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Retromer is a heteropentameric complex that plays a specialized role in endosomal protein
sorting and trafficking. Here, we report a reduction in the retromer proteins—vacuolar
protein sorting 35 (VPS35), VPS26A, and VPS29—in patients with amyotrophic lateral
sclerosis (ALS) and in the ALS model provided by transgenic (Tg) mice expressing the
mutant superoxide dismutase-1 G93A. These changes are accompanied by a reduction of
levels of the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor subunit
GluAl, a proxy of retromer function, in spinal cords from Tg SOD1%*** mice. Correc-
tion of the retromer deficit by a viral vector expressing VPS35 exacerbates the paralytic
phenotype in Tg SOD1%** mice. Conversely, lowering Vps35 levels in Tg SOD1%%3A
mice ameliorates the disease phenotype. In light of these findings, we propose that mild
alterations in retromer inversely modulate neurodegeneration propensity in ALS.

ALS | retromer | neurodegeneration

The retromer complex mediates the sorting and trafficking of proteins within the
endolysosomal pathway (1). It is composed of two main functional subcomplexes:
the cargo-selective trimer of vacuolar protein sorting 26 (VPS26)-VPS29-VPS35
and a membrane-bending dimer of sorting nexins (SNXs) (1). The retromer is essen-
tial to the cell physiology as evidenced by the fact that ablation of Vps35 or Vps26 is
embryonically lethal in mice (2).

Retromer dysfunction has been identified in multiple neurodegenerative diseases.
For instance, decreased levels of VPS35 mRNA, and of VPS35 and VPS26 proteins
have been reported in the medial temporal lobe of patients with Alzheimer’s disease
(AD) (3). Decreased levels of the retromer constituents were also reported in postmor-
tem tissues from patients with different Parkinsonian syndromes, including Parkinson’s
disease (PD), Down’s syndrome (DS), and Pick’s tauopathy (3-6). Moreover, AD,
PD, and DS experimental models recapitulate these retromer alterations (5, 7, 8). Sup-
port for a role of retromer defect in neurodegeneration comes from the demonstrations
of partial loss-of-function (LOF) mutations in VPS35 that are linked to PD (9-13).
Despite the increased recognition of retromer defects in neurodegenerative disorders
such as PD and AD, little is still known about the status and potential contribution of
retromer to motor neuron (MN) diseases such as amyotrophic lateral sclerosis (ALS)
(14)—a common paralytic disorder in adults (15) that causes proportionally much
higher disability and fatality rates than PD and AD (16, 17).

Here, we report dysregulation of VPS35, VPS26A, and VPS29 in postmortem tissues
both from ALS patients and from transgenic mice expressing mutant superoxide
dismutase-1 G93A (Tg SOD1%%%4), which is a model of the disease that is used exten-
sively (18). Specifically, we found a reduction of these core retromer proteins in symp-
tomatic Tg SOD1°** mice in tissues from the nervous system but not from nonneural
tissues. We found that overexpressing VPS35 by viral vector enhanced the ALS-like phe-
notype in Tg SOD1“%** mice, and conversely, further reducing Vps35 had the opposite
effects. In light of these findings, we searched for putative LOF polymorphisms in
retromer-related genes, which allowed us to exclude that depletion of such genetic var-
fants in retromer genes is a strong risk factor for developing ALS. Collectively, our find-
ings suggest that a mild reduction in retromer function may attenuate neurodegeneration
by modulating the expression of factors that contribute to the susceptibility of MNs, the
main cellular target of the disease process. Consequently, therapies aiming at increasing
retromer expression in ALS may have to be considered with cautions.

Results

Dysregulation of Retromer Subunits in Human ALS and Control Brain Tissues and
Cell Types. To investigate the role for retromer in ALS pathogenesis, we first compared
expression of the 107 genes that make up the Harmonizome Retromer Complex Gene
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Amyotrophic lateral sclerosis is an
adult-onset paralytic disorder
whose mechanism remains
uncertain. In this work, we report
a defect in the retromer complex,
which plays a crucial role in
endosomal protein sorting and
trafficking in this fatal neurological
disease. We found that restoring
retromer expression in a mouse
model of the disease aggravates
the paralytic phenotype, whereas
reducing retromer expression has
the opposite beneficial effect. Our
study sheds light on a role for
retromer in neurodegeneration of
pathogenic and therapeutic
importance.
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Set (HRCGS; https://maayanlab.cloud/Harmonizome/gene_set/
retromer+complex/ COMPARTMENTS+Text-mining+Protein+
Localization+Evidence+Scores) in the spinal cord of 482 ALS
cases vs. 118 normal controls (Dataset S1) using bulk ribonu-
cleic acid sequencing (RNA-seq) data from the New York
Genome Center (NYGC) ALS Consortium (Materials and
Methods). Of the 107 HRCGSs (Dataset S2), 105 were
expressed in the spinal cord, and 2 (i.e., PIGR and PTCHD3)
were not detected. Of those that were detected, over 80% (i.e.,
87 genes) were significantly dysregulated (false discovery rate
[FDR] < 0.01) in ALS compared with controls, with changes
ranging from a 39% decrease to a 52% increase in ALS in 7F
and LRRK?2 transcripts, respectively (Fig. 14 and Dataset S2).
Notably, we observed significant up-regulation (FDR < 1.0E-
16) of key retromer components, including VPS29, VPS35,
and VPS26A as well as SNX2, SNX3, and SNX5 mRNAs (each
increased by >25% in ALS).

To determine the cellular origin of the observed retromer
alterations in ALS, we turned to cultured human cells by focus-
ing on the two cell types relevant to the disease: human primary
astrocytes and MNs generated from induced pluripotent stem
cells (PSC-MNs) from ALS patients carrying SOD1 mutations
(mutSOD1). The focus on these two selected cell types was
prompted by the fact that astrocytes are not only the predomi-
nant nonneuronal cell types in the CNS (central nervous sys-
tem), but also thought to contribute to ALS pathogenesis (19),
and that MNs are the main target of the ALS degenerative pro-
cess (15). Of note, while cultured astrocytes can be generated
from postmortem samples and both mutSOD1 and gene-
negative ALS astrocytes are found to exert comparable deleteri-
ous effects on neighboring MNs (20), production of human
MNs, however, is thus far only possible through differentiation
from stem cells such as induced pluripotent stem cells (iPSCs),
whose ALS-like phenotype is brought about by the expression
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Fig. 1.

of ALS-related gene mutations, like mutSOD1 (21). We estab-
lished cultured human astrocytes from patients with ALS and
subjects without neurological disorder as before (20). Detection
by real-time quantitative reverse transcription polymerase chain
reaction (QRT-PCR) revealed that levels of VPS35, VPS26A,
and VPS29 messenger ribonucleic acids (mRNAs) were signifi-
cantly increased in astrocytes from ALS patients compared with
control subjects (S Appendix, Fig. S1A4). Conversely, VPS35,
VPS26A, and VPS29 protein levels were lower in human ALS
astrocytes with small to large effect size for VPS26A (d = 0.29),
VPS29 (d = 0.30), and VPS35 (d = 1.74) (Fig. 1B). As for the
iPSC-MNs, which were produced as before (22) and studied at
14 d in vitro (DIV), VPS35, VPS26A, and VPS29 mRNA levels
were comparable in human mutSOD1 iPSC-MNs and wild-
type iPSC-MNs (SI Appendix, Fig. S1B). In contrast, protein
contents were decreased in human mutSOD1 iPSC-MNs com-
pared with wild-type iPSC-MNs, with medium to large effect
size for VPS26A (d = 0.65), VPS29 (d = 1.88), and VPS35
(d = 3.89) (Fig. 10. Thus, astrocytes and iPSC-MNs from
ALS patients show a reduction of retromer proteins, with no
corresponding reduction in mRNA levels.

Retromer Expression Is Decreased in Tg SOD1%°** Mice Neural
Tissues. Given the observed retromer changes in brain tissues
and cells from ALS patients, we posited that these molecular
alterations may contribute to the neurodegenerative process. To
begin addressing this question, we first asked whether Tg
SOD1%%** mice, a commonly used preclinical model for testing
for mechanistic and therapeutic hypotheses of ALS, also present
with retromer subunit alterations. Spinal cords from Tg
SOD1%** mice were collected at three specific time points: post-
natal day 60 (P60) for bulk and P30 for spatial transcriptomic or
presymptomatic stage, P90 or early symptomatic stage, and P120
or advanced symptomatic stage. By qRT-PCR, we found no
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Altered expression of retromer subunits in human ALS and control postmortem tissues and cell types. (A) Volcano plot showing retromer-related

genes expressed in the postmortem spinal cord of 482 ALS compared with 118 healthy control samples. (B) Western blot analyses of VPS26A, VPS29, and
VPS35 contents in human astrocytes from postmortem samples from five control subjects with no known neurological disease (CTL; blue) and five patients
with sporadic amyotrophic lateral sclerosis (SALS; red). Data are means + SEM analyzed by two-way ANOVA [disease as the main factor: F;29) = 26.53,
P < 0.0001] followed by a Sidak post hoc test. ***P = 0.003 VPS26a CTL vs. SALS; ****P < 0.0001 Vps35 CTL vs. sALS. (C) Western blot analyses of VPS26A,
VPS29, and VPS35 contents in 14 DIV human MNs derived from iPSCs from three control subjects with no known neurological disease (CTL; blue) and three
patients with mutSOD1 (SOD1-ALS; red). Data are means + SEM analyzed by two-way ANOVA [genotype main factor: F;,17) = 14.77, P = 0.002] followed by a
Sidak post hoc test. **P = 0.016 VPS29 CTL vs. SOD1-ALS; ***P = 0.011 VPS35 CTL vs. SOD1-ALS.
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difference in spinal cord Vps35, Vps29, and Vps26a mRNA con-
tents between Tg SOD1%*** mice and age-matched nontransgenic
(NTg) controls at any of the three selected time points (87
Appendix, Fig. S2 A-C). However, by reviewing the spatial tran-
scriptomic data from Tg SOD1¢%%A spinal cords (23), we found
that Vps26a, Vps29, and Vps35 subunits showed regional differ-
ences that occurred within the spinal cord that were not detected in
our qRT-PCR experiments (SI Appendix, Fig. S2 D-G). For
instance, at presymptomatic stage prior to any overt loss of spinal
MNs, there were higher levels of Vps26a, Vps29, and Vps35
mRNAs as well as of Snx27, which is important for the cell surface
recycling of specific cargos (1), in the gray matter of Tg SOD1%%4
spinal cords compared with controls (S Appendix, Fig. S2 D-G).

Next, we performed Western blot analyses on spinal cord
lysates for Vps26a, Vps29, and Vps35 in Tg SOD1%** mice
(Fig. 2) and their age-matched N'Tg controls. The analysis of these
lysates showed no significant difference in protein levels at P60
and P90 (Fig. 2 A and B). However, the three cargo-selective sub-
complex proteins were reduced in spinal cords of Tg SOD1%%**
mice compared with controls ac P120 (Fig. 20). In contrast to the
reduction in cargo-selective subcomplex proteins, we found an
increase in the membrane-bending subcomplex protein Snx1 and
no change in Snx2 or Snx5 in spinal cords of Tg SOD1“%* mice
compared with controls at P120 (57 Appendix, Fig. S3A).

As for retromer cargos, we assessed glutamate ionotropic
receptor 0-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
1 (GluAl, also called Grial) and sortilin, which are retrogradely
trafficked by the retromer to the cell surface and trans-Golgi net-
work, respectively (1). Paralleling the changes in cargo-selective
subcomplex proteins, we found a significant reduction of GluA1l
protein levels in Tg SOD1%%** spinal cords compared with con-
trols (Fig. 2) but again, only at P120; of note, the spinal cord
levels of GluA1 did correlate with the age-dependent decrease of
Vps35 [ras) = 0.41, P = 0.029]. In contrast, we found a slight
increase of sortilin proteins in Tg SOD1%%** spinal cords com-
pared with controls at P120 (87 Appendix, Fig. S3A). Thus, our
findings suggest that the retromer is dysfunctional in Tg
SOD1%%** mice and that this alteration is associated with a traf-
ficking defect of specific cargos.

To confirm that this retromer deficit that we observed in spi-
nal cords from Tg SOD1%?** mice was related to the mutant
form of SOD1 and not merely to its overexpression, we exam-
ined retromer proteins in Tg mice overexpressing comparable
levels of the wild-type SOD1 (SOD1™"). At P120, control spi-
nal cords from Tg SOD1™ mice and age-matched NTg mice
showed comparable levels of Vps26a, Vps29, and Vps35 pro-
teins (SI Appendix, Fig. S3B). Given the ubiquitous expression
of SOD1, we also assessed the level of the cargo-selective pro-
teins in the cerebral cortex, cerebellum, and a nonneural tissue
(kidney) in Tg SOD1°%** and NTg mice by Western blot. We
found, akin to the spinal cord albeit to a lesser extent, reductions
in Vps35, Vps26A, and GluAl protein contents in the cerebral
cortex (Fig. 2D) and no significant reductions in the cerebellum
of P120 Tg SOD1°”** mice compared with age-matched NTg
mice (81 Appendix, Fig. S3C). In contrast to neural tissues, none
of the three retromer core protein contents were decreased in the
kidney of P120 Tg SOD1%%** mice (SI Appendix, Fig. S3D).
Thus, the aforementioned findings suggest that there is an alter-
ation in the retromer complex in neural tissues readily detectable
inTg SOD1%”** mice close to end stage.

Altered Expression of Retromer Components in Tg SOD1%%3A
MNs and Astrocytes. Next, we thought that it would be impor-
tant to confirm that this retromer deficit was detectable in

PNAS 2022 Vol.119 No.26 2118755119

MNs from Tg SOD19%** mice. We assessed Vps35 in adult
spinal cord sections of adult mice by immunofluorescence (Fig.
3A). The mean fluorescence for Vps35 in spinal MN expressing
choline acetyltransferase (ChAT) was markedly lower in P120
Tg SOD1%** mice compared with age-matched NTg controls
(Fig. 3B). Likewise, the mean fluorescence for Vps35 of neu-
rons within the primary motor area expressing the corticospinal
MN transcription factor CTIP2 (24) was also reduced in P120
Tg vs. NTg mice (SI Appendix, Fig. S3E); these cortical MNs
were examined since they are also affected in ALS (15) and in
this mouse model (25). Thus, these findings indicate that the
reduction in Vps35 detected in the spinal cord lysates from Tg
SOD1%%** mice involves MNs. Yet, since the reduction in
Vps35 immunoreactivity in MNs appeared to concern not only
the diffuse cytosolic but also, the punctate fluorescence, we
sought to compare the distribution and density of endosomes
and their colocalization with Vps35 in Tg SOD1“”** and
NTg MNs. These analyses revealed that the number of the
Vps35-positive punctate foci was indeed reduced in P120
Tg SOD1°%* compared with NTg MNs but that their sizes
were not significantly different between the two genotypes (57
Appendix, Fig. S4A4). As for the EEAl-labeled early endosomes,
Rab7a-labeled late endosomes, and Lamp1-labeled lysosomes (1),
we found larger and fewer Rab7a-positive punctates in Tg
SOD1%%4 vs. NTg MNs (SI Appendix, Fig. S4C). In both geno-
types, the colocalization of Vps35 was highest with late endosomes
followed by early endosomes and then, lysosomes (SI Appendix;
Fig. S4). However, we found a relatively greater colocalization of
Vps35 with early endosome antigen 1 (EEA1) punctates but an
inverse trend with Ras-related protein Rab7a or Lampl in Tg
SOD16%A vs. NTg MNs (SI Appendix, Fig. S4). These data sug-
gest that while the endosomal association of Vps35 in MNs is
reduced in this model of ALS, there appears to be a shift toward a
greater association of Vps35 with early rather than late endosomes
or lysosomes in Tg SOD1%%** vs. NTg MNGs.

We next assessed the expression of retromer subunits in Tg
SOD1%%** and NTg astrocytes. Mutant astrocytes displayed
reduced Vps26a, Vps29, and Vps35 protein expression (Fig. 3
C and D), while mRNA levels remained unchanged as mea-
sured by qRT-PCR (87 Appendix, Fig. S5). Our results in Tg
SOD1%3A MNs and astrocytes replicate those observed in the
mouse spinal cord and raised the possibility that the retromer
defect stems from a posttranscriptional alteration. To begin to
investigate this possibility, we compared degradation kinetics of
the cargo-selective trimer by cycloheximide chase in cultured
Tg SOD1%”** and NTg mice astrocytes. This experiment revealed
that, while initial Vps35 protein levels were lower in Tg
SOD19%** compared with NTg astrocytes, Vps35 half-life did
not differ between the two genotypes (Fig. 3 E and F); identical
patterns were found for Vps29 and Vps26a. These results suggest
that cargo-selective trimer degradation is not enhanced in ALS.

Overexpression of VPS35 in Tg SOD15%** Mice Worsens the
Disease Phenotype. The convergence of retromer deficit from
our studies in human cell types and postmortem tissue makes
the Tg SOD1%%** mouse model of ALS suitable to test
retromer-based disease-modifying strategies. In keeping with
this idea, we assessed the effect of adeno-associated virus
(AAV)-mediated overexpressing VPS35 on the ALS-like phe-
notype since such gene therapy was previously shown to rescue
the expression of retromer components and retromer function-
ality in AD (26). Accordingly, P1 Tg SOD1%”** mice received
intracerebroventricular (ICV) injections of AAV9 vectors
expressing human VPS35 or control green fluorescent protein

https://doi.org/10.1073/pnas.2118755119 3 of 9


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118755119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118755119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118755119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118755119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118755119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118755119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118755119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118755119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118755119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118755119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118755119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118755119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118755119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118755119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118755119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118755119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118755119/-/DCSupplemental

A £ 154
NTg SOD16%A-Tg 3
|"'*""--——|Vp526a§ o°°°°°°
= 1.0
EEEE T T 0™
©
[ — — — — — — — w35 E
S 0.5
e e e e | GlUAT i
Ko
-——--——_——.—B_acﬂn “é‘
: o 0.0-
P60 spinal cord Vps26a Vps29 Vps35 GIuA1
| =
B NTg SOD16%%A.Tg 8 15
| = e, - — - |Vps2Sa %
[ - & &= 83 8]vps0 3]
N
[+ == = = - == =] VPS35 Té
S e . .- 205
=
|"'"'--—--—--——|[3-actin %
P90 spinal cord a 0.0
Vps26a Vps29 Vps35 GluA1l
C NTg SOD16%ATg
£ 154
— —_ —_— Vpszsa $ *% kkk dekk dekk
)
BABAS & & |9 o o a o
- 1.0
[== —=— — — — — |vps35 & .
|q—-——-—-l—--_|ﬂ'30tin (_g
S 0.54
e i L= TS
£
i Q
Tubulin 3
- - - -.-ﬁ 200l
P120 spinal cord Vps26a Vps29 Vps35 GIuA1
D GY3A
NTg SOD1 -Tg
£ 154
|- YT TEY -|Vp5263 2 ke * *kk *k
S B & e 8 B | VD29 5 o
1.0 o
[ = = = = = = =|vps35 B o
|- == == == == == == | p-actin ‘_é
S 0.5
e bttt R AU
5
i 3]
Tubulin oo
P120 cortex Vps26a Vps29 Vps35 GIuA1

Fig. 2. Retromer core protein levels are decreased in neural tissues of Tg SOD1%%** mice. (A-C) Western blots of Vps26a, Vps29, Vps35, and GIuA1 on
lysates from spinal cords of Tg SOD1%%3A mice (red; n = 5) and NTg littermates (blue; n = 4 to 5) at P60 (A), P90 (B), and P120 (C). Data are means + SEM of
independent experiments (n) analyzed by two-way ANOVA. (A) Genotype main factor: F; 39) = 8.9E-3, P = 0.768 followed by a Sidak post hoc test. (B) Geno-
type main factor: F 39) = 8.1E-3, P = 0.929 followed by a Sidak post hoc test. (C) Genotype main factor: F;,35 = 81.17, P < 0.001 followed by a Sidak post hoc
test. **P = 0.002 Vps26a NTg vs. Tg; ***P < 0.001 Vps29, Vps35, and GIuAT NTg vs. Tg. (D) Western blots of Vps35, Vps26a, Vps29, and GIuA1 on lysates
from cerebral cortex of Tg SOD15%3*A mice (red; n = 5) and NTg littermates (blue; n = 5) at P120. (D) Genotype main factor: F 39 = 27.03, P < 0.001 followed
by a Sidak post hoc test. ***P = 0.003 Vps35 NTg vs. Tg, **P = 0.008 Vps26a and GIuA1 NTg vs. Tg and *P = 0.026 Vps29 NTg vs. Tg.

(GFP) driven by the cytomegalovirus promotor. Transduction
with AAV9-VPS35 rescued the expression of both Vps35 and
other core components, such as Vps26a, to near NTg control
levels (SI Appendix, Fig. S6A).

Following this gene therapy, we noted that the onset of dis-
ease manifestations in Tg SOD1”** mice did not significantly
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differ from that in AAV9-VPS35-injected animals (i.e., age at
which Tg mice show a 10% loss of their maximal body weight)
(Fig. 44). However, AAV9-VPS35-injected Tg SOD1%34
mice showed a faster decline in motor performance as assessed
by the grip strength test compared with AAV9-GFP—injected
Tg SOD19%%A (Fig. 4B). Likewise, survival, as defined by the
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Fig. 3. Retromer proteins are reduced in neurons and astrocytes form Tg SOD1%%** mice. (4) Representative images of 20-um-thick L4/L5 spinal cord sec-
tions at low and high magnifications from a Tg SOD1%?** mouse and an NTg littermate immunostained for Vps35 (green) and ChAT (red). (Scale bars: row 1,
125 pm; row 2, 10 pm.) (B) Quantification of corrected total cell Vps35 immunofluorescent signal in spinal MNs identified by ChAT immunostaining. Data
are means + SEM of three Tg (red) and NTg (blue) mice (three to five L4/L5 spinal MNs per mouse) compared by the two-tailed Student's t test: t4) = 5.27.
**p — 0,0062. (C) Western blot analyses of Vps26a, Vps29, and Vps35 contents in cultured mouse primary astrocytes from Tg SOD19** mice (red) and NTg
littermates (blue). (D) Quantification of C. Data are means + SEM of four independent experiments analyzed by two-way ANOVA [genotype main factor:
Fa1,23 = 63.782, P < 0.001] followed by a Sidak post hoc test. **P = 0.006 Vps26a NTg vs. Tg; ***P < 0.001 Vps29 and Vps35 NTg vs. Tg. (E) Representative
western blot analysis of Vps35 levels in mouse primary astrocytes treated with cycloheximide (CHX) at different time points; p-actin is used as the loading
control. (F) Quantification of Vps35 CHX chase. Data are means + SEM of four independent experiments using primary mouse Tg astrocytes (red) and NTg
astrocytes (blue). The Y-intercept and half-life of Vps35 in the two genotypes were estimated by nonlinear fitting (Materials and Methods) and compared by
the two-tailed Student’s t test. The Y-intercept was significantly different between the two groups: tg = 3.43, P = 0.014; half-life was not: tg = —0.72, P = 0.50.

age at which these mice can no longer right themselves from a  with cytomegalovirus (CMV).Cre® mice and their heterozygous
supine position within 30 s, was shorter in mice injected with  Vps35-null mutant (Vsp35™ ) progeny with Tg SOD18%34
AAVI-VPS35 (Fig. 40). In keeping with the life span results, we  mice. It was previously shown that Vsp35+/7 mice express lower
found that P120 AAV9-VPS35-injected Tg SOD1®** mice levels of both Vps35 and Vps26a proteins throughout the central
showed lower counts of lumbar (L)4/L5 MN compared with  nervous system (27, 28). We confirmed this finding in our
AAV9-GFP—injected Tg SOD1“%** mice (Fig. 4 D~F). Moreover, Vsp35™' 3 Tg SOD1%* mice (S Appendix, Fig. S7A). Then, we
there was a trend toward greater glial response in P120 AAV9- o Giilar series of investigations in Vps35™ ;Tg SOD19%3
VPS35—injected Tg SOD1“?** mice compared with their AAV9- mice, like those done in AAV9-injected Tg SODI1G9*A mice.

GFI.)—injec'ted. counterparts as suggested by an ~.23 %.highe.tr ionized Strikingly, we found that the onset of the disease manifestations
calcium-binding adapter molecule 1 (Ibal) signal in spinal cord in Vps35+/—Tg SOD15%2 mice was delayed in comparison with

lysates of the former compared with the latter (S/ Appendix, Fig. ;o 35+/+.T, SOD1G93A | animals (Fie. 5A4). Likewi
S6B). The results demonstrate that, while VPS35 overexpression ps35°51g control animals (Fig. 5A). Likewise,

did improve retromer levels, this was associated with a worsening

of the disease phenotype in Tg SOD1“%** mice.

there was a slower deterioration in motor performance (Fig.
5B) as well as a longer survival in Vp535+/7;Tg SOD1¢%%4
mice (Fig. 50). Furthermore, we found higher L4/L5 MN

Heterozygous Null Vps35 Mutation in Tg SOD1°%*A Mice Delays ~ counts in P120 Vp535+/7;Tg SOD1”** mice compared with
Disease Expression. Given our findings of faster declines in  age-matched control Vps35**;Tg SOD197** mice (Fig. 5 D
strength and shortened survival of Tg SOD1“%** mice overex-  and ). In keeping with this, there was a trend toward decreased
pressing Vps35 in MNs, we reasoned that exacerbating the already glial response in Vps35+/_;Tg SOD1S%A s, Vps35+/+;Tg
lower levels of Vps35 might have a beneficial effect in this ALS ~ SOD1%%** animals, as suggested by a ~21% lower glial fibrillary
mouse model. We thus generated Tg SOD1%”** mice with a  acidic protein (GFAP) signal in spinal cord lysates from the for-
partial genetic deficiency in Vps35 by crossing first Vps35™°/F*  mer compared with the latter (S7 Appendix, Fig. S7B).
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Fig. 4. VPS35 overexpression in Tg SOD1%9** mice hastens the disease phenotype. Tg SOD1%9** mice were injected ICV at P1 with either AAV9-VPS35 or
AAV9-GFP. (A) Age at onset of the disease phenotype in Tg SOD1%%* mice injected with AAV9-VPS35 (red; median: 116 d; n = 18) or AAV9-GFP (blue; median
121 d; n = 15) defined as the age at which a mouse loses 10% of its peak body weight. Log-rank Mantel-Cox test = 2.995, degrees of freedom 1, P = 0.084.
(B) Inverted grid test performed weekly starting at P50. Data from Tg SOD1%?A mice injected with AAV9-VPS35 (red; n = 18) or AAV9-GFP (blue; n = 15) were
analyzed by the nonlinear regression curve fit and compared using the least sum of squares method [F,536) = 389.6, P < 0.0001]. (C) Age at end stage of the
disease phenotype in Tg SOD1%%** mice injected with AAV9-VPS35 (median: 130 d; n = 14) or AAVS-GFP (median 141 d; n = 13) defined as the age at which a
mouse can no longer right itself after 30 s when placed on its back. Log-rank Mantel-Cox test = 10.735, degrees of freedom 1, P = 0.001. (D) Representative
images of 70-um-thick L4/L5 ventral horn spinal cord hemisections from a P90 and P120 Tg SOD1%%* mouse injected with AAV9-VPS35 (red) or AAV9-GFP
(blue) immunostained for ChAT. (Scale bar: 100 pm.) (€ and F) ChAT-immunostained neurons in each ventral horn hemisection were manually counted under
fluorescent microscopy. Data are means + SEM of n = 3 mice per genotype and time point and were analyzed by two-way ANOVA [virus main factor: F 11y =
12.594, P = 0.008] followed by a Sidak post hoc test. **P = 0.006 P120 NTg vs. Tg.

Meta-Analysis of Whole-Genome and Exome Sequencing for
Enrichment of Retromer-Related Genes in ALS. Since overex-
pression of VPS35 in mutSOD1 Tg mice exacerbated the ALS-
like phenotype and further depletion led to disease mitigation,
we investigated whether LOF variants in the HRCGS were
inversely associated with ALS risk. We reanalyzed the variant
count tables of two publicly available datasets: a whole-genome
sequencing (WGS) cohort, which included 4,366 patients with
ALS and 1,832 healthy controls (29), and a whole-exome
sequencing (WES) cohort, which included 2,874 patients with
ALS and 6,405 controls (30). While both WGS and WES
cohorts showed clear LOF enrichment in NVEKI in ALS cases
(as published in both cohorts), no gene in the HRCGS showed
significant LOF depletion in ALS (or enrichment in controls).
In each cohort, the top enriched gene in this set did not even
show nominal significance (WES cohort, 7F gene P = 0.055;
WGS cohort, STAM gene P = 0.054). No gene from the
HRCGS showed statistically significant enrichment/depletion
in other classes of mutations, including coding variants that
were predicted to harm protein function, or all coding variants.

Although individual retromer genes did not show an enrich-
ment or depletion, we assessed if genes in the HRCGS were more
likely than other genes to show enrichment of LOF variants in
controls. In the WES cohort, where a gene set burden test was
not possible with the available data, the opposite proved true;
65% of genes in this set showed more LOF variants in patients

with ALS (38 of 58) compared with 50% of non-HRCGS genes
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(4,892 of 9,758). Although this difference in proportions was
nominally significant (uncorrected P = 0.02), we did not see this
effect in the equivalent analysis in the WGS cohort, where the
proportion of HRCGS genes with more variants in ALS patients
was indistinguishable from non-HRCGS genes (54% or 30 of
56 vs. 52% or 4,151 of 8,017, P = 0.089). Because the WES
variant tables included only extremely rare variants, we could
approximate the proportion of individuals in ALS patients and
controls carrying an LOF mutation in any gene of the HRCGS.
This proportion of ALS subjects with mutations (2.96%, 85 of
2,874) did not differ from controls (2.67%, 171 of 6,405, P =
0.48). Thus, based on these cohorts, there is no genetic evidence
that depletion of the LOF mutation in retromer genes is a strong
risk factor for developing ALS.

Discussion

Dysfunction in retromer, a multimodular protein assembly that
recycles transmembrane proteins out of the endosomal compart-
ment (1), has been identified in a growing number of neurodegen-
erative discases (3-6). In keeping with this, the present study
reports on three key observations relevant to the status of the retro-
mer in the common neurodegenerative MN disease ALS. First, we
found a reduction in the expression of all three core cargo-selective
subcomplex proteins of the retromer in neural tissues of symptom-
atic Tg SOD1“?** mice and have demonstrated that this deficit is
associated with decreased levels of the GluAl protein, which is
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Fig. 5. Heterozygous deletion of Vps35 in Tg SOD1°%** mice attenuates the disease phenotype. Mice were bred to express the SOD1%%3A transgene
and either a single Vps35 null allele (Vps35%~) or wild-type Vps35 (Vps35*/*). (A) Age at onset of the disease phenotype in Vps35™/~;Tg SOD1%%3* mice
(red; median: 155 d; n = 8) and Vps35™*;Tg SOD1%?** mice (blue; median 144 d; n = 10) defined as the age at which a mouse loses 10% of its peak body
weight. Log-rank Mantel-Cox test = 12.408, degrees of freedom 1, P < 0.0001. (B) Inverted grid test performed weekly starting at P50. Data from Vps35*'~;
Tg SOD1%%*A mice (red; n = 7) and Vps35*/+;Tg SOD1%°* mice (blue; n = 7) were analyzed by the nonlinear regression curve fit and compared using the
least sum of squares method [F222) = 19.28, P < 0.0001]. (C) Age at end stage of the disease phenotype in Vps35™~;Tg SOD1%?** mice (red; median: 173 d;
n = 8) or Vps35™+;Tg SOD1%** mice (blue; median 157 d; n = 11) defined as the age at which a mouse can no longer right itself after 30 s when placed on
its back. Log-rank Mantel-Cox test = 10.197, degrees of freedom 1, P = 0.001. (D) Representative images of 70-um-thick L4/L5 ventral horn spinal cord hemi-
sections from P120 Vps35™~;Tg SOD1%%3* and Vps35™+;Tg SOD19** mice immunostained for ChAT. (Scale bar: 100 um.) (E) ChAT-immunostained neurons
in each ventral horn hemisection were manually counted under fluorescent microscopy. Data are means + SEM of n = 4 Vps35*/~;Tg SOD1%9* (red) and
n =3 Vps35*/*;Tg SOD1%9* (blue) mice and were analyzed by two-tailed Student’s t test. *ts, = —2.821, P = 0.037.

communally used as a functional readout of the retromer. Second, from Vagnozzi et al. (6) in two other neurodegenerative disor-
to better define the cellular origin of the retromer defect observed ~ ders, namely Pick’s disease and progressive supranuclear palsy.
in whole tissues, our investigations revealed that expression of core  These findings support that the source of the defect in ALS and
retromer subunits is reduced in both neuronal and nonneuronal perhaps, other neurodegenerative disorders originates from

cells, such as spinal MNs and astrocytes. Third, expanding our  alterations at the posttranscriptional level and in particular in
results into humans, we show that both iPSC-derived MNs and ~ light of our findings of the unaltered half-life of Vps35 in
primary astrocytes from patients with ALS show comparable  mouse mutSOD1-expressing astrocytes, at the translational
decreases in the retromer expression as seen in the Tg mouse  level. This interpretation is particularly appealing given the
model of ALS. Therefore, our findings together with those of  growing recognition of the pathogenic role of altered RNA
Muzio et al. (14) provide compelling evidence supporting a deficit ~ metabolism in a variety of diseases of the nervous system,
in the retromer in ALS through a broad set of independent investi-  including ALS (36, 37), and calls for additional future investi-
gations resting on both in vitro and in vivo studies in mouse and ~ gations. Of note, in our hands, the retromer deficiency was

human cells and tissues. only detected in symptomatic mice, suggesting that retromer
The deficit in the retromer in neurodegenerative disorders deficit coincides with the degeneration of spinal MNs and the
may be genetic in nature due to pathogenic mutations in core ensuing glial response (38, 39). This finding is in contrast to

retromer subunits, such as in PD (11, 13), or allelic variants for that of Muzio et al. (14), which reports a reduction in Vps35
retromer-related factors, like those associated with a greater risk ~ in spinal cord from Tg SOD1“%** mice as early as P20. If their

of developing AD (31-33). Mutations in these same genes have results are confirmed, retromer deficit would be among the ear-
not yet been linked to ALS by several large whole-genome/  liest known molecular alteration in Tg SOD1“”** mice with
exome studies (29, 30) nor by genome-wide association studies. signs of endoplasmic reticulum stress and of MN electrophysio-

Although a spontaneous mouse mutation in Vps54, a Golgi- logical changes (40). Despite this temporal discrepancy, both
associated retrograde protein complex subunit, causes MN  our study and the study of Muzio et al. (14) agree on the
degeneration leading to progressive muscle weakness in mice potential pathogenic significance of retromer deficit in ALS.

with similarities to ALS (34), no mutations in VPS54 or any Retromer deficiencies have almost uniformly been found to
components of the Golgi-associated retrograde protein complex ~ have deleterious effects on disease. The work of Muzio et al.
have been associated with ALS in humans (35). Collectively, (14) would indicate that the same is true in ALS. Yet, our find-

this information strongly argues against the idea that the retro-  ings using gene therapy rather than a pharmacological approach
mer deficit documented by our study and the work of Muzio  to rescue the retromer deficit in Tg SOD1%%3A mice led to
et al. (14) stems from a genetic defect. Moreover, in contrast to accelerated clinical and MN deterioration. While pharmacolog-
previous reports in AD and PD (3, 9-13), in none of our inves- ical chaperones have the benefit of targeting the retromer com-
tigations done in ALS samples did we find evidence that the  plex proteins already found in the cell, they, like all drugs, have
reported retromer deficic was associated with reduction in  the potential of having off-target effects. Conversely, viral-
mRNA levels for the different retromer core subunits. This is ~ mediated expression, which has been studied as a form of retro-

similar to the mRNA data from Muzio et al. (14) in ALS, and mer repledon, is less likely to provoke such spurious effects.
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However, it carries the risk of itself being cytotoxic by introduc-
ing exogenous excessive amounts of core proteins into the retro-
mer machinery, which in turn, may affect proteostasis. Relevant
to this view is the work of Munsie et al. (41) showing that over-
expression of VPS35 can be neurotoxic. Worth noting, the dele-
terious effect of overexpression gene therapy was also observed by
Van Alstyne et al. (42) upon attempting to rescue the survival
motor neuron complex with a viral vector in a mouse model of
another MN disease called spinal muscle atrophy. Thus, rescue
strategies for protein complexes may be fraught with safety chal-
lenges related to the ensuing supraphysiological, uncontrolled
expression of the exogenous gene product.

Given the outcomes of our overexpression study, we sought to
assess the effect of Vps35 haploinsufficiency in Tg SOD1%%4
mice, which revealed an attenuation of the disease phenotype in
this mouse model of ALS. Considering these findings, we propose
that alteration in retromer—by unevenly affecting cargos with dif-
ferent functions in both neurons and glia—may have disparate
and even opposite biological consequences. Supporting this view,
herein we found a reduction in spinal cord contents of the retro-
mer cargo GluAl, a change that can be neuroprotective by attenu-
ating the glutamate-mediated excitotoxic tone on spinal MNs; of
note, excitotoxicity is a major pathogenic hypothesis in ALS (43).
Also relevant to the role of retromer in ALS are noncell autono-
mous scenarios that pertain to the processing of amyloid precursor
protein (APP) and of lipid droplets in astrocytes. Indeed, we have
reported that astrocyte-generated fragments of APP, whose proc-
essing and trafficking rely on retromer (1), contribute to spinal
MN degeneration (44), whereas Moulton et al. (45) have shown
that the knockdown of Vps35 impairs the formation of lipid
droplets in astrocytes, which in turn, abrogates protection against
the neurotoxicity of peroxidated lipids. Consequently, while a pro-
found impairment of retromer function may be harmful, includ-
ing to MNs (46), a lesser reduction may have an unattended effect
of being beneficial, at least in ALS. The corollary is that therapies
aimed at increasing retromer expression in ALS may not have the
surmised disease-modifying effects, hence warranting further pre-
clinical investigations prior to embarking on human clinical trials.

Materials and Methods

Animals. All procedures involving mice were approved by the Institutional Ani-
mal Care and Use Committee of Columbia University. Tg SOD1°*** and SOD1*
(C57BL/6J or B6SJL) were obtained from the Jackson Laboratory (stock nos.
004435 and 002726), and the Vps35-floxed mice were produced by the Center
for Mouse Genome Modification at UConn Health (University of Connecticut) and
have been described in Simoes et al. (28). CMV-Cre mice were obtained from the
Jackson Laboratory (stock no. 006054) and have been described in Schwenk et al.
(47). Further information is available in S/ Appendix, Supplementary Text.

Western Blotting. All western blot analyses were performed on mouse tissues
and cultured cells as in ref. 48 using the following primary antibodies: Vps26a
(1:2,000, ab23892; Abcam), Vps29 (1:1,000, SAB2501105; Sigma), Vps35
(1:1,000, ab57632; Abcam), GluAT (1:1,000, MAB2263; Sigma), SNX1
(1:1,000, 10304; Proteintech), SNX2 (1:1,000, HPA037400; Sigma), SNX5
(1:1,000, 17918; Proteintech), Sortilin (1:2,000, ab263864; Abcam), IBA1
(1:500, 016-20001; WAKO), GFAP (1:5,000, 12389; Cell Signaling), a-tubulin
(1:5,000, T6199; Sigma), and P-actin (1:40,000, ab476744; Abcam). Further
information is available in SI Appendix, Supplementary Text.

Cycloheximide Chase Western Blot. This was performed as described in S/
Appendix, Supplementary Text using mouse primary astrocytes from NTg and Tg
SOD1%3A pups.

qRT-PCR. This was performed as described in S/ Appendix, Supplementary Text
using a three-step realtime qPCR that was conducted as in ref. 48 with the
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QuantStudio 3 Real-Time PCR System (Applied Biosystems) using SYBR Green
dye (4367659; ThermoFisher).

iPsCs. iPSCs from three independent ALS patients with mutSOD1 and three
independent healthy controls were provided by the Columbia Stem Cell Core
and the laboratory of Michael Boland. iPSCs were maintained and differentiate
to MNs as in ref. 48. At 14 DIV, iPSC-derived MNs were collected for experi-
ments. Further information is available in SI Appendix, Supplementary Text.

Primary Astrocyte Culture. Tg SOD1** and NTg primary astrocytes were from
P3 mice prepared and cultured as previously described (49). Human astrocytes cultures
were collected as previously described (50, 51) and maintained in astrocyte media.

Immunohistochemistry of Spinal Cord and Motor Cortex. This was per-
formed as described in S/ Appendix, Supplementary Text using primary antibod-
ies against VPS35 (1:50, ab10099; Abcam) and CTIP2 (1:200, ab18465; Abcam)
for brain and ChAT antibody (1:250, AB144P; Sigma) for spinal cord. Some spi-
nal cord sections were also coimmunostained for VPS35, ChAT, EEAT (1:100,
3288S; Cell Signaling), Rab7a (1:100, 9367S; Cell Signaling), or Lamp1 (1:100,
1D4B-S; DSHB). Images were quantified with ImageJ software (Research Resource
Identifier [RRID]: SCR_003070) and Imaris software (RRID: SCR_007370).

AAV9 Transduction. AAV9s were produced by Virovek and injected ICV with
1 % 10" viral particles following the protocol routinely used in our laboratory
(52). Further information is available in S/ Appendix, Supplementary Text.

Inverted Grid Test. The motor test of Olivan et al. (53) is routinely used in the
laboratory with the minor modifications outlined in ref. 48. In brief, for this test,
mice were placed on a grid and allowed to grip it with all four limbs. Further
information is available in SI Appendix, Supplementary Text.

Spinal Cord MN Quantification. This was done as described in S/ Appendix,
Supplementary Text.

RNA-Seq Data Processing and Analysis. Stranded ribosomal ribonucleic
acid-depleted RNA-seq data from the NYGC ALS Consortium spinal cord samples,
processed as in ref. 54, were chosen to be analyzed. Cases were limited to those
in the subject group "ALS Spectrum MND" (n = 566), and controls were limited
to those in group “Non-Neurological Control” (n = 118). Dataset S1 has the list
of samples with metadata, and SI Appendix, Supplementary Text has further
detailed information.

Whole-Exome/Genome Analysis. This was done as described in S/ Appendix,
Supplementary Text using whole-exome data for individual genes; genetic mod-
els were obtained from supplementary table 6 from Cirulli et al. (30), while
whole-genome data were downloaded from databrowser.projectmine.com/ (Data
Freeze 1, ProjectMinE.Transcripts.EXAC.txt) (29, 55).

Statistical Analyses. All datasets are mean + SEM, unless stated otherwise, of
the number of biological replicates indicated in the figures run in two to three
technical replicates as reported in ref. 48. All analyses were done with the Graph-
Pad Prism V9 software (RRID: SCR_002798) with a rejection of the null hypothesis
set at 0.05. Further information is available in S/ Appendix, Supplementary Text.

Data Availability. All study data are included in the article and/or supporting
information.
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