligonucleotides were added and incubated for 1 h at 
37 °C, followed by incubation with a ligation-ligase solution 
for 30 min at 37 °C, which consists of two oligonucleotides 
and ligase. In this step, the oligonucleotides hybridize to 
the two PLA probes and join a closed loop if they are in 
close proximity. After ligation, the samples were incubated 
with amplification polymerase solution for 100 min at 37 °C, 
which consists of nucleotides and fluorescently labelled oli-
gonucleotides. Coverslips were mounted on the slide using 
Duolink mounting medium with DAPI. The PLA signals 
were visible as a distinct fluorescent spot, and images were 
obtained using a Carl Zeiss AxioImager Z2 microscope and 
processed with Zen Pro imaging software (Zeiss, Germany).

Immunostaining

Cells were fixed in 4% paraformaldehyde in PBS pH 7.4 
for 15 min at room temperature and washed thrice with 
PBS. Samples were incubated for 10 min in PBS containing 
0.25% Triton X-100 (PBST) to improve the penetration of 
the antibody. After three times washing with PBS, coverslips 
were incubated in 1% BSA in PBST for 30 min to block the 
unspecific binding of the antibodies. After blocking, sam-
ples were incubated with primary antibodies in 1% BSA 
overnight at 4 as indicated in Supplementary Table 1. Fol-
lowing three additional washes, secondary antibodies were 
applied and incubated for 1 h at room temperature in the 
dark. After being washed three final times, cells were incu-
bated with Hoechst 33342 (Thermo Fisher) to counterstain 
for nuclei, and then coverslips were mounted with a drop of 

fluorescence mounting medium (Dako North America, Inc. 
Carpinteria, CA). For spinal cord and sciatic nerves stain-
ing, 24 h after the last CT4 injection, lumbar spinal cord and 
sciatic nerves were isolated, postfixed in 4% PFA for 24 h, 
dehydrated in 30% sucrose at 4 °C overnight, and embedded 
in Tissue-Tek (Sakura). Cryosections (14 μm) were thaw-
mounted onto coated glass slides (Superfrost Plus, Fisher) 
and immunohistochemically stained with primary antibodies 
in 1% BSA overnight at 4 as indicated in Supplementary 
Table 1. Fluorescence pictures were taken on a Carl Zeiss 
AxioImager Z2 microscope and processed with Zen Pro 
imaging software (Zeiss, Germany). Fluorescence intensi-
ties were analyzed using the Image J software.

Culture of embryonic neural stem cells

As previously described [12], timed pregnant female 
C57BL/6 mice mated with G93A-hSOD1 male mice were 
humanely euthanized by  CO2 gas followed by cervical dis-
location, and embryos were removed. The day of the posi-
tive vaginal plug was considered as E0.5 of pregnancy, and 
embryos were collected at E14.5 and placed in Earle’s Bal-
anced Salt Solution (EBSS) solution on ice. Transgenic 
embryos were genotyped by PCR of DNA obtained from 
tails. The brain was removed, and then cortices were dis-
sected out, triturated, and cells passed through a 40 μM 
mesh. Cells were maintained in Complete StemPro NSC 
media containing basic fibroblast growth factor (bFGF) 
(20 ng/ml) and human epidermal growth factor (hEGF) 
(20 ng/ml) to maintain NSC characteristics. For differen-
tiation, the NSCs were harvested by centrifugation and 
plated on a poly-l-ornithine and laminin-coated vessel in 
the complete StemPro NSC medium. For morphological 
studies, a total of 150,000 cells were plated on each cover-
slip, and for biochemical studies, 750,000 cells per 6-well 
plate well were seeded. The medium was changed to a neu-
ral differentiation medium containing 2 mM GlutaMAX-
I supplement(GibcoCat# 35050-061) and 2% serum-free 
B-27 supplement (Gibco Cat # 17504-044) after 2 days of 
incubation. The cells were fed every third day by aspirating 
half of the medium from each well and replacing it with 
a fresh neural differentiation medium. The enriched neu-
ronal culture was confirmed by MAP-2 staining. The spinal 
cords from E14.5 embryos were dissected and disassoci-
ated for myelinating culture [13]. For morphological stud-
ies, 150,000 cells were plated on each poly-l-lysine coated 
coverslip. The cultures were fed thrice weekly by replacing 
half of the medium.

SOD1 aggregation and thiol oxidation assay

Differential extractions were used to assess SOD1 aggrega-
tion as previously described [14, 15]. Cells were scraped 
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from the culture dish in PBS and centrifuged to pellet the 
cells before the pellets were resuspended in 100 μl 1 × TEN 
(10 mM Tris, 1 mM EDTA, and 100 mM NaCl). The resus-
pended cell culture pellets were then mixed with an equal 
volume of extraction buffer A (1 × TEN, 1% Nonidet P40, 
and protease inhibitor cocktail 1:100 dilution) and sonicated 
with a probe sonicator with 50% output for 30 s (50 W at 
20 kHz, FB50, Fisher Scientific, Pittsburgh, PA, USA). The 
resulting lysate was centrifuged for 5 min at > 100,000 × g 
in an ultracentrifuge (Optimal L-90k, Beckman Coulter, 
USA) to separate the pellet (P1) from the supernatant (S1). 
The supernatant (S1) was decanted and saved for analy-
sis. The pellet (P1) was washed with 200 μl of extraction 
buffer B (1 × TEN and 0.5% Nonidet P40) by sonication 
(50% for 30 s). The extract was then centrifuged for 5 min 
at > 100,000×g in a Beckman Airfuge to separate a pellet 
(P2) from the supernatant. The P2 fraction was resuspended 
in buffer C (1 × TEN, 0.5% Nonidet P40, 0.25% SDS, and 
0.5% deoxycholic acid) by sonication (50% power setting 
for 30 s) and saved for analysis. Protein concentration was 
measured in S1 and P2 fractions by the BCA methods as 
described by the manufacturer (Pierce). For sandwich 
ELISA, a Human Cu/ZnSOD Matched Antibody Pair Kit 
(Thermo Fisher, #BMS222MST) was used to detect and 
quantify protein levels of human Cu/ZnSOD in cell lysates 
following the manufacturer’s protocol. To assess the thiol-
disulfide status of the SOD1, aliquots were incubated in an 
aerobic chamber at room temperature overnight to allow 
cysteine oxidation. At the same time, anaerobic preserved 
samples were used as a reference. The capture antibody 
(SOD1 P222MS, 2.5 μg/mL) was adsorbed on wells of an 
ELISA plate (F96 cert. MaxiSorp™ Immuno-plate: Nunc, 
Roskilde, Denmark), to which samples containing the same 
amount of hSOD1 were applied. Maleimide-activated HRP 
was then used to determine the thiol content of the cap-
tured SOD1 among groups, as the activated HRP presents 
an available maleimide group that can react with sulfhydryl-
containing SOD1. Absorbance was measured on a Synergy 
Mx multi-mode microplate reader (BioTek).

Histology analysis

Histological examination of the lumbar spinal cord was per-
formed at 149 days of age (median life span, according to 
our pilot work). For hematoxylin and eosin staining, the tis-
sues (brain, heart, spinal cord, kidney, liver, muscle, lung, 
and spleen) were fixed overnight in 10% buffered formalin 
at room temperature and processed for paraffin embedding. 
Tissues were dehydrated using 70% ethanol for 1 h, 95% 
ethanol for 3 h, 100% ethanol for 6 h, and xylene for 2.5 
h. The tissues were then equilibrated in two melted paraf-
fin baths for 6 h. Tissues were then embedded in paraffin 
blocks, and paraffin-embedded 5μM sections were stained 

with hematoxylin solution for 5 min followed by eosin solu-
tion for 3 min. The mounted slides were then visualized 
using light microscopy, and images were taken using a Carl 
Zeiss M2 microscope and processed with Zen Pro imaging 
software (Zeiss, Germany). For Nissl staining, the L4 spinal 
cord segments were collected and fixed in 4% paraformal-
dehyde (w/v) for 24 h at 4 °C. Samples were cryoprotected 
in 30% sucrose in PBS solution overnight, embedded in 
OCT CryoCompound (Sakura CN: 1437355) and cut into 
12 μM-thick sections. The sections were stained with a 
NovaUltra Nissl Stain Kit (IHC WORLD, Woodstock, MD. 
Cat# IW-3007) and observed on a Carl Zeiss M2 microscope 
(Zeiss, Germany). Nissl-positive cells were counted in 3 ran-
domly selected sections per sample in the ventral horn of the 
spinal cord and analyzed using the Image J software.

Statistical analysis

All data collection was performed in a blinded manner. Data 
are presented as the mean ± SD. For statistical comparison 
between the two groups, the Student’s t-test was used. Mul-
tiple comparisons were performed by one-way ANOVA fol-
lowed by Bonferroni’s multiple comparisons test or Two-
way ANOVA followed by Sidak’s multiple comparisons 
test. P values less than 0.05 were considered statistically 
significant for all statistical tests.

Results

A peptide‑directed selective knockdown 
of misfolded SOD1

We designed a peptide-directed chaperone-mediated pro-
tein degradation pathway to target misfolded human SOD1 
(Fig. 1a). The pathway consists of the transduction domain 
of HIV TAT protein capable of crossing the cell membrane 
and the blood–brain barrier [16], the CT4 sequence that 
selectively binds to misfolded SOD1, and the CMA targeting 
motif (CTM) destined for lysosomes [7]. The CT4 is a cyto-
solic carboxyl-terminal region of degradation in endoplas-
mic reticulum protein 1 (Derlin-1), which is part of a protein 
complex that mediates endoplasmic-reticulum-associated 
degradation in chaperone-mediated autophagy [17, 18]. 
Derlin-1 interacts with virtually all FALS-linked variants of 
SOD1 [19]. The CT4 epitope of Derlin-1 is composed of 12 
amino acids, which is minimally required but sufficient for 
interaction with misfolded species of human SOD1 derived 
from either its WT or mutant forms [9]. Human SOD1 con-
tains a masked Derlin-1 binding region (DBR) at amino 
acids 5–18. When SOD1 becomes misfolded, the confor-
mational DBR epitope is exposed for binding with the CT4 
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motif of Derlin-1 [20]. For control, we changed 2Rs into 2Ls 
within the CT4 epitope, hence called mCT4.

We first verified the binding of the CT4 epitope to mis-
folded SOD1. A GST-linked CT4 (GST-GGGGS-CT4) 
was immobilized on a glutathione affinity matrix to capture 
misfolded SOD1. As shown in Fig. 1b, the GST-GGGGS-
CT4 pulled down a SOD1 band in protein samples prepared 
from the spinal cords of the G93A-hSOD1 mice but not 
from the non-transgenic or the transgenic mice express-
ing WT-hSOD1. To confirm the CTM signal of the peptide 
was sufficient for directing the peptide-misfolded SOD1 to 
lysosomes, CHO cells were transiently transfected with an 
EGFP-tagged G93A-hSOD1 construct and then treated with 
CT4 (TAT-CT4-CTM) or mCT4 (TAT-mCT4-CTM) peptide 
at 20 μM for 3 h. In situ proximity ligation assay (PLA) 
revealed a robust increase in co-localization of human SOD1 
with LAMP2A, the CMA receptor, on lysosomes (Fig. 1c).

We then performed live-cell imaging to label and track 
the hSOD1 in mCT4 or CT4 peptide-treated cells. The cells 
were stained with LysoTracker Red to label lysosomes, and 
the spatial fluorescence patterns of the hSOD1 fusion pro-
tein were observed to substantially redistribute and overlap 

with the LysoTracker Red after CT4 peptide treatment, indi-
cating an increased affinity of hSOD1 for lysosomes. This 
result was expected, as the CT4 peptide has been shown to 
enhance the lysosomal targeting of fusion proteins, leading 
to improved protein degradation and clearance. Quantifica-
tion of GFP intensity demonstrated a significant decrease by 
35.6% at 50 min after the application of CT4, while in the 
mCT4-treated cells, all images showed diffusely distributed 
cytosolic G93A-hSOD1. No redistribution nor reduction 
in expression was observed (Fig. 1d). To determine knock-
down efficiency, we co-expressed G93A-hSOD1 with HA-
tagged CT4-CTM or mCT4-CTM constructs at different 
molar ratios in CHO cells. Immunoblot analysis showed that 
co-expression of CT4-CTM decreased the level of mutant 
human SOD1 in a dose-dependent manner. Levels of G93A-
hSOD1 were reduced by 72.5 ± 3.6% at a 1:1/8 transfection 
ratio and 56.7 ± 4.4% at a 1:1/16 ratio compared to the cells 
co-transfected with mCT4-CTM. Levels of mutant SOD1 
did not show a significant decrease at ratios of 1:1/32 and 
1:1/64 (Fig. 1e).

Serum deprivation is known to induce misfolding of WT-
hSOD1[19]. To test the effects of serum deprivation on CT4-
directed knocking down of SOD1, we transiently expressed 
the GFP-tagged CT4-CTM or mCT4-CTM in the human 
embryonic kidney (HEK) 293T cells, 1 ug total DNA/3 ×  105 
cells were performed. Twenty-four hours after the transfec-
tion, serum deprivation was applied to induce misfolding 
of endogenous hSOD1. Co-immunofluorescence staining 
revealed decreased levels of human SOD1 in the CT4-CTM 
transfected HEK cells (GFP positive) compared to their 
adjacent non-transfected (GFP negative) cells 24 and 48 h 
after serum deprivation (Fig. 1f). HEK293T cells transfected 
with the control plasmid mCT4 did not show a difference 
compared to non-transfected cells. The result indicates that 
the CT4-CTM motif could knock down misfolded but not 
native WT-hSOD1. GFP-positive cells with serum depriva-
tion for 0 h and 48 h were then collected through FACS for 
Immuno-blot analysis. Results showed that 48 h after serum 
deprivation, CT4-CTM transfection decreased human SOD1 
by 82 ± 2.3% compared to non-transfected cells (Fig. 1g). 
CTM alone did not induce a reduction of human SOD1. No 
significant knockdown of human SOD1 was detected in the 
control group, suggesting no interaction between CT4 and 
WT-hSOD1.

CT4 peptide potently knocks down misfolded 
G93A‑hSOD1 endogenously expressed in neurons

We determined the knockdown efficacy of CT4 on human 
SOD1 endogenously expressed in neurons. Neurons were 
prepared from mouse embryonic neuron stem cells (NSC) 
expressing the G93A mutation of human SOD1. Applica-
tion of the CT4 peptide to the neurons for 3 h revealed a 

Fig. 1  CT4-directed CMA system for degradation of misfolded 
SOD1. a Amino acid sequences of the CT4-directed CMA sys-
tem. The system consists of three motifs: TAT, CT4, and CTM. It 
is designed to penetrate the plasma membrane, bind with misfolded 
SOD1, and destinate to lysosome for proteolysis. mCT4, 2Rs were 
changed into 2Ls within the CT4 epitope as control. b Affinity bind-
ing assay showed that the GST-tagged CT4 epitope of Derlin-1 
pulled down misfolded SOD1 from the G93A-hSOD1 but not the 
WT-hSOD1 and non-transgenic mice. Input contained total human 
SOD1 in each spinal cord lysate. Each lane was loaded with 10  μg 
of protein. n = 4. c Co-localization of G93A with LAMP2. CHO cells 
expressing the GFP-tagged G93A-hSOD1 were treated with 20  µM 
CT4 peptide or mCT4 for 3 h, followed by proximity ligation assay 
(PLA) using anti-GFP and anti-LAMP2 primary antibodies. Red 
spots indicated interactions between GFP and LAMP2. n = 21 cells 
from 3 experiments. The scale bar represents 5 µm. d Live cell imag-
ing on lysosomal degradation of misfolded SOD1. After bath applica-
tion of CT4 or mCT4 (20 µM) to CHO cells expressing GFP-tagged 
G93A-hSOD1, the GFP and LysoTracker Red were recorded at inter-
vals of 30 s for 50 min. n = 18 cells from 3 transfections. The scale 
bar represents 0.2  µm. e Levels of hSOD1 in CHO cells 48  h after 
double transfection with various plasmid ratios of G93A-hSOD1 to 
HA-CT4-CTM or HA-mCT4-CTM. The membranes were re-probed 
for β-actin to serve as loading controls. The intensities of the hSOD1 
bands were normalized to means of G93A/mCT4 at 1:1/8. n = 9 
from 3 independent experiments. Data were analysed with one-way 
ANOVA followed by Bonferroni’s multiple comparison post-test. 
**P < 0.001 *P < 0.005. Bars represent mean ± SD. f Representa-
tive immuno-florescence images of HEK 293T cells transfected with 
CT4-CTM or mCT4-CTM with serum deprivation for 0 h, 24 h, and 
48 h, respectively. Arrows point to positively transfected cells. Scale 
bar: 10 μm. g Levels of hSOD1 in HEK 293T cells 0 h or 48 h after 
transient transfection with HA-CT4-CTM or HA-CTM. Shown are 
means ± SD of relative protein levels, normalized to means of the 
non-transfected; n = 9 from 3 separate cultures. Data were analysed 
with one-way ANOVA followed by Bonferroni’s multiple comparison 
post-test. **P < 0.01. Bars represent mean ± SD
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dose-dependent decrease of SOD1. Exposure to CT4 pep-
tide, even at a low concentration (0.2 μM) for 3 h, reduced 
G93A-hSOD1 by 31%. At 5 µM, the knockdown efficacy 
increased to over 79% (Fig. 2a). Time-course analysis of 
primary neurons exposed to CT4 at 5 µM showed that lev-
els of SOD1 decreased significantly 3 h after exposure to 
CT4 (Fig. 2b). Consistent with the western blot analysis, 
immunofluorescence staining with antibodies to MAP2 and 
to misfolded SOD1 (B8H10, MediMabs) revealed that the 
expression of G93A-hSOD1 was reduced throughout neu-
rons in the presence of the CT4 peptide. Cells were treated 
with CT4 peptide for 2 h at 5 µM and then analyzed at dif-
ferent recovery time points (Fig. 2c). We selected a treat-
ment duration of 2 h based on pilot studies conducted in our 
laboratory, which indicated that this period was necessary 
for achieving the desired effect. Noticeably, expression of 
G93A-hSOD1 recovered 24 h after initial exposure to CT4. 
Cells that acquired MAP2-positive immunoreactivity in 
the control group had no changes in the expression of mis-
folded SOD1 as detected by the B8H10 fluorescence inten-
sity (Fig. 2c). Treatment of CT4 dose- and time-dependently 
reduced misfolded SOD1, and the peptide treatment did not 
appear to show toxicity to the cells. Differentiating neural 
stem cells (NSC) to neurons, astrocytes, and oligodendro-
cyte lineages, further analysis showed that exposure to CT4 
peptide resulted in significant reduction of misfolded SOD1 

in astrocytes but not in oligodendrocyte precursor cells and 
mature oligodendrocytes (Supplementary Fig. 1A). We fur-
ther tested the effect of CT4 on levels of SOD1 in a myeli-
nating culture prepared from the G93A-hSOD1 mice spinal 
cord. As expected, exposure to CT4 at a final concentra-
tion of 5 µM resulted in a significant reduction of misfolded 
SOD1 (Fig. 2d). We verified the cell type-specific knock-
down in the G93A-hSOD1 mice that received CT4 intra-
venously for 3 days at 10 mg/kg body weight. Spinal cord 
samples were collected at 24 h after the last injection. Immu-
nostaining confirmed the reduction of misfolded SOD1 in 
spinal cord motor neurons (Fig. 2f) and astrocytes (Supple-
mentary Fig. 1B), as well as in sciatic nerve (Fig. 2e).

CT4 preferentially reduces detergent‑soluble 
species of misfolded SOD1 through lysosomes

To determine the aggregation propensity of misfolded 
SOD1, CHO cells were transiently transfected with wild-
type human SOD1 and G93A constructs. Non-transfected 
cells were used as controls. Both WT-hSOD1 and the G93A-
hSOD1 variant were present in the soluble fraction (S1) as 
detected with an antibody (Abcam AB52950) recognizing 
human SOD1. In the insoluble fraction (P2) fraction, how-
ever, hSOD1 was only detected 48 h post-transfection in 
the G93A-expressing cells (Fig. 3a). To verify this result, 
we used a pan-SOD1 antibody (ThermoFisher MA1-105), 
which recognizes both human SOD1 and hamster SOD1. As 
expected, in the soluble fraction (S1), hSOD1 was detected 
in WT-hSOD1 and G93A-hSOD1 transfected groups. At 
the same time, hamster SOD1 was present in all groups 
(Fig. 3b). Noticeably, in the insoluble fraction (P2), hSOD1 
was only detected 48 and 72 h after transfection in the cells 
expressing G93A-hSOD1. In addition, a SOD1 band in 
the insoluble fraction (P2) was detected at a position cor-
responding to the SOD1 dimer, indicating that dimerization 
and aggregation of the misfolded G93A-hSOD1 could take 
up to 48 h (Fig. 3b). These data reveal that misfolded SOD1 
has a higher aggregation propensity compared with native 
human SOD1.

We further tested the role of lysosomes in the CT4-
directed degradation of misfolded SOD1. Neuron-enriched 
cultures prepared from embryonic neural stem cells of the 
G93A-hSOD1 mice were treated with ammonium chloride 
 (NH4Cl), a lysosomotropic inhibitor, at 10 mM and then 
exposed to CT4 at 5 µM for 3 h. As shown in Fig. 3c, treat-
ment with the CT4 peptide alone significantly reduced the 
levels of SOD1, especially in the soluble fractions. Pre-treat-
ment of cells with  NH4Cl blocked the knockdown efficacy of 
CT4 on misfolded SOD1. Nutrient deprivation by incubating 
the cells in Earle’s Balanced Salt Solution (EBSS) to acti-
vate lysosomal activity led to significantly decreased SOD1 
levels in all fractions (Fig. 3c).

Fig. 2  CT4 removes misfolded SOD1 endogenously expressed in 
neurons. a Dose-dependent knockdown on SOD1 endogenously 
expressed in neurons. Neurons prepared from transgenic mice 
expressing G93A-hSOD1 were treated with CT4 at 0  μM, 0.2  μM, 
1 μM, or 5 μM for 3 h. b Time-course of CT4-directed knockdown 
of misfolded SOD1 in primary neurons expressing G93A-hSOD1. 
n = 9 cultures prepared from 3 mice. Blots in a, b were probed with 
the A5C3 antibody. Data were analyzed with one-way ANOVA fol-
lowed by Bonferroni’s multiple comparison post-test. *P < 0.05; 
**P < 0.01. n = 9 cultures prepared from 3 mice. c Levels of mis-
folded SOD1 in neurons expressing G93A-hSOD1 after treatment 
with CT4 (5  μM). The neurons were immunostained with B8H10 
(red) and MAP2 (green) antibodies. Scale bar = 20  μm. d Immuno-
fluorescence staining with antibodies to pNF-H (green) and misfolded 
SOD1 (B8H10, red) after treatment with CT4 in myelinating culture. 
Scale bar = 100 μm (for lower magnification) and 20 μm (for higher 
magnification). e, f Knockdown of misfolded SOD1 in the sciatic 
nerve and spinal cord of the G93A-hSOD1 mice treated by intrave-
nous injection of CT4 or mCT4 at 10  mg/kg body weight daily for 
three days at the age of 100 days. e Sciatic nerves were harvested at 
24 h afterwards. Sections of sciatic nerves were immunostained with 
antibodies to MBP (green), and misfolded SOD1 (red) was detected 
with the B8H10 antibody. Shown are staining intensities of misfolded 
SOD1 in axons. n = 4 mice. Scale bars equal 20 μm (for lower mag-
nification) and 5  μm (for higher magnification). f Spinal cord sec-
tions were immunolabeled with an antibody to CHAT (Green), and 
misfolded SOD1 (red) was detected with the B8H10 antibody. Shown 
are staining intensities of misfolded SOD1 in CHAT-positive neu-
rons. n = 4 mice. Scale bar: 100 μm (lower magnification) and 10 μm 
(higher magnification). Data in d–f represented mean ± SD and was 
analyzed with a two-tailed Student’s t-test. **p < 0.01
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Our previous study showed that oxidative modification of 
cysteine 111 promoted the formation of disulfide bond-inde-
pendent aggregation of SOD1 [21]. We assessed the effects 
of CT4 peptide on the thiol-disulfide status of SOD1. The 
G93A variant of human SOD1 showed a significant reduc-
tion in the aerobic/anaerobic ratio of thiols (∆-SH) com-
pared to the WT-hSOD1 in thiol oxidation assay (Fig. 3d). 
Bath-application of CT4 to the G93A-hSOD1 neurons at 5 
µM for 48 or 72 h markedly increased the aerobic/anaero-
bic ratio of thiols when compared with the mCT4 control 
(Fig. 3d), suggesting a selective removal of oxidized SOD1 
by CT4.

CT4 robustly reduces misfolded SOD1 
and delays disease onset, and prolongs lifespan 
in the G93A‑hSOD1 mouse model of ALS

We first tested the knockdown efficacy of CT4 administered 
intraperitoneally on misfolded SOD1. At 100 days of age, 
G93A-hSOD1 mice received either mCT4 or CT4 at 10 mg/
kg body weight daily for three days. Tissues were harvested 
at 24 h, 48 h, 1 week, and 2 weeks after the last injection. 
For the brain, frontal and temporal cortices were analyzed, 
and for the spinal cord, lumbar sections were collected for 
the experiment. Levels of misfolded SOD1, as detected by 
western blot with an antibody specific for misfolded SOD1 
(A5C3, MediMabs) in the spinal cord, brain, liver, and 
muscle of the G93A-hSOD1 transgenic mice, had signifi-
cantly reduced levels of SOD1 at 24 h and 48 h after CT4 

treatment compared with groups treated with mCT4 (Fig. 4). 
The A5C3 antibody reacted specifically against misfolded 
SOD1 when loading amount of protein was below 10 µg 
(Supplementary Fig. 2). Levels of misfolded SOD1 recov-
ered 1 week or 2 weeks (data not shown) after CT4 peptide 
treatment (Fig. 4).

We then tested the effects of CT4 on disease onset and 
progression in the G93A-hSOD1 mouse model of ALS. 
Mice received IP injections of CT4 or mCT4 at 10 mg/kg 
q.o.d from 60 days of age until the endpoint. Any initial 
sign of limb muscle weakness was considered the onset of 
ALS disease. As shown in Fig. 5a, mice treated with CT4 
significantly delayed reaching the peak body weight and 
the onset of disease. As reflected by the duration from 10% 
body weight loss to the endpoint, disease progression was 
also slowed down (p < 0.05). Notably, chronic treatment 
with CT4 significantly extended the lifespan of the G93A-
hSOD1 mice by an average of 22.5 days compared to those 
treated with mCT4 (n = 13 for mCT4 group and n = 15 for 
CT4 group; P < 0.01). No gender difference in survival 
was seen in G93A mice. Histological examination of the 
lumbar spinal cord of mice at 149 days of age (median life 
span, according to our pilot work) showed that there were 
significantly more ventral horn neurons in the CT4-treated 
than in the mCT4-treated animals. However, there was a 
significant loss of ventral horn neurons in the CT4-treated 
mice compared with that in the WT-hSOD1 mice (Fig. 5b). 
Consistent with the changes in ventral horn neurons in the 
lumbar spinal cord, there was a 70% increase (an increase of 
93 axons, P < 0.01) in the L5 ventral root in the CT4-treated 
group compared with mCT4 control (Fig. 5c). There were 
no signs of toxicity observed in cells and in all the animals 
receiving either CT4 or mCT4. Wild-type mice treated with 
CT4 or mCT4 at the same concentration daily for 113 days 
did not show any pathological changes in the brain, heart, 
spinal cord, kidney, liver, muscle, lung, and spleen (Sup-
plementary Fig. 3).

Discussion

In the present study, we have designed a peptide-directed 
chaperone-mediated protein degradation pathway for intra-
cellularly misfolded human SOD1. We have provided 
in vitro and in vivo evidence demonstrating its efficacy in 
selectively knocking down misfolded SOD1. Importantly, 
administration of the CT4 peptide significantly delays dis-
ease onset in the G93A-hSOD1 mouse model of ALS. To 
our knowledge, this is the first study that targets selectively 
misfolded SOD1. Our data provide direct evidence that mis-
folded SOD1 is the toxic form of SOD1 that causes motor 
neuron death.

Fig. 3  CT4 removes misfolded SOD1 in detergent-soluble fraction 
through lysosomes. a, b ALS-linked G93A-hSOD1 is detectable 
in both detergent-insoluble (P2) and soluble (S1) fractions. CHO 
cells were transfected with constructs of WT-hSOD1 and G93A-
hSOD1 for indicated hours. Blots were probed with the antibody 
that recognizes only hSOD1 (a) or pan-SOD1 antibody recognizing 
both human and hamster SOD1 (b). c Neurons differentiated from 
embryonic NSCs of the G93A-hSOD1 mice were pretreated with or 
without 10 mM  NH4Cl or EBSS for 1 h, followed by treatment with 
5 µM CT4 for 3 h. After treatment, total cellular extracts, detergent-
soluble and insoluble fractions from cells were prepared. Equal vol-
umes of lysates with a total of 10 µg protein were loaded to 12% TGX 
stain-free polyacrylamide gels. Total protein generated by stain-free 
visualization was used as loading controls. Data on SOD1 expres-
sion were analyzed with one-way ANOVA followed by Bonferroni’s 
multiple comparison post-test. **P < 0.01. Bars represent mean ± SD. 
n = 3. d A modified immunosorbent assay was used to detect the 
thiol-disulfide status of the SOD1 in non-transgenic, WT-hSOD1, 
and G93A-hSOD1 cell lysates. The thiol content was normalized 
to total hSOD1, measured using a commercial ELISA kit. One-way 
ANOVA followed by Bonferroni’s multiple comparison post-test was 
performed to establish significant differences with the non-transgenic 
(ntg) group: *P < 0.05. Bars represent mean ± SD, n = 6 from 3 sepa-
rate cultures. e The aerobic/anaerobic ratio was measured by incubat-
ing neuron lysate in an aerobic chamber overnight, and anaerobic pre-
served aliquots were used as references. Two-way ANOVA followed 
by Sidak’s multiple comparisons test was performed. **P < 0.01. 
n = 6 from 3 separate cultures
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Because mutations in the gene SOD1 are a cause of famil-
ial ALS (FALS) [1], targeting SOD1 is a rational strategy 
towards effective treatments for patients with ALS. Removal 

of SOD1, achieved by targeting the SOD1 gene [22, 23] or 
mRNA [24–30], has effectively slowed the disease progres-
sion and extended survival in animal models of ALS and 



Selective removal of misfolded SOD1 delays disease onset in a mouse model of amyotrophic lateral…

1 3

Page 13 of 17 304

produced evidence of clinical improvement. By deliver-
ing an adeno-associated virus vector encoding RfxCas13d 
programmed to target superoxide dismutase 1 (SOD1) to 
the mouse spinal cord, the researchers observed more than 
50% reduction in SOD1 mRNA and protein levels, which 
improved outcomes in the ALS mouse model [31]. These 
strategies, however, are not designed to target selectively 
the pathogenic species of SOD1. Meanwhile, ablation of 
the SOD1 gene may compromise the anti-oxidation system 
and accelerate ageing [32]. At the protein level, immuniza-
tion protocols aiming to reduce the burden of extracellular 
SOD1 variants [33, 34] or misfolded SOD1 [35] have been 
shown to alleviate disease symptoms and prolong lifes-
pans in animal models of ALS. However, the potential to 
develop this immunological strategy into a cure for ALS 
is limited since it does not target misfolded SOD1 intra-
cellularly. Targeted clearance of misfolded SOD1 could be 
an effective treatment for ALS. Maier et al. screened for 
human memory B cells in a significant number of healthy 
elderly individuals and developed a recombinant human 
monoclonal antibody (α-miSOD1) that selectively targeted 
misfolded SOD1 and not physiological SOD1 dimers. After 
administering the antibody to animal models of ALS, the 
researchers observed that it postponed the start of motor 
impairments, extended the animals' survival, and reduced 
the degeneration of neurons and the accumulation of SOD1 
aggregates [36]. Although the researchers' analysis was 
limited to postmortem spinal cord samples and the detec-
tion of misfolded SOD1, they observed that administering 
the mouse α-miSOD1 antibody directly into the brain ven-
tricles of G93A-hSOD1 mice delayed muscle atrophy and 
improved motor impairments. However, it's worth noting 
that the delivery of α-miSOD1 was through osmotic min-
ipumps starting at 60 days of age. Despite this treatment, 
the median survival of the mice only increased by 7 days 
compared to the control littermates that received the vehicle 
treatment. Our approach targets specifically the pathogenic 
species of SOD1 and can be administered systematically 
through peptide-based therapeutics. By utilizing the cellular 
machinery, CT4 peptide promotes the degradation of mis-
folded SOD1 without disrupting normal cellular processes, 

which reduces the risk of cell damage and toxicity. The 37 
amino acids CT4 peptide can be generated using various 
techniques, including peptide synthesis and purification 
from bacterial expression systems. The efficacy and safety 
of TAT-mediated transduction of therapeutic peptides have 
recently been elucidated in a successful human clinical trial 
[37], making the CT4 peptide a clinically promising therapy 
for ALS.

Although the nature of the gain-of-function toxicity in 
mutant SOD1 variants is not fully understood, increasing 
evidence suggests that aberrant posttranslational modifica-
tions of SOD1 are a critical step towards gaining such a 
toxic property. Our studies and others show that ALS-linked 
mutant SOD1 proteins are readily susceptible to posttrans-
lational modifications [10, 21, 38, 39]. One such modifica-
tion is the oxidation at its cysteine residues [10]. Human 
SOD1 has four cysteine residues, Cys6, Cys57, Cys111, and 
Cys146. An internal disulfide bond exists between Cys57 
and Cys146, which contributes to the high stability of the 
SOD1 protein. This disulfide bond is highly conserved in 
SOD1 from various organisms, while the other two cysteines 
are free and not conserved. Cysteine contains a thiol group 
(Cys-SH) that can be reversibly oxidized to a sulfenic acid 
(Cys-SOH) by low concentrations of hydrogen peroxide or 
irreversibly to sulfinic (Cys-SO2H)/sulfonic (Cys-SO3H) 
acids by high concentrations of hydrogen peroxide [40–42]. 
SOD1 can be oxidized by its own reaction product, hydro-
gen peroxide [43, 44]. Our studies found that the G93A and 
the G37R mutations of human SOD1 are more suscepti-
ble to oxidative modification than WT-hSOD1. Oxidized 
G93A-hSOD1 is readily detectable in transgenic mice at 
the age of 8 weeks, which correlates well with the forma-
tion of SOD1 aggregates in spinal cord motor neurons at 
this stage [45]. We found that cysteine 111 is particularly 
susceptible to oxidation [21], which provokes misfolding 
and aggregation of the SOD1 proteins[46, 47]. The late-
onset and age-dependent penetrance of the disease argues 
that the ALS-linked SOD1 mutants are not initially toxic 
until post-translationally modified. In addition to oxidative 
modification, aberrant conformations of SOD1 can also be 
induced by demetallation [48, 49] and other altered post-
translational modifications under conditions such as starva-
tion and ischemia [20, 39]. Studies further show that the 
misfolded SOD1 could be derived from either mutant SOD1 
or the wild-type human SOD1 [5, 50]. WT-hSOD1, when 
modified post-translationally, undergoes aberrant conforma-
tional changes and acquires the same toxic functions that are 
observed for FALS-associated SOD1 variants [4, 5, 48]. The 
misfolded “mutant-like” WT-hSOD1 has been detected in 
human postmortem tissues from sporadic ALS individuals 
[4, 51], suggesting that such species are pathogenic. Because 
ageing is the most significant risk factor in the pathogen-
esis of ALS and oxidative stress is currently considered the 

Fig. 4  CT4 reduces misfolded SOD1 in the G93A-hSOD1 mouse 
model of ALS. The G93A-hSOD1 mice received intravenous injec-
tions of either mCT4 or CT4 at a dose of 10 mg/kg body weight daily 
for three days at the age of 100 days. Spinal cord (a), brain (b), liver 
(c), and muscle (d) tissues were harvested at 24 h, 48 h and 1 week 
afterwards. Misfolded SOD1 was detected by western blot analysis 
using an antibody specific for misfolded SOD1 (A5C3, MediMabs). 
Equal volumes of lysates with a total of 10 µg protein were applied to 
12% TGX Stain-Free polyacrylamide gels. Total protein by stain-free 
visualization was used for loading controls. A two-tailed t-test was 
performed to establish significant differences with the control group: 
*P < 0.05; **P < 0.01. Bars represent mean ± SD, n = 5–8 animals per 
group
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most prominent theory of ageing, post-translational oxida-
tion of SOD1 seems a plausible causing factor in familial 
and sporadic ALS [6, 38, 52]. Therefore, the knockdown of 
misfolded SOD1 would be a therapeutic strategy for both 
familial and sporadic forms of ALS.

Specificity is the most crucial property of the targeting 
peptide system. The degree to which targeting peptides can 
successfully reduce targeted pathogenic SOD1 proteins is 
predominantly influenced by the strength and precision of 
the bond between the misfolded SOD1 binding domain and 



Selective removal of misfolded SOD1 delays disease onset in a mouse model of amyotrophic lateral…

1 3

Page 15 of 17 304

the intended proteins. The derlin-1 CT4 epitope can inter-
act with 124 SOD1 mutants out of all 132 studied [19]. 
Amongst the CT4-interactive mutants, the most common 
ALS-related forms, such as A4V, G93A, G37R, and G85R, 
are included. The eight SOD1 mutants identified not to 
interact with CT4 were only identified in individual patients 
[19]. Unlike the G93A mutant, the eight non-CT4-interac-
tive SOD1 mutants did not induce endoplasmic reticulum 
stress or death of motor neurons in E12.5 mouse spinal 
cord cultures [19], suggesting those mutant forms are not 
as toxic as the common mutant G93A. Thus, the mutant 
SOD1 targets of CT4 include necessary toxic forms. In our 
study, CT4-CTM overexpression was able to knock down 
misfolded WT-hSOD1 induced by serum deprivation but 
not the native WT-hSOD1. This supports a previous find-
ing that CT4 binds to the exposed DBR of misfolded SOD1 
induced by serum deprivation. The utilization of Derlin-1 
CT4 epitope as a “capture” motif in the present study pro-
vides a high specificity to ALS-related misfolded SOD1.

The accumulation of detergent-insoluble SOD1 aggre-
gates is a common feature of ALS that may act as a transmis-
sible agent between neurons [53]. As such, both the deter-
gent-soluble and -insoluble SOD1 may be potentially toxic 
and are considered one of the mechanisms by which mutant/
misfolded SOD1 causes ALS [15]. Using aggregation assay, 
we demonstrated that mutant SOD1 was prone to form the 
detergent-insoluble aggregates 48 h after transfection with 
G93A-hSOD1 plasmid. Our data revealed that CT4 pep-
tide could reduce both soluble and insoluble SOD1 levels, 
although the knockdown is more efficient for soluble SOD1.

In this study, we administered CT4 peptide prior to the 
onset of motor deficits, and the treatment successfully delayed 
the onset of the disease. Notably, in the majority of the CT4 
peptide-treated animals, muscle weakness occurred after 10% 

body weight loss, while mCT4-treated controls showed the 
opposite trend. Although the CT4 treatment significantly 
delayed the onset of the disease, it only marginally extended 
the disease progression. This partial efficacy may be due to 
several reasons, including a decline in lysosomal activity dur-
ing the late disease stage, which could limit the therapeutic 
effect of CT4 peptide. Additionally, the stability of peptides 
has been a challenge, but recent advancements in various 
modification techniques have made it possible to increase 
their stability. Therefore, it is important to focus on enhancing 
the therapeutic potential of CT4 peptide by further exploring 
these techniques.

Conclusions

The CT4 peptide directs the degradation of misfolded SOD1 
with high efficiency and specificity. Selective removal of mis-
folded SOD1 significantly delays the onset of ALS, demon-
strating that misfolded SOD1 is the toxic form of SOD1 that 
causes motor neuron death. The study proves that selective 
removal of misfolded SOD1 is a promising treatment for ALS.
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