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Abstract

Mutations in the SOD1 (superoxide dismutase 1) gene are associated with amyotrophic lateral
sclerosis (ALS), a fatal neurodegenerative disease. By employing ascorbate peroxidase-based
proximity labeling, coupled with LC-MS/MS analysis, we uncovered 43 and 24 proteins
exhibiting higher abundance in the proximity proteomes of SOD1¢8R and SOD1G%3A,
respectively, than that of wild-type SOD1. Immunoprecipitation followed by western blot analysis
indicated the preferential binding of one of these proteins, exportin 5 (XPO5), toward the two
mutants of SOD1 over the wild-type counterpart. In line with the established function of XPO5
in pre-miRNA transport, we observed diminished nucleocytoplasmic transport of pre-miRNAs
in cells with ectopic expression of the two SOD1 mutants over those expressing the wild-type
protein. On the other hand, RT-qPCR results revealed significant elevations in mature miRNA

in cells expressing the two SOD1 mutants, which are attributed to the diminished inhibitory
effect of XPO5 on Dicer-mediated cleavage of pre-miRNA to mature miRNA. Together, our
chemoproteomic approach led to the revelation of a novel mechanism through which ALS-
associated mutants of SOD1 perturb miRNA biogenesis, that is, through aberrant binding toward
XPO5.

Corresponding Author: Yinsheng Wang — Environmental Toxicology Graduate Program and Department of Chemistry, University
of California, Riverside, California 92502, United States; Phone: (951) 827-2700; yinsheng@ucr.edu; Fax: (951) 827-4713.

Supporting Information
The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/acschembio.2c00591.
List of primers used, LC-MS/MS quantification results, and gene ontology analysis results (PDF)

Complete contact information is available at: https://pubs.acs.org/10.1021/acschembio.2c00591
The authors declare no competing financial interest.


https://pubs.acs.org/doi/10.1021/acschembio.2c00591?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acschembio.2c00591/suppl_file/cb2c00591_si_001.pdf
https://pubs.acs.org/doi/10.1021/acschembio.2c00591?ref=pdf

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chenetal. Page 2

Graphical Abstract
pre-miRNA

@

@ Ran )

0. 0EY sop s

‘eg
®0p. |
®
oo
o
o P
u""'"r,-.) |

Cytoplasm |

sa0®®

2 SODmutants

P o W
T mature miRNA

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a progressive, fatal neurodegenerative disorder
manifested by the degeneration of motor neurons in the brain and spinal cord, resulting

in paralysis and death.! The onset of ALS usually occurs in the late middle life at around
55 years old, starting with insidious muscle weakness and spreading to progressive muscle
atrophy, with survival being limited to 2-3 years after disease onset.2 Mechanisms such

as mitochondria dysfunction, altered axonal transport, disturbances in RNA metabolism,
inflammation, proteasome impairment, and oxidative stress have been implicated in ALS
pathologies.::3 More than 20 ALS-linked genes have been identified to date, including
pathogenic variants of SODL, FUS, COORFT72, and TARDBP, which are among the most
extensively studied.*

Approximately 10% of ALS patients are inherited (familial), among which about 20% arise
from mutations in the SOD1 gene encoding the Cu/Zn-superoxide dismutase, a free radical-
scavenging enzyme protecting cells against oxidative stress.> More than 200 ALS-associated
mutations have been found for SOD1, with Gly-to-Ala mutation at position 93 (G93A)

and Gly-to-Arg mutation at position 85 (G85R) being the most extensively investigated.5:”
Previous studies documented protein aggregation as one of the most prominent features

of ALS-associated SOD1 mutations, suggesting a loss of effective folding and degradation
of the mutant SOD1 proteins.® Nevertheless, little is known about how those mutations of
SODL1 found in ALS patients modulate its interactions with other cellular proteins.
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In recent years, proximity-based labeling methods, including biotin ligase BirAR118G
(BiolD), engineered ascorbate peroxidase (APEX), and TurbolD, have been widely
employed to examine protein—protein interactions in the native cellular environment.®-11
Both BiolD and APEX rely on the generation of a reactive biotin derivative to label
proximal endogenous proteins.®10 However, compared with BiolD, APEX exhibits much
faster reaction kinetics and shorter labeling time, which enable the study of short-lived cell
states.12

In this study, we employed APEX-based proximity labeling using the improved second-
generation enzyme APEX210 in conjunction with liquid chromatography—tandem mass
spectrometry (LC-MS/MS) analysis, to examine how two ALS-associated mutations of
SOD1, that is, the G93A and G85R substitutions,12 perturb the interactions of SOD1

with other cellular proteins. We uncovered that the two ALS-associated mutants elicited
alterations in a number of proteins in the proximity proteome of SOD1, including a
markedly elevated presence of exportin 5 (XPO5). We also demonstrated that the aberrant
interactions of SOD1 mutants with XPO5 resulted in the compromised export of pre-miRNA
and elevated biogenesis of mature miRNA.

EXPERIMENTAL SECTION

Cell Culture.

Plasmids.

HEK293T cells (ATCC) and N2a cells (Thermo Fisher) were maintained in Dulbecco’s
modified Eagle medium supplemented with 10% fetal bovine serum (Invitrogen) and 1%
penicillin/streptomycin (at 10,000 U/mL, Thermo Fisher). The cells were cultured at an 80%
confluency under 37 °C in a humidified atmosphere containing 5% CO,.

Plasmids for wild-type (WT) SOD1 (plasmid #26397), SOD1C85R (plasmid #26400),

and SOD1G93A (plasmid#26401) were obtained from Addgene. The plasmids for APEX
experiments were engineered from Mito-V5-APEX2 (Addgene, plasmid #72480) by
removing the region encoding the mitochondria matrix targeting sequence and by inserting
Notl, Eagl, Eael, BsiEl, Apol, EcoRI, Nhel, and Bmtl restriction recognition sites to
generate the V5-APEX2 vector (Figure S1). The coding sequences of WT and mutant SOD1
were subsequently cloned into the Notl and Nhel restriction sites of the V5-APEX2 vector
on the N-terminus of the V5 tag to generate the SOD1WT-APEX2, SOD1685R-APEX2, and
SOD1GBA_APEX2 plasmids. The SOD1WT-Flag, SOD1685R-Flag, and SOD1G93A-Flag for
expressing SOD1 variants with three tandem repeats of the Flag tag being fused on the
C-terminus were constructed by inserting the coding sequences of the SOD1 variants into
the HindlIll and Xbal restriction sites of the pRK7 3x Flag vector (Addgene, plasmid #8996).
All constructs were confirmed by Sanger sequencing.

Cell Lysis and Proteomic Sample Preparation.

APEX labeling was performed at 24 h after the transfection of HEK293T cells with
the aforementioned SOD1-APEX2 plasmids, following recently described procedures.3 In
brief, approximately 2 x 107 cells transfected with the plasmids were incubated with 500 M
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biotin phenol in a complete medium for 30 min in a 37 °C incubator, followed by incubation
with 1.0 mM H,0, for 1 min to induce biotinylation. To quench the reaction, the cells

were washed with a solution containing 5 mM 6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid (Trolox), 10 mM sodium ascorbate, and 10 mM sodium azide in phosphate-
buffered saline (PBS), followed by washing with PBS twice. The cells were lysed in 500

L of 7.0 M urea containing 1% protease inhibitor cocktail (Sigma) in 50 mM Tris buffer
(pH 7.5) and the above-described quenching buffer. The mixtures were briefly vortexed and
rotated for 20 min to completely lyse the cells, followed by centrifugation at 13,000 rpm at
room temperature for 30 min to remove the cell debris.

For streptavidin pull-down, 1 mg of the protein lysate was incubated with streptavidin-
conjugated agarose beads (Thermo Fisher) at room temperature for 2 h. The beads were
subsequently washed five times with 500 s of 7.0 M urea. To elute the biotinylated
proteins, the beads were incubated with a 3x sodium dodecy! sulfate (SDS)—polyacrylamide
gel electrophoresis (PAGE) loading buffer containing 2 mM biotin at 95 °C for 5 min.

The resulting proteins were resolved on a 10% SDS—PAGE gel, followed by the excision

of gel bands in the molecular weight range of >15 kDa into 1 mm?3 cubes. The gel cubes
were destained and dehydrated, followed by cysteine reduction and alkylation, where the gel
pieces were incubated in 10 mM dithiothreitol and 55 mM iodoacetamide at 37 °C for 1 h
and at room temperature in the dark for 20 min, respectively. The proteins were digested in
gel with trypsin, and the resultant peptide mixture was dried in a Speed-vac and desalted
using OMIX C18 pipette tips (Agilent Technologies).

The desalted peptides were dissolved in 0.1% formic acid and subjected to LC-MS/MS
analysis on a Q Exactive Plus hybrid quadrupole-Orbitrap mass spectrometer (Thermo
Fisher Scientific) coupled with an Ultimate 3000 UPLC system. Approximately 20% of the
samples were loaded onto a 3 cm trapping column (150 gm i.d.) packed with ReproSil-Pur
120 C18-AQ resin (5 zm in particle size and 120 A in pore size, Dr. Maisch GmbH

HPLC), and the flow rate was 3 gL/min. The peptides were separated on a 20 cm fused
silica analytical column (75 gm i.d.) packed with ReproSil-Pur 120 C18-AQ resin (3 ym in
particle size and 120 A in pore size). A 140 min linear gradient of 4.0-29.6% acetonitrile in
0.1% formic acid was employed for the separation, and the flow rate was 300 nL/min. The
spray voltage was set at 2.0 kV. The mass spectrometer was operated in a data-dependent
acquisition mode, where the 25 most abundant ions detected in MS were isolated and
activated in the HCD cell at a collision energy of 28 to yield the MS/MS. The MS/MS
spectra were acquired using an Orbitrap analyzer at a resolution of 17,500 and with an
automatic gain control target of 1 x 10°.

The raw LC-MS/MS data were processed using MaxQuant (version 2.0.1.0). The mass
tolerance was set at 20 ppm for both MS and MS/MS. Cysteine carbamidomethylation was
set as a fixed modification, and methionine oxidation and N-terminal acetylation were set
as variable modifications. Peptides were filtered at a 1% false discovery rate (FDR), and a
maximum of two trypsin missed cleavages were allowed. The match time window was 0.7
min between replicates. The mass spectra of peptides were searched using a target-decoy
human UniProt database (UP000005640) for protein identification. The results were filtered

ACS Chem Biol. Author manuscript; available in PMC 2023 December 16.
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at 1% protein FDR. Normalized label-free quantification was used for protein quantification
with a minimum ratio count of two.

The MS proteomics data have been deposited to the ProteomeXchange Consortium
via the PRIDE! partner repository with the dataset identifier PXD035452 (username:
reviewer _pxd035452@ebi.ac.uk; password: oleWYQKO).

Immunoprecipitation and Western Blot.

Approximately 2 x 107 cells were harvested and lysed in CelLytic M Cell Lysis reagent
supplemented with a complete protease inhibitor cocktail (Sigma-Aldrich). The lysates were
subjected to rotation at 4 °C for 15 min, followed by sonication using a Qsonica sonicator
q125 (1/8 probe) for 15 s three times (42% amplitude, 15 s on/15 s off). After sonication, the
cell lysates were rotated for another 15 min and then centrifuged at 13,000 rpm for 10 min
at 4 °C. The supernatant was incubated with prewashed anti-Flag M2 beads at 4 °C for 2 h.
The beads were washed three times with PBS-T (PBS buffer containing 0.05% Tween 20),
and subsequently boiled in 2x SDS—-PAGE loading buffer to elute the captured proteins for
western blot analysis.

Antibodies recognizing human XPO5 (Proteintech, #28628-1-AP; 1:2000), SOD1
(Proteintech, #10269-1-AP; 1:4000), V5 (Proteintech, #14440-1-AP; 1:2000), streptavidin
(Thermo Scientific, #5911), and lamin B1 (Proteintech, #12987-1-AP; 1:10000) were

used as primary antibodies for western blot analysis. Goat antirabbit 1gG (whole
molecule)-peroxidase antibody (Sigma, #A0545; 1:4000) and m+1gG x BP-HRP (Santa Cruz
Biotechnology, #sc-516102; 1:4000) were employed as secondary antibodies. Anti-GAPDH
(Santa Cruz Biotechnology, #sc-32233; 1:10000) was used for internal control (GAPDH) to
confirm an equal amount of protein loading.

Real-Time-Quantitative PCR Analysis of Expression Levels for Pre-miRNA and Mature

MiRNA.

Pre-miRNAs were extracted by following previously published procedures.1® Cells were
seeded in six-well plates at a 35% confluence level and transfected with plasmids encoding
SOD1WT-Flag, SOD1685R-Flag, and SOD1G93A-Flag the following day.

Cytosolic RNAs were extracted 24 h after transfection using cytoplasmic extraction reagents
I and 11, followed by the extraction of nuclear RNA from the cell pellet using 50 g

of nuclear extraction reagent (Thermo Scientific, #78833). Both cytosolic and nuclear
RNAs were treated with 1 mL of TRIzol, followed by cDNA synthesis using a previously
published method.8 Approximately 2 19 RNA was denatured and annealed by incubating
with random hexamer-containing reverse primers of the four mature miRNAs at 70 °C for
5 min. The resulting RNA was quickly placed on ice, followed by reverse transcription

at 42 °C for 1 hand 75 °C for 15 min using 100 units of M-MLV reverse transcriptase
(Promega), M-MLYV buffer, ANTP mixture, and RNase inhibitor. Pre-miRNA primers and
Luna Universal gPCR Master Mix were subsequently added to the mixture, followed by
real-time quantitative PCR (RT-gPCR) analysis on a Bio-Rad iCycler system, with the
running protocol being set at 95 °C for 3 min and 55 cycles at 95 °C for 15 s, 55 °C for
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30, and 72 °C for 45 s. The primers are listed in Table S1. The levels of pre-miRNA were
normalized to that of GAPDH mRNA.

Mature miRNA was isolated as described previously.1® Cells were seeded in a six-well

plate at a 35% confluence level and transfected with SOD1WT-Flag, SOD1G85R-Flag, and
SOD1G9A.Flag the following day. Total RNA was extracted at 24 h after transfection

using TRIzol, followed by cDNA synthesis. In general, approximately 1 ug of RNA was
reverse-transcribed by employing 100 units of M-MLV reverse transcriptase (Promega), 1
unit of poly(A) polymerase (New England Biolabs), and a 5’-tagged oligo(dT);5 primer.
After a 1 h incubation at 42 °C, the reverse transcriptase was deactivated by heating the
mixture at 95 °C for 5 min. RT-gPCR experiments were performed using the Luna Universal
gPCR Master Mix on a Bio-Rad iCycler system. The primers are listed in Table S1. The
levels of mature miRNAs were normalized to the mRNA level of GAPDH.

APEX2 Labeling in Combination with LC-MS/MS for Assessing the Interactomes of
SOD1WT, SOD1G8R, and SOD1G%A,

In this study, we employed APEX labeling, coupled with LC-MS/MS, to explore the
differences in interaction proteomes of SOD1WT, SOD1685R and SOD1CG9A (Figure 1a).
We first optimized the amounts of plasmids employed for the transfection so as to achieve

a similar level of expression for SOD1IWT, SOD1685R and SOD1CG93A, as suggested by
western blot analysis (Figure 1b). We next performed APEX labeling, and our results from
western blot analysis indicated that the biotin labeling efficiencies for SODIWT, SOD1G85R,
and SOD1G93A were similar (Figure 1c). In this vein, it is of note that western blot analysis
only provided a semiquantitative assessment of protein expression.

The combination of APEX labeling with LC-MS/MS analysis revealed substantial (by at
least 1.5-fold) enrichments of 43 and 24 proteins in the proximity proteomes of SOD1G85R
and SOD1CG%3A  respectively, relative to SODIWT (Figure 1d,e). In addition, gene ontology
analysis of the biological processes for the enriched proximity proteins of the two mutants
showed perturbations in several important pathways, including tRNA aminoacylation

for protein translation, regulation of macro-autophagy, phosphorylation, vesicle-mediated
transport, ER to Golgi vesicle-mediated transport, and RNA splicing (Figure S2). In this
vein, NOP56 was found to be enriched in the proximity proteome of SOD1G8R only

and was a previously reported ALS-associated gene that is involved in ribosomal subunit
assembly and pre-rRNA processing (Figure 1e).17:18 Moreover, several proteins involved in
RNA metabolism, such as XPO5, NONO, SRSF6, and YTHDC1, were detected only in the
proximity proteomes of SOD1685R and SOD1G93A put not that of SODIWT. SEC23A and
SEC23B, which are intracellular trafficking proteins and previously shown to interact with
SOD1C85R 19 were also detected in our APEX labeling experiments (Tables S2 and S3).

Our results also showed that 221 and 426 proteins are enriched in the proximity proteomes
of SODIWT, relative to SOD1G85R and SOD1G93A, respectively (Figure 1d). Gene ontology
analysis for the enriched proteins showed several important pathways, including cytoplasmic
translation, stress granule assembly, nucleosome assembly, chromatin silencing, mMRNA
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destabilization, and so forth (Figure S2). Along this line, several ribosomal proteins,
including RPS10, RPS13, RPS14, RPS17, RPL23A, RPL26, and RPL27A, are enriched
in the proximity proteome of SOD1WT only (Figure 1e).

XPOS5 Displays Preferential Interactions with SOD168°R and SOD1%93A over WT SOD1.

XPO5 is one of the most pronouncedly enriched proximity proteins of SOD1¢85R and
SOD1C9A and it is worth further investigation owing to its importance in small RNA
transport and miRNA maturation.20-21 We monitored the peak areas for one of the unique
peptides of XPOS5, that is, DPLLLAIIPK, identified from the proximity proteomes of
SOD1IWT, SOD1G8R, and SOD1G93A, We found that the peak areas observed in the
selected-ion chromatograms for the [M + 2H]2* ion of the peptide obtained for the
proximity proteome samples of SOD1%85R and SOD1G93A were much larger than that of
SOD1WT, indicating stronger interactions of XPO5 with SOD1685R and SOD1CG93A than
with SODIWT (Figure S3a). In this vein, the sequence of the XPO5 peptide was supported
by its MS/MS (Figure S3b).

To further validate the aforementioned findings, we constructed SOD1WT-Flag, SOD1C85R-
Flag, and SOD1%93A-Flag by fusing three tandem repeats of the Flag epitope tag to the
C-terminus of the SOD1 variants, and performed co-immunoprecipitation using anti-Flag
beads, followed by western blot analysis. Our results revealed much stronger interactions
between XPO5 and SOD168R-Flag/SOD1693A-Flag than SOD1WT-Flag in both HEK293T
and N2a neuroblastoma cells (Figure 2a—d). It is of note that there was a band detected at
the XPOS5 location in the control pull-down samples for HEK293T and N2a cells without
plasmid transfection or with transfection of empty plasmid; nonetheless, the intensity of that
band in these control samples is much weaker than what we observed for the mutant SOD1-
Flag pull-down samples. Together, the above MS data and western blot results substantiate
that XPO5 interacts preferentially with SOD1¢85R and SOD1G93A than with SOD1WT.

ALS-Associated SOD1 Mutants Modulate the Nucle-ocytoplasmic Transport of Pre-miRNA
and miRNA Maturation.

miRNAs are essential single-stranded noncoding RNA molecules that function in RNA
silencing and gene expression regulation.22 One of the major established functions of XPO5
is to transport pre-miRNA from the nucleus to the cytosol, and the transported pre-miRNA is
further processed into mature miRNA by Dicer.20 Thus, we next asked whether the ectopic
expression of ALS-associated mutants of SOD1 perturbs the nucleocytoplasmic transport

of pre-miRNAs. Toward this end, we monitored several representative pre-miRNAS that are
highly expressed in mice and humans,23-25 including miR-let7b, miR-30a, and miR-143.
Our results revealed that, when compared with cells with the ectopic expression of WT
SOD1, the ectopic expression of the two mutants of SOD1 results in elevated distributions
of pre-miR-let7b, pre-miR-30a, and pre-miR-143 in the nuclei, which are accompanied by
their diminished presence in the cytosol (Figure 3a). In this regard, we assessed the purities
of the nuclear and cytoplasmic fractions by western blot analysis. We found that, while the
cytoplasmic fraction has ~9.5% contamination of nuclear proteins (as reflected by the lamin
B signal), the nuclear fraction is free of contamination from the cytoplasmic fraction (Figure
S4). Together, the above results suggest that the augmented interactions between mutant
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SODL1 proteins and XPO5 suppress the latter’s function in exporting pre-miRNA from the
nucleus to the cytosol.

After export into the cytosol, pre-miRNAs are subjected to cleavage by Dicer to generate
mature miRNAs.26 Thus, we also examined how ectopic expressions of the WT and the
two ALS-linked mutants of SOD1 modulate the levels of mature miRNAs. Our result from
RT-gPCR analysis revealed that the relative levels of mature miR-30a, miR-let7b, miR-100,
and miR-15a were significantly higher in cells with the ectopic expression of the SOD1
mutants than in cells expressing SOD1WT (p < 0.05) (Figure 3b).

DISCUSSION

ALS is a fatal neurodegenerative disease, and ALS patients manifest with the progressive
loss of motor neuron functions, with about 2 to 3 years of survival time after the disease
onset in most cases.? Neurons of ALS patients display abnormal protein aggregation,
disturbance of proteostasis, and dysregulations in RNA metabolism.1:827 |n the latter
respect, perturbations in miRNA biogenesis, alternative splicing, and RNA transport are
now considered the major mechanisms underlying ALS pathogenesis. Many studies have
substantiated that ALS-associated mutations in 7DPA3 and FUS, which are RNA-binding
proteins, can alter RNA metabolism.282% Additionally, ALS-linked mutants of SOD1 were
shown to perturb indirectly the RNA metabolism by modulating the functions of TDP43.30
SOD1 was the earliest identified gene mutated in ALS, and its mutations account for

20% of familial ALS and 5% of apparently sporadic ALS.31:32 SOD1G85R and SOD1G%3A
are among the most well-studied ALS-associated mutations in SOD1, and both mutants
are known to elicit protein aggregation and misfolding in cells.® To date, the protein
interactomes for these two SOD1 mutants remain largely unexplored.

Here, we employed APEX labeling and label-free quantification using LC-MS/MS to
examine the proximity proteomes for SODIWT, SOD1685R, and SOD1G9%A, We found
that, when compared with SODIWT, 43 and 24 proteins were enriched in the proximity
proteomes of SOD1C85R and SOD1G93A  respectively (Figure 1d). GO analysis of the
proteins preferentially enriched in the proximity proteomes of the two SOD1 mutants
revealed their involvement in several important biological pathways (Figure S2).

Among the differentially enriched proximity proteins, XPO5 exhibits preferential binding
with the two mutants of SOD1 (Figure S2). We validated the proteomic results by
immunoprecipitation, followed by western blot analysis, where both SOD1G85R and
SOD1G93A display much more robust interactions with XPO5 than SODIWT in HEK293T
cells (Figure 2a,b). Similar findings were made for N2a mouse neuroblastoma cells (Figure
2c,d). These results together revealed that XPO5 interacts preferentially with SOD1G85R and
SOD1G93A than with SOD1WT. In this regard, it is important to note the limitation of the
immunoprecipitation method; that is, it does not support that the interactions between SOD1
mutants and XPO5 are direct. Future studies can be conducted using other techniques, for
example, surface plasmon resonance and GST pull-down assay using purified recombinant
proteins, to further examine whether XPO5 interacts directly with the SOD1 variants.

ACS Chem Biol. Author manuscript; available in PMC 2023 December 16.
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XPO5 is known to promote the nucleocytoplasmic transport of small endogenous

RNAs, including pre-miRNAs.20 Our real-time qPCR results revealed increased nuclear
distributions and attenuated cytoplasmic distributions of pre-miRNAs, including pre-
miR30a, pre-miR-let7a, and pre-miR-143 in cells expressing the two ALS-associated
mutants of SOD1 than those expressing the WT protein (Figure 3a). This result supports
that SOD1G93A and SOD1685R may sequester XPOS5, thereby rendering it unavailable for
facilitating the export of pre-miRNAs from the nucleus to the cytosol (Figure 3c).

Transported pre-miRNAs in the cytosol are subjected to maturation by a multiprotein
complex comprising of Dicer and its partners, Argonaute 2 (AGO2), TAR RNA-

binding protein 2, and interferon-inducible double-stranded RNA-dependent protein kinase
activator.33 miRNAs play vital roles in many crucial biological processes, including, among
others, gene silencing, RNA editing, RNA methylation, and RNA decay.34 Recent studies
showed that ALS-associated SOD1 mutations could perturb miRNA biogenesis and mMRNA
stability?8 and several miRNAs may serve as potential diagnostic biomarkers for ALS.35
Thus, we also examined the consequences of the SOD1 mutations on miRNA maturation.
Interestingly, we found that mature miR-30a, miR-let7b, miR-100, and miR-15a are present
at higher levels in cells expressing the mutant SOD1 proteins than those expressing the

WT counterpart (Figure 3b). At first glance, this finding appears to be incongruent with

the fact that the expression of mutant SOD1 confers diminished levels of pre-miRNA in

the cytosol for Dicer processing. However, aside from supporting the cytoplasmic export

of pre-miRNAs, XPO5 exerts an inhibitory effect on Dicer when forming a complex

with pre-miRNA and Ran-GTP.21 Thus, the sequestration of XPO5 by SOD1 mutants
forges the elevated activity of the Dicer complex, which leads to augmented miRNA
maturation (Figure 3c). Previous studies revealed aberrant miRNA biogenesis in ALS-
related pathologies,33:36:37 and our results are in agreement with these studies. Importantly,
our discovery of the interaction between XPO5 and the two mutants provides mechanistic
insights into the roles of ALS-associated SOD1 mutants in miRNA biogenesis.

Apart from the identification of proteins exhibiting increased enrichment with the
SOD1C85R and SOD1693A our APEX labeling coupled with LC-MS/MS analysis also
results in the identifications of 221 and 426 proteins being enriched in the proximity
proteome of SODIWT compared with SOD1685R and SOD1G93A  respectively (Figure

1e). Gene ontology analysis of the proteins exhibiting increased presence in the proximity
proteome of SODIWT showed the enrichment of several pathways, including stress granule
formation, chromatin silencing, protein folding, chromatin silencing, and so forth (Figure
S2). For instance, G3BP1 and TIA1 are important in stress granule formation,38:3 and
ARL?2 and CDC37 are essential for protein folding*%41 Future studies are needed to examine
if the two SOD1 mutants elicit the loss of function of these pathways, which may also
contribute to the development of ALS-associated pathologies.

In conclusion, we characterized comprehensively how two common ALS-linked mutations
of SOD1 modulate its interaction proteomes and we uncovered, for the first time, XPO5

as an interaction partner of SOD1685R and SOD1G93A, The enhanced interaction between
XPO5 and the SOD1 mutants led to attenuated nucleocytoplasmic transport of pre-miRNA
and augmented levels of mature miRNAs. It will be interesting to explore, in the future,

ACS Chem Biol. Author manuscript; available in PMC 2023 December 16.
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how altered interactions with other cellular proteins conferred by the two SOD1 mutants
contribute to the etiology of ALS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Combination of APEX2 labeling with LC-MS/MS revealed XPO5 as a candidate interaction
partner of SOD1%85R and SOD1G93A, (a) Schematic diagram showing the workflow for
APEX labeling. “BP” and “AP” represent biotin phenol and affinity pull-down, respectively.
(b) Western blot showing a similar level of expression for different SOD1-APEX2 variants
in HEK293T cells. (c) Western blot indicated similar APEX labeling efficiencies for
SODIWT, SOD1G8R, and SOD1G9%3A, Cells were transfected with plasmids encoding
APEX2-conjugated SODIWT, SOD1C85R and SOD1G93A for 24 h, followed by treatments
with biotin phenol for 30 min and then with H,O, for 1 min. “SA-HRP” represents
streptavidin-horseradish peroxidase. (d) Venn diagrams comparing the proximity proteomes
of SOD16#5R vs SODIWT and SOD1693A ys SOD1WT. In total, 1999 proteins were
identified. (e) Volcano plots displaying fold changes for the proteins being pulled down
with streptavidin beads. The pvalues were calculated by using paired, two-tailed Student’s
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ttest. The red and blue labels designate those with statistically significant fold changes (o <
0.05).
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Figure 2.
Immunoprecipitation followed by western blot analysis revealed stronger interactions

between XPO5 and SOD1%85R/SOD1693A than SODIWT in HEK293T and N2a cells. (a,c)
HEK293T and N2a cells were transfected with the empty vector (pRK7), SOD1WT-Flag,
SOD1G8R-Flag, and SOD1C59A-Flag for 24 h, and the resulting lysates were incubated with
anti-Flag beads for 2 h. Western blot was used to monitor the interaction between XPO5 and
the three Flag-tagged proteins. (b,d) The relative enrichment of XPO5 (a,c) was quantified
using Image Studio based on the band intensities of XPO5 in the IP samples and normalized
to those of XPO5 in the corresponding input samples (7= 3). The pvalues were calculated
using one-way ANOVA: *, 0.01 < p< 0.05; **, 0.001 < p< 0.01; ***, p< 0.001.
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Figure 3.
Ectopic expression of the G85R and G93A mutants of SOD1 perturbs the nucleocytoplasmic

transport of pre-miRNAs and the maturation of miRNAs. (a) RT-gPCR results showing
increases in the nuclear levels and decreases in the cytosol levels of pre-miR-let7a, pre-
miR-30a, and pre-miR-143 in cells expressing SOD1693A and SOD1G9R compared to those
expressing the WT protein. (b) RT-gPCR results depicting substantially increased levels of
mature miR-30a, miR-let7b, miR-100, and miR-15a in cells with the ectopic expression of
SOD1C85R and SOD1G93A than those with SOD1WT. (c) Schematic diagram illustrating the
inhibitory effect of ALS-associated SOD1 mutants on XPO5-mediated nucleocytoplasmic
transport of pre-miRNASs and on diminished inhibitory effects of XPO5 toward the Dicer-
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mediated cleavage of pre-miRNAs to mature miRNAs. All data were normalized to the
mMRNA level of GAPDH. The pvalues were calculated using unpaired, two-tailed Student’s
ttest: ns, not significant (p > 0.05); *, 0.01 < p< 0.05; **, 0.001 < p< 0.01; ***, p< 0.001.
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