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Neurobiology of Disease

Loss of RAD-23 Protects Against Models of Motor Neuron
Disease by Enhancing Mutant Protein Clearance
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Misfolded proteins accumulate and aggregate in neurodegenerative disease. The existence of these deposits reflects a derangement in the
protein homeostasis machinery. Using a candidate gene screen, we report that loss of RAD-23 protects against the toxicity of proteins
known to aggregate in amyotrophic lateral sclerosis. Loss of RAD-23 suppresses the locomotor deficit of Caenorhabditis elegans engi-
neered to express mutTDP-43 or mutSOD1 and also protects against aging and proteotoxic insults. Knockdown of RAD-23 is further
neuroprotective against the toxicity of SOD1 and TDP-43 expression in mammalian neurons. Biochemical investigation indicates that
RAD-23 modifies mutTDP-43 and mutSOD1 abundance, solubility, and turnover in association with altering the ubiquitination status of
these substrates. In human amyotrophic lateral sclerosis spinal cord, we find that RAD-23 abundance is increased and RAD-23 is
mislocalized within motor neurons. We propose a novel pathophysiological function for RAD-23 in the stabilization of mutated proteins

that cause neurodegeneration.
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Significance Statement

In this work, we identify RAD-23, a component of the protein homeostasis network and nucleotide excision repair pathway, as a
modifier of the toxicity of two disease-causing, misfolding-prone proteins, SOD1 and TDP-43. Reducing the abundance of RAD-23
accelerates the degradation of mutant SOD1 and TDP-43 and reduces the cellular content of the toxic species. The existence of
endogenous proteins that act as “anti-chaperones” uncovers new and general targets for therapeutic intervention.

Introduction

Amyotrophic lateral sclerosis (ALS) is a multifactorial, adult onset
motor neuron disease that causes death of the upper and lower mo-
tor neurons, leading to muscle denervation and eventual paralysis.
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Approximately 90% of cases of ALS are sporadic, and the remaining
cases are caused by single gene mutations (Rothstein, 2009). The
pathophysiology of ALS has been linked to oxidative stress, excito-
toxicity, impaired protein homeostasis, and defects in RNA biology
(Cleveland and Rothstein, 2001; Ling et al., 2013).
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Table 1. Mammalian ERAD genes and their predicted orthologs in C. elegans®
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Mammalian gene Worm gene Putative function Mutant available Mutation description Comment
EDEM1 (47E123 Glycosylhydrolase-47 family 0k2898 378 bp deletion
EDEM2 F102.5 Glycosylhydrolase-47 family tm6057 563 bp deletion Affects >1 gene
059 Y105E8A0.2 Inspects client proteins for terminal oc1,6 linked tm5511 517 bp deletion

mannose
TEB4 F55A3.1 DOA10 ligase component gk218188 Introduces stop codon mid-gene
Erasin 7K353.8 DOA10 ligase component tm3247 323 bp deletion Tested
HRD1 F55A11.3 E3 ubiquitin ligase tm1743 473 bp deletion + 38 bp insertion
HRDL-1 F26E4.11 E3 ubiquitin ligase gk28 1981 bp deletion
Derlin-1 F25D7.1 HRD ligase component; retrotranslocon tm2839 224 bp deletion Tested
Derlin-2/Derlin-3 R151.6 HRD ligase component tm5861 499 bp deletion
RNFS (16€10.7 RMA1 ligase tm794 647 bp deletion
p97 (VCP) C06A1.1 Extractor tm544 688 bp deletion Tested
p97 (VCP) (4104.8 Extractor tm659 639 bp deletion Tested
UFD-2 TO5H10.5 p97 (VCP) cofactor tm1380 915 bp deletion Tested
UFD-3 €05C10.6 p97 (VCP) cofactor tm2915 747 bp deletion Tested
RAD-23 7K20.3 Proteasome adaptor tm3690; tm2595 432 bp deletion; 677 bp deletion + Tested

28 bpinsertion

UBQLN-2 F15C11.2a Proteasome adaptor tm1574 755 bp deletion Tested

“There are ~25ERAD genes predicted to be conserved in C. efegans. Of these, viable mutants are available in many and were used in a candidate gene approach to identify novel modifiers of mutTDP-43 toxicity in . elegans. Several conserved
mammalian ERAD genes in the nematode have no mutants available at the time of this study, including the following: Ubc14 (Y87G2A0.9); Ube2K (F40G9.3); Ube2G (F58A4.10.1); ERManl (T03G11.4); Npl4 (F59E12.5); Ufd-1 (F19B6.2a);

Ube2J1/Ube2J2 (D1022.1a); and Ube2G2 (Y87G2A0.9).

Some of the earliest events seen in rodent ALS models include
the accumulation of misfolded proteins, ER stress, and activation
of the unfolded protein response (Kikuchi et al., 2006; Nagata et
al., 2007; Saxena et al., 2009; Wang et al., 2011; Walker et al., 2013;
Filézac de L’Etang et al., 2015). Exacerbated ER stress has also
been found in forms of sporadic ALS (sALS) (Atkin et al., 2008).
One way cells deal with ER stress, linked to the accumulation of
misfolded proteins in the ER lumen, is by ER-associated degra-
dation (ERAD). In this process, terminally misfolded ER lumen
proteins are cleared from the ER through a multistep process for
degradation by the 26S proteasome (Vembar and Brodsky, 2008).
Positive and negative regulators of this process are known to exist
(Rumpfand Jentsch, 2006), and several components of the ERAD
pathway have been identified as being mutated in forms of famil-
ial ALS (fALS) (Johnson et al., 2010; Deng et al., 2011).

We hypothesized that components of ERAD might be modi-
fiers of ALS. To test this, we used a Caenorhabditis elegans model
of ALS in which mutant (M337V) TDP-43 (mutTDP-43) is ex-
pressed in the nervous system (Liachko et al., 2010). Using a
candidate gene forward genetics approach (Table 1), we asked
whether loss-of-function alleles (mutants) of ERAD components
influenced the uncoordinated phenotype (locomotor deficit) of
mutTDP-43 animals. Among the modifiers, we found that a loss-
of-function mutation of rad-23 suppressed the locomotor deficit
of mutTDP-43.

RAD-23 has two known functions: (1) it can bind ubiquiti-
nated substrates and the proteasome to aid in clearance of certain
substrates (Chen and Madura, 2006); and (2) it assists in nucle-
otide excision repair (NER) initiation to correct distorted double
helices resulting from DNA damage (Dantuma et al., 2009; Ber-
gink et al., 2012). We demonstrate that loss of rad-23 has a ben-
eficial effect in models of ALS in C. elegans and mammalian
neurons, and this effect is linked to improved protein homeosta-
sis and the clearance of ALS-causing proteins by the loss of
RAD-23.

The pathophysiological relevance of our work to human dis-
ease is suggested by changes in RAD-23 abundance and cellular
distribution in ALS spinal cord samples. We propose that native
RAD-23 acts as an “anti-chaperone” to stabilize and prevent
the turnover of misfolding-prone proteins that cause ALS. These

data raise the possibility that targeted reduction of RAD-23 could
have therapeutic utility in ALS.

Materials and Methods

Antibodies. The following antibodies were used in this study: hR23A
(Abcam ab55725), hR23B (Abcam ab88053), TDP-43 (Abcam ab57105
for immunoblotting), myc (Cell Signaling Technology 2276), hSOD1
(Abcam ab52950), V5 (EMD Millipore ab3792), GFP (Sigma G1546),
B-actin (Sigma A2066), ubiquitin (Dako Z0458), SMI32 (Invitrogen),
biotinylated goat anti-mouse IgG (Vector Laboratories BA-9200), anti-
mouse and anti-rabbit AlexaFluor antibodies (Invitrogen), and anti-
mouse and anti-rabbit IRDye antibodies (Li-Cor).

C. elegans strains. All animals were grown on Nematode Growth Me-
dia (NGM) plates seeded with Escherichia coli OP50 and maintained at
20°C (Brenner, 1974). The following C. elegans strains were obtained
from the C. elegans Genetic Center and National Bioresource Project for
the Nematode: the N2 Bristol strain, rad-23 (tm3690 and tm2595), ufd-3
(tm2915), ufd-2 (tm1380), cdc-48.1 (tm544), cdc-48.2 (tm659), ubxn-4
(tm3247), and ubql-1 (tm1574). All strains were backcrossed 5 genera-
tions to ancestral N2 (Table 2). The hSOD1-expressing lines (P, _::WT
SODI1-YFPand P, ,::G85R SOD1-YFP) and hTDP-43-expressing lines
(Pyp.WT TDP-43 and P, ;::M337V TDP-43) were generated as de-
scribed previously (J. Wang et al., 2009 and Liachko et al., 2010, respec-
tively). Compound mutant strains, consisting of the mutation/allele and
the TDP-43 or SOD1 transgene, were confirmed by fluorescence and the
PCR using primers for the allele (Table 3). The G85R; sid-1 (pk3321);
Punc.110::SID-1 strain was created as previously described (Calixto et al.,
2010; Lim et al,, 2012). The RAD-23 rescue lines were created using
Gateway Cloning (Invitrogen). Briefly, RAD-23 genomic DNA was am-
plified from DNA isolated from wild-type (WT) C. elegans and cloned
into the pDonR221 entry vector. The LR reaction was then performed
with the pCFJ150 destination vector, P, ;o entry clone (nervous sys-
tem expression) (first position), the RAD-23 entry clone (second posi-
tion), and unc-54 3'UTR entry clone (third position). The resulting
vector was confirmed by Sanger sequencing and injected into the gonads
of either mutTDP-43 or mutTDP-43; rad-23 (tm3690) animals until 3
stable lines were created. The RAD-23 expression construct was coin-
jected witha P, ;,,0::GFP coinjection marker. A list of all strains used in
this study can be found in Table 2.

Locomotor assays. C. elegans locomotor assays were performed as a
swimming assay in a drop of M9 buffer (22 mm KH,PO,, 42 mm
Na2HPO,, 86 mm NaCl) on the surface of an agar plate. For each assay,
15-25 worms were allowed to lay eggs for 4 h. Behavior was blindly
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Table 2. Alist of the C. elegans strains used in this study and their corresponding
information”

Strain name Coinjection marker Description
RK65 NA tm3690
RK66 NA tm2595
RK67 NA mutTDP-43 (M337V); RK65 (tm3690)
RK68 NA mutTDP-43 (M337V); RK66 (tm2595)
RK69 NA wtTDP-43; RK65 (tm3690)
RK70 NA WtTDP-43; RK66 (tm2595)
RK71 NA mutSOD (G85R); RK65 (tm3690)
RK72 NA mutSOD (G85R); RK66 (tm2595)
RK73 NA wtSOD; RK65 (tm3690)
RK74 NA wtSOD; RK65 (tm3690)
RK75 NA mutTDP-43 (M337V); png-1 (¢y9)
RK76 NA mutTDP-43 (M337V); xpa-T1 (0k698)
RK77 NA mutTDP-43 (M337V); csb-1 (tm2073)
RK78 NA mutTDP-43 (M337V); ercc-1 (0k2335)
RK79(rkEx1) None Prapa3:RAD23::GFP
(fosmid injected at 5 ng/ul)
RK80 NA tm2909
RK81 NA tm1574
RK82 NA tm2915
RK84 NA tm544
RK85 NA tm3247
RK86 NA mutTDP-43 (M337V); RK81 (tm1574)
RK87 NA mutSOD (G85R); RK81 (tm1574)
RK88 NA mutTDP-43 (M337V); RK82 (tm2915)
RK91 NA mutTDP-43 (M337V); RK84 (tm544)
RK92 NA mutTDP-43 (M337V); RK85 (tm3247)
RK93 NA RK88; RK65
mutTDP-43 (M337V); tm2915; tm3690
RK94 NA mutTDP-43 (M337V); tm 1380
RK95 NA RK94; RK65
mutTDP-43 (M337V); tm1380; tm3690
RK96 NA tm659
RK97 NA mutTDP-43 (M337V); tm659
0G695(drEx230) Punc-119::GFP mutTDP-43 (M337V);
(injected at Punc-110-RAD23::unc54 3" UTR-LINE1
100 ng/ul) (construct injected at 30 ng/wl)
0G696(drEx231) Punc-119::GFP mutTDP-43 (M337V);
(injected at Punc-110-RAD23::unc54 3" UTR-LINE2
100 ng/ul) (construct injected at 30 ng/wl)
0G697(drEx232) Punc-119::GFP mutTDP-43 (M337V);
(injected at Punc-110-RAD23::unc54 3" UTR-LINE3
100 ng/ul) (construct injected at 30 ng/ )
0G692(drEx227) Punc-119::GFP mutTDP-43 (M337V); rad23 (tm3690);
(injected at Punc-110-RAD23::unc54 3" UTR-LINE1
100 ng/ul) (construct injected at 30 ng/ )
0G693(drEx228) Punc-119::GFP mutTDP-43 (M337V); rad23 (tm3690);
(injected at Punc-110-RAD23::unc54 3" UTR-LINE2
100 ng/ul) (construct injected at 30 ng/wl)
0G694(drEx229) Punc-119::GFP mutTDP-43 (M337V); rad23 (tm3690);
(injected at Punc-110-RAD23::unc54 3" UTR-LINE3
100 ng/ul) (injected at 30 ng/pl)

“All strains used in this set of studies were backcrossed to ancestral N2 5 times. NA, Not applicable.

recorded at the young adult stage (24 h after L4) for 30 s on a video
camera attached to a Zeiss Steml SV11 dissecting scope. Five replicates
containing 7-10 animals per group were tested. Videos were tracked
and then analyzed using the Parallel WormTracker (http://wormsense.
stanford.edu/tracker; Miriam Goodman; Stanford University, Palo Alto,
CA) script on MATLAB (The MathWorks) to determine the average
speed (millimeters per second). Each experiment was completed three
independent times on different days. One representative experiment is
shown unless otherwise indicated.

RNAi knockdown in C. elegans. Each RNAi (RNA Interference) colony
was grown overnight in Luria broth containing ampicillin (50 ug/ml),
and 200 ul was seeded onto NGM plates containing isopropylthiogalac-
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Table 3. List of primers used in genotyping C. elegans strains”

Gene Allele Primer (5"-3") (upper/lower)
rad-23 tm2595 caggatggttttgtccgttac
acatgcgaaataagectecac
tm3690 aaggcgatgaatacacattcttgg
atcgataacctggatgagggatgg
ufd-3 tm2915 ttttgggcaatagatggagge
aaatgcccgagcttctgg
ufd-2 tm1380 tacttggagagccaacttcgc
acaaaatccatagaagatgcc
dc-48.1 tm544 ttccacgtggtggcttgatac
aaccegcatteacgtgctc
derlin-1 tm2909 ttecatcttgaccgtgaatacc
atatctacttecttctcgaaccg
ubxn-4 tm3247 acatgtttgteggectcteg
aactttcaacacctagtcc
ubgl-1 tm1574 gcatattgaagctcgegeg
acggtgatttcacgtgaac
xpa-1 0k698 gaccgttgagcttattgcag
taacttgttgtggccatgeg
sb-1 0k2335 gaagactgatcatcggageg
ggctgggggattcaaattat
ercc-1 tm2073 tteggtgtegtctatctcag
tttttgcgacatccctggeg
png-1 9 gtcgataattttaccgaattttccac

tatctccaagtgacgtcaaccac

“All of the primers used in genotyping the C. efegans strains used in this study. Further information is available upon
request.

toside (1 mm) to induce dsRNA expression. The RNAI clone for rad-23
was generated as described previously in the Ahringer library (Fraser et
al., 2000), and its correctness was confirmed by sequencing. For locomo-
tor experiments, staged L4 animals were placed on RNAI plates over-
night. On the next day, young adult C. elegans were transferred to a fresh
RNAI plate and allowed to lay eggs for 4—6 h. Progeny were subsequently
tested at the young adult (L4 + 1 d) stage for locomotor activity as
described above. For RNAi experiments, the average of three indepen-
dent experiments is shown.

Tunicamycin lifespan assay. WT (N2 Bristol strain) or rad-23 (tm3690)
C. elegans were allowed to lay eggs on NGM plates for 4—6 h (“egg
dropping”). At the young adult stage, 100 animals were placed on NGM
plates supplemented with either vehicle (DMSO) or tunicamycin (Sigma
T7765; 5 pg/ml). NGM plates were all seeded with OP50, and the final
concentration of DMSO in the plates did not exceed 0.2%. Animals
were transferred to a fresh plate every day and scored for survival by
response to light touch. Bagging worms or worms with a vulva explosion
phenotype were excluded from the analysis. All assays were completed
blind to genotype.

Heat shock lifespan assay. For heat shock assay, WT (N2 Bristol strain)
or rad-23 (tm3690) animals were allowed to lay eggs on NGM plates for
4-6h. At the L4 stage, ~50 animals per group were transferred to a fresh
plate. At the young adult (L4 + 1 d) stage, NGM plates were fully sub-
merged into a water bath in a plastic bag at 34°C. Plates were removed
briefly every hour so that animals could be scored for survival by response
to a light touch. Bagging worms or worms with a vulva explosion pheno-
type were excluded from the analysis. All analyses were performed blind
to genotype.

Biomechanical profiling software. We used a MATLAB-based image
analysis program to quantify the biomechanics of C. elegans swimming
behavior as previously described (Sznitman et al., 2010; Krajacic et al.,
2012). WT (N2 Bristol strain) or rad-23 (tm3690) animals were allowed
to lay eggs for 4—6 h. Worms were staged at L4 based on the transparency
of the vulva mark. At L4 and for 5 d after L4, recordings were taken
(=10/group at each time point). Briefly, 1-3 animals were transferred
into a 50 wl drop of M9 buffer in the recording chamber and, after 2 min
of acclimation, were covered with a coverslip. Recordings of 4-15 s of a
single animal in the chamber were obtained using standard bright-field
microscopy at 26 frames per second. For each recording of a single ani-



Jablonski et al. ® Loss of RAD-23 Is Neuroprotective in ALS Models

mal, worm curvature was captured and plotted over time. Worm speed,
force, and power calculation were performed in MATLAB (The Math-
Works) (Krajacic et al.,, 2012). All analyses were performed blind to
genotype.

UV sensitivity assay. UV survival experiments were performed as pre-
viously described (Lans et al., 2010). For each genotype, 1625 C. elegans
young adults were irradiated at the indicated UV-B dose and, following
24 h of recovery, transferred to 4-5 NGM plates to lay eggs for a 2-3 h
period. Survival of progeny was later assessed.

Fluorescence recovery after photobleaching (FRAP) assay. Animals were
immobilized with 10 mm levamisole and examined with a Leica DMI3000
B confocal microscope. Experiments were performed as described by L.
Wang et al. (2009).

Recombinant HSV constructs. hR23A and hR23B miRNA was designed
against the target sequences, 5'-CCAGAACATGCGGCAAGTGAT-3’
and 5'-TGGTAACTGAGATCATGTCAA-3', respectively. Primers were
annealed and cloned into the p1006(+ ) vector backbone using the BspE1
and Fsel restriction sites. The p1006(+) amplicon plasmids were then
used to generate recombinant HSV as described previously (Neve et al.,
1997). The titer of virus used in these experiments was —3-5 X 107
plaque-forming units/ml.

Cell culture. Mixed spinal cord neuron cultures were prepared as de-
scribed previously (Mojsilovic-Petrovic et al., 2006). Briefly, an astrocyte
feeder layer was prepared from the cortex of newborn Sprague Dawley rat
pups (postnatal day 2 [P2]) and grown to ~80% confluency. Subsequently,
dissociated embryonic day 15 (E15) spinal cord neurons were added. One to
two days later, AraC (5 mm) (catalog #C6645; Sigma) was added for 24 h to
arrest astrocyte proliferation. Cultures were maintained in glia-conditioned
medium supplemented with the following trophic factors (1.0 ng/ml each):
human neurotrophin-3, human neurotrophin-4, human brain-derived
neurotrophic factor, and rat ciliary neurotrophic factor (Alomone Labs).
Half of the culture medium was replaced on a biweekly basis.

HEK293 (Human Embryonic Kidney 293) cells were grown in DMEM
(Invitrogen) supplemented with 10% FBS (Sigma) and 1% Pen-Strep
(Sigma). WT, hR23A /=, and hR23B ~/~ mouse embryonic fibroblasts
(MEFs) were maintained in DMEM with GlutaMax and high glutamine
(Invitrogen) supplemented with 10% FBS (Sigma) and 1% Pen-Strep
(Sigma). MEFs were created as previously described (Okuda et al., 2004).

Transfections. Cells were transfected using Lipofectamine 2000 (Invit-
rogen) in antibiotic-free medium once cells reached ~75% confluency.
Media was replaced after 24 h. Experiments were performed 48 h after
transfection unless otherwise indicated.

Cychloheximide (CHX) assays. When cells were 75% confluent, the
HEK293 cells were cotransfected (Lipofectamine 2000; Invitrogen) with
indicated TDP-43 or SODI expression constructs and a control or
RAD-23 (hR23A or hR23B) miRNA using Lipofectamine 2000 (Invitro-
gen) in antibiotic-free media. MEFs were transfected (Lipofectamine
2000; Invitrogen) with TDP-43 expression construct and LacZ or respec-
tive hR23A or hR23B ¢cDNA if indicated. For studies in mixed spinal cord
cultures, neurons were infected with HSV to express human versions of
wtSOD1, mutSOD1, wtTDP-43, or mutTDP-43 alongside an HSV ex-
pressing a control, hR23A, or hR23B miRNA. After 24 h, cells were re-
plated in their standard media at equal densities, and HEK293 cells or
MEFs were replated in duplicate or triplicate as needed. At 24 h later, the
media was removed and replaced with standard media and CHX (Sigma;
final concentration of 100 ug/ml) or vehicle (DMSO, Sigma). At subse-
quent time points, cells were washed twice in ice-cold PBS supplemented
with CHX (50 ug/ml) and lysed in RIPA buffer (1% NP-40, 0.1% SDS, 50
mM Tris-HCl pH 7.4, 150 mMm NaCl, 0.5% sodium deoxycholate, 1 mm
EDTA). All buffers used in this study were supplemented with complete
protease inhibitor mixture (Roche). Samples were then processed for
Western blot. In indicated experiments, vehicle (DMSO), MG-132
(5 um), epoxomicin (100 nm), or 3-methyladenine (3-MA) (10 mm) (all
from Sigma) was added 30 min following the addition of CHX.

RNA isolation and mRNA measurements. RNA was extracted from
untransfected and transfected HEK293 cells using the RNeasy Mini Kit
(QIAGEN). Total RNA from C. elegans was purified using TRIzol reagent
(Invitrogen) followed by DNase I (Promega) digestion. A total of 1 ug of
DNase-treated RNA was reverse transcribed using the iScript cDNA syn-
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thesis kit (Bio-Rad) according to the manufacturer’s protocol. The
c¢DNAs were subjected to real-time qPCR in a total volume of 25 ul,
containing 1 X Power SYBR Green Master Mix (Invitrogen) and 200 nm
primer. The qPCRs were amplified and analyzed in triplicate using
StepOne RealTime PCR system (Invitrogen). To enable normalization of
the input target cDNA added to each well, the endogenous controls, «
tubulin (tba-1) for C. elegans experiments, and 3 actin for HEK293 cell
experiments were amplified simultaneously in a separate reaction well
but under identical thermal cycling conditions. Amplification data were
analyzed, and relative quantification data were obtained using the
StepOne software version 2.2.2. Relative expression levels were quanti-
fied using the 6-6 CT method. Experiments were repeated three indepen-
dent times. Primers for amplification of target mRNA were as follows:
hTDP-43,5'-ATGGAAAACAACCGAACAGG-3" and 5'-AAAGCCAAA
CCCCTTTGAAT-3'; B-actin, 5'-CTCTTCCAGCCTTCCTTCCT-3’
and 5-AGCACTGTGTTGGCGTACAG-3'; tba-1, 5'-AAGATGCCG
CCAACAACTAC-3" and 5'-CCTCCTCCGAATGAATGAAA-'3.

Soluble versus insoluble preparations. For all soluble/insoluble prepara-
tions, cells were lysed in RIPA buffer and sonicated (20% strength, 10 s).
Lysates were then briefly centrifuged to remove cellular debris (5000 X g,
10 min, 4°C). Supernatant was then centrifuged (100,000 X g, 30 min,
4°C), and the supernatant was considered the “soluble” fraction. The
pellet was washed in RIPA buffer and recentrifuged (100,000 X g, 30 min,
4°C). Supernatant was discarded. The pellet was resuspended in urea
buffer (8 m urea, 4% CHAPS, 50 mm DTT, 40 mm Tris, pH 8.0, 2.5 mm
EDTA) and considered the “insoluble” fraction. Samples were then pro-
cessed for Western blot.

Sequential soluble and insoluble preparation from C. elegans. Sequential
soluble and insoluble preparations were performed as previously de-
scribed (Liachko et al., 2010). The total protein fraction was collected by
homogenizing worms in RAB high salt buffer (100 mm MES (2-(N-
morpholino)ethanesulfonic acid), 1 mm EGTA, 0.5 mm MgSO,, 0.75 Mm
NaCl, 20 mm NaF). The packed worm pellet was resuspended twice in
low-salt buffer (10 mm Tris, 5 mm EDTA, 10% sucrose, pH 7.5) and lysed
by sonication. The homogenate was centrifuged at 25,000 X g for 30 min,
and the supernatant was considered the soluble low-salt buffer fraction.
The low-salt buffer pellet was extracted with nonionic detergent-
containing buffer (TX) (10 mm Tris, 5mm EDTA, 1% Triton X-100, 10%
sucrose, pH 7.5) and centrifuged for 20 min at 180,000 X g. The super-
natant was considered the soluble TX fraction. The pellet was extracted
with ionic detergent-containing buffer (SARK) (10 mwm Tris, 5 mm
EDTA, 1% Sarkosyl, 10% sucrose, pH 7.5) and centrifuged at 180,000 X
g for 20 min. The supernatant was considered the soluble SARK fraction.
The final detergent-resistant pellet was resuspended in UREA (30 mm
Tris, 7 M urea, 2 M thiourea, 4% CHAPS, pH 7.5). This was considered the
insoluble fraction. All buffers contained complete protease inhibitor
mixture (Roche) and 0.5 mm PMSF.

RAD-23 expression manipulation and TDP-43 abundance. HEK293
cells were cotransfected as outlined above in a 3:1 ratio of miRNA to
TDP-43 expression construct. After 48 h, cells were lysed in RIPA buffer
and samples were processed for Western blot. For RNAi rescue experi-
ment, 2 ug of LacZ or appropriate hR23A or hR23B RNAi-resistant
c¢DNA was cotransfected. To generate RNAi-resistant cDNA, three silent
mutations were introduced into the miRNA target sequence using the
QuikChange Lightning Multi-Site Mutagenesis kit (Agilent) per the
manufacturer’s protocol. Mutations introduced into hR23A or hR23B
target sequence are outlined here (nucleotide mutations introduced are
italicized): for hR23A, 5'-CCAAAATATGCGCCAGGTGAT-3'; for
hR23B, 5'-TGGTGACCGAAATCATGTCAA-3'. Mutated cDNAs were
sequenced for correctness before use.

Mouse strains. Male heterozygote G93A mutSOD1 mice on the con-
genic C57BL/6 background (strain 004435; The Jackson Laboratory)
were backcrossed with C57BL/6 mice. Nontransgenic littermates served
as control mice. Only male G93A mutSOD1 mice and control littermates
were used for experimentation. Mice were fed a standard diet (Purina
5010) and were housed on a 12/12 h light/dark cycle. Genotypes were
determined by PCR using tail snip DNA. Primer sequences were as fol-
lows: 5'-CGCGACTAACAATCAAAGTGA-3'; 5'-CATGAGCCCTA-
ATCCATCTGA-3";5'-GTAGGTGGAAATTCTAGCATCATCC-3'; and
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Figure1.  Locomotor defects of C. elegans models of ALS and their modification by the loss of ERAD and UPS genes. 4, Pronounced defects in locomotion were seen in the animals overexpressing
mutS0D1, wtTDP-43, and mutTDP-43 in the nervous system in comparison with N2 (WT) (F y 5 = 36.75,p << 0.0001). *p << 0.05 (Dunnett’s multiple-comparison test). ****p << 0.001 (Dunnett's
multiple-comparison test). B, Locomotion of mutTDP-43 animals in the background of various mutant ERAD and UPS alleles. Average speed of animals of indicated genotypes in a 30 s forced
swimming assay in M9. Both suppressors and enhancers were found. No change, There was no significant change in the locomotor deficit of that background (p > 0.05, Student's t test). Enhancer,
There was a significant decrease in the average speed of the animals (p << 0.05, Student's t test). Suppressor, There was a significant increase in the average locomotor speed of those animals (p <
0.05, Student’s t test). cdc-48.1 (tm544); cdc-48.2 (tm659) mutants are synthetic lethal; therefore, the effect of both mutants together cannot be tested in this study. €, Loss of rad-23 and ufd-2
suppresses mutTDP-43 toxicity likely viaindependent pathways. Average speed of animals of indicated genotypesina30s forced swimming assay in M9. A one-way ANOVA reveals group differences
in the average speed of mutTDP-43, mutTDP-43; rad-23 (tm3690), mutTDP-43; ufd-2 (tm1380), and mutTDP-43; rad-23 (tm3690); ufd-2 (tm1380) (F ¢ = 13.41; p = 0.0001). *p << 0.05.
**¥%p < 0.001. D, Loss of rad-23 and ufd-3 suppresses mutTDP-43 toxicity via likely independent pathways. Average speed of animals of indicated genotypes in a 30 s forced swimming assay in M9.
A one-way ANOVA reveals group differences in the average speed of mutTDP-43, mutTDP-43; rad-23 (tm3690), mutTDP-43; ufd-3 (tm2915), and mutTDP-43; rad-23 (tm3690); ufd-3 (tm2915)

(F3.16) = 60.55; p < 0.0001). *p << 0.05. **p < 0.01. ****p < 0.001.

5'-CTAGGCCACAGAATTGAAAGATCT-3". All animals were treated
in strict accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals, and all animal care and experimen-
tal protocols were approved by the Children’s Hospital of Philadelphia
Institutional Animal Care and Use Committee.

Ubiquitination assays. Vehicle (DMSO) or MG-132 (5 um) was added
12 h before cell lysis. Cells were lysed in RIPA buffer supplemented with
50 mm N-ethylmaleimide to inhibit deubiquitinase activity, and myc-
TDP-43 was immunoprecipitated where relevant using the Immunopre-
cipitation Kit (Thermo Scientific) per the manufacturer’s protocol.
Samples were then processed for Western blot.

Immunohistochemistry. Patient tissue was deparaffinized. Endogenous
peroxidase was blocked with 3% hydrogen peroxide in methanol for 30
min. Sections were washed in water and immersed in 0.1 M Tris buffer,
pH 7.6, and 0.1 M Tris/2% FBS for 5 min each. Sections were incubated
with a-hR23A and «-hR23B mouse antibody (Abcam) or preimmune
mouse IgG control. After washing with 0.1 M Tris buffer, pH 7.6, and
0.1 M Tris/2% FBS, sections were incubated with biotinylated goat anti-
mouse IgG (1:200; Vector Laboratories) for 30 min at room temperature.
After washing with 0.1 M Tris buffer, pH 7.6, and 0.1 M Tris/2% FBS,
sections were then incubated with Vectastain ABC (Vector Laboratories)
for 45 min. After washing with 0.1% PBST followed by 0.1 m Tris, pH 7.5,
and 0.3 M NaCl, peroxidase activity was detected with DAB (Dako). Slides
were then dehydrated in an ascending series of ethanol and coverslipped.

Statistics. Statistical analysis was performed using GraphPad Prism
version 6.00 for Windows (GraphPad Software; www.graphpad.com).
Student’s unpaired ¢ test was used for all two-group comparisons. For
data containing more than three groups, a one-way ANOVA with Dun-
nett’s multiple-comparisons test was used. For survival analysis, a log-
rank (Mantel-Cox) test was used. The threshold for significance was
always set to p < 0.05.

Results

Loss of ERAD components modifies ALS phenotypes in

C. elegans

We asked whether mutant loss-of-function versions of ERAD or
unfolded protein response genes (Table 1) suppressed or en-
hanced the proteotoxic insults relevant to neurodegenerative dis-
ease. We used C. elegans, engineered to express WT or mutSOD1
(J. Wang et al., 2009) and WT or mutTDP-43 (Liachko et al.,
2010) in the nervous system. As previously reported, these ALS
models of mutSOD1 and mutTDP-43 display a severe locomotor
deficit and swim at ~10% the speed of WT (N2 Bristol) animals
(Fig. 1A) (Lim et al., 2012). To identify modifiers of mutTDP-43,
ERAD mutants were placed on the mutTDP-43 background, and
the effect on locomotion was determined. None of the ERAD
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mutants on their own showed any change compared with WT
animals in a swimming assay at the young adult stage (L4 stage +
1 d) tested (data not shown).

Of the modifiers found using this approach (Fig. 1B), we
chose to focus on RAD-23 for multiple reasons. First, based on
RAD-23’s role as a shuttle between ubiquitinated substrates
and the proteasome (Schauber et al., 1998), we anticipated
that loss of rad-23 would worsen the mutTDP-43 phenotype,
and this is the opposite of what we found. Second, RAD-23 has
an additional role in NER, and NER defects have been linked
to neurodegeneration (Jaarsma et al., 2011; Madabhushi et al.,
2014). Third, rad-23 mutants showed the strongest suppres-
sion among the modifiers. Finally, the other identified
suppressors of mutTDP-43 appeared to do so through inde-
pendent pathways (Fig. 1C,D). The other identified suppres-
sors, loss of ufd-2 (Fig. 1C) and loss of ufd-3 (Fig. 1D), both
resulted in an additive suppression of the locomotor deficit
when placed on the mutTDP-43 background with loss of
rad-23.

Loss of rad-23 suppresses two models of ALS

In addition to the first rad-23 mutant used (m3690), we found
that a second mutant of rad-23 (tm2595) (Fig. 2A) also showed a
twofold suppression of the locomotion deficit caused by
mutTDP-43 (Fig. 2B,C) and mutSOD1 (Fig. 2D,E) (p < 0.05).
The mutations used are deletions in different portions of RAD-
23. In addition, neither rad-23 mutant affected the locomotion of
transgenic worms expressing wtSOD1 or wtTDP-43. Rad-23 mu-
tants alone were identical to WT in the swimming assay (Fig. 2F).

To understand whether it was loss of rad-23 in the nervous sys-
tem or other tissue suppressing the locomotor deficit, we used RNAi
and rescue approaches. We found that mutSOD1 fed rad-23 RNAi
showed no suppression of the locomotor deficit (Fig. 2G). In con-
trast, mutSOD1 animals fed rad-23 RNAi, where the RNAI effect is
reduced in peripheral tissues and boosted in the nervous system
(mutSOD; sid-15 P,c110::SID-1), showed an approximately twofold
suppression of the mutSOD1 locomotor deficit (p < 0.01; Fig. 2G)
(Calixto et al., 2010; Lim et al., 2012). These data suggest that loss of
rad-23 in the nervous system protects against mutSODI.

Outcrossing the rad-23 (tm3690) allele rescued mutTDP-43
toxicity, suggesting that the suppression in the rad-23 back-
ground is not due to loss of expression of the mutTDP-43 trans-
gene (Fig. 2H). We also generated several lines overexpressing
the genomic C. elegans RAD-23 locus under the control of a
nervous system-specific promoter (P, ,;5). We found that
overexpression of RAD-23 in the nervous system suppressed the
beneficial effect of loss of rad-23 in mutTDP-43; rad-23 animals
(Fig. 2I), but overexpression of RAD-23 in the nervous system of
mutTDP-43 alone (mutTDP-43; P, ;,4::RAD-23) had no effect
on the average speed of mutTDP-43 (Fig. 2]). In sum, these data
indicate that loss of rad-23 acts in a cell-autonomous manner
within the nervous system to suppress mutTDP-43 and mut-
SOD1 toxicity.

Expression of mutTDP-43 in the C. elegans nervous system
leads to neurodegeneration of the GABAergic motor neurons
causing motor neuron death, broadening of the axons, and
gaps in the ventral nerve cord (Liachko et al., 2010). We ex-
amined GABAergic motor neurons in WT, mutTDP-43, and
mutTDP-43; rad-23 animals and found that loss of rad-23
reduced the number of animals that displayed broadening of
axons in the mutTDP-43 background (Fig. 3A) and also re-
duced the number of gaps in the ventral nerve cord in the
mutTDP-43 background (Fig. 3B). Overall, we found that loss
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of rad-23 suppressed the degeneration of GABAergic neurons
caused by mutTDP-43 (Fig. 3C). Thus, loss of rad-23 sup-
presses both the locomotor deficit and neurodegenerative
phenotype associated with mutTDP-43.

To date, the tissue expression pattern of C. elegans RAD-23 has
not been defined. To address this, we created a worm expressing
an RAD-23::GFP translational fusion protein expressed under
the control of the endogenous RAD-23 genomic locus. We de-
tected RAD-23 expression throughout the animal at the young
adult (L4 + 1 d) stage (Fig. 4A—C), including neuronal cell bodies
and processes (Fig. 4D), the vulva (Fig. 4E), the nerve cord (Fig.
4F), and throughout the head (Fig. 4G).

Loss of rad-23 protects against proteotoxicity at the cost of
DNA damage

Because loss of rad-23 protected against two ALS-associated pro-
teins, we wondered whether loss of rad-23 had broader beneficial
actions. Because neurodegeneration is often age-related, we
looked at age-dependent decline in motor function in C. elegans
using multidimensional biomechanical profiling software (Kra-
jacic et al., 2012). The average speeds of WT and rad-23 mutants
were identical at the L4 and young adult stage. However, rad-23
mutants showed increased average speeds compared with WT in
later agesat4 d (p < 0.05) and 5 d (p < 0.05) after L4 (Fig. 5A).
Loss of rad-23 also resulted in increased force (Fig. 5B), and
power (Fig. 5C) compared with WT at these ages (p < 0.05).
Moreover, rad-23 had a more coordinated biomechanical profile
than WT at 5 d after L4 (Fig. 5D).

ALS and other forms of neurodegeneration show increased
levels of ER stress, and attenuation of ER stress has been shown to
be beneficial (Vaccaro et al., 2013; Walker et al., 2013; Thompson
etal., 2014). We investigated whether loss of rad-23 attenuated C.
elegans’ response to ER stress, induced by tunicamycin. The lifes-
pans of WT and rad-23 mutants exposed to vehicle are identical;
in contrast, rad-23 mutants show an extension of their lifespan by
22.2% compared with WT when both strains are grown on tuni-
camcyin (p < 0.0001) (Fig. 5E). In a second stress assay, we found
that loss of rad-23 conferred an ~25% extension of lifespan at
high heat (34°C; p < 0.0001) (Fig. 5F).

Because rad-23 was originally identified in yeast by having in-
creased sensitivity to UV irradiation (Prakash etal., 1993), we exam-
ined UV sensitivity in loss of rad-23 backgrounds (Lans et al., 2010).
There was no difference in UV sensitivity between WT and animals
overexpressing SOD1 or TDP-43. In contrast, both rad-23 mutants
(tm2595 and tm3690) showed a hypersensitivity to UV stress com-
pared with WT (p < 0.0001). This result confirms that the rad-23
mutants used in this study are very likely null for rad-23. Interest-
ingly, overexpressing either mutSOD1 or mutTDP-43 in the loss of
rad-23 backgrounds causes a synthetic hypersensitivity ona UV sen-
sitivity assay compared with loss of rad-23 alone (p < 0.0001) (Fig.
5@G). These data suggest that loss of rad-23 confers a specific resis-
tance to proteotoxic insults and age-related functional decline, but a
deficit in DNA damage repair.

Loss of rad-23 does not protect against mutTDP-43 toxicity
via several known genetic pathways

We examined mutants in molecular components known to asso-
ciate with RAD-23 in ERAD. PNG-1 physically and genetically
interacts with RAD-23 in yeast and C. elegans (Habibi-Babadi et
al., 2010). We found no suppression of mutTDP-43 toxicity by
png-1 (cy9) (Fig. 6A). UFD-3 mutants in yeast have reduced bulk
ubiquitin levels (Johnson et al., 1995) and can antagonize UFD-2
(Rumpf and Jentsch, 2006), an interactor of RAD-23 (Kim et al.,
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Figure2. Lossofrad-23in C. elegans protects against models of ALS via an effect in the nervous system. A, Schematic of C. elegans RAD-23 gene with predicted protein shown. Lines indicate areas

with insertions and/or deletions in the used mutants. B, C, Loss of rad-23 (tm2595) (B) or (tm3690) (C) causes a twofold suppression in the locomotor deficit of mutTDP-43 but has no effect on
wtTDP-43 (p = 0.108 for tm2595 and p = 0.473 for tm3690). D, E, Loss of rad-23 (tm2595) (D) or (tm3690) (E) leads to a twofold suppression in the locomotor deficit of mutSOD1 animals but has
no effect on the wtSOD1 animals (p = 0.615 for tm2595 and p = 0.274 for tm3690). F, Neither rad-23 allele s different from WT speed in the swimming assay. F, ;) = 0.006579; p = 0.9934.6,
mutSOD1 fed rad-23 RNAi for two generations shows no change (p = 0.7748), but mutSOD1; sid-7; P,,,.110::SID-1 animals show a significantimprovement in the swimming assay. H, Outcrossing
the rad-23 (tm3690) allele from mutTDP-43; tm3690 leads to a rescue of the mutTDP-43 locomotor deficit. /, Overexpression of RAD-23 in the nervous system of mutTDP-43; rad-23 (tm3690) is
sufficient to rescue the mutTDP-43 locomotor deficit. J, There is no change in the average locomotor speed of the mutTDP43 animals when RAD-23 is overexpressed in the nervous system using the
Punc-119 Promoter (Fis ) = 1.112; p = 0.3801). *p << 0.05 (Student’s t test). **p < 0.01 (Student’s ¢ test). ***p << 0.005 (Student’s t test). ns, Not significant.

2004), and CDC-48 (Bohm et al., 2011). We found that ufd-2
(tm1380) and ufd-3 (tm2915), but not cdc-48.1 (tm544) or
cdc-48.2 (tm659), also suppressed the locomotor deficit of
mutTDP-43 (Fig. 1B). We could not study the effect of loss of

cdc-48.1 and cdc-48.2 together because loss of both genes results
in a larval lethality. Given our finding reported here and the
existing evidence that the UFD proteins can associate with
RAD-23, we tested whether there was a genetic interaction
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Loss of rad-23in C. elegans protects against neurodegeneration following expression of mutTDP-43 in vivo. We generated animals with GABAergic motor neurons labeled with GFP using

P inc2s-:GFP in WT (N2; “control”), mutTDP-43, and mutTDP-43; rad-23 (tm3690) backgrounds. A, Loss of rad-23 reduces the percentage of C. elegans with mutTDP-43 that display broadening of

unc-25°

axons. B, mutTDP-43 causes an increase in the number of gaps within the ventral nerve cord of animals compared with control. ***p <C0.005 (Dunnett’s multiple-comparison test following
one-way ANOVA). ns, Not significant. Loss of rad-23 reduces the number of ventral nerve cord gaps in the mutTDP-43 animals to WT. There is no significant difference in the number of gaps in
mutTDP-43; rad-23 animals compared with control (WT). C, Representative images of WT, mutTDP-43, and mutTDP-43; rad-23 (tm3690) animals labeled with P, ._,5::GFP.

c. elegans

Figure 4.

RAD-23 protein is expressed throughout the worm, including the worm nervous system. A-C, A RAD-23 protein
translational fusion with GFP driven by the endogenous rad-23 promoter (Pg,p.,5::RAD-23::GFP) is expressed throughout the
worm in young adult animals. D, RAD-23 protein is expressed in the cell body and processes of a mechanosensory neuron (arrow-
head), (E) vulva of the worm, (F) nerve cord (arrowhead), and (G) the head.

between the effect of rad-23 on
mutTDP-43 toxicity and either ufd-2 or
ufd-3. When either ufd-2 or ufd-3 was
placed on the mutTDP-43; rad-23 back-
ground, we found an additive suppres-
sion of the mutTDP-43 locomotor
deficit. This observation suggests that
the beneficial effect of loss of rad-23 is
not through a linear pathway with ufd-2
or ufd-3 (Fig. 1C,D).

Given the link to DNA damage, we used
C. elegans genetics to determine whether
genes known to function with rad-23 in
the NER pathway could modify the
mutTDP-43 and mutSOD1 phenotypes.
Strains harboring mutations in various NER
components neither showed a baseline
difference compared with WT in the
swimming assay (data not shown) nor sup-
pressed the mutTDP-43 phenotype (Fig.
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difference between WT and rad-23 (tm3690) in speed (A), force (B), and power (C) at L4 through 3 d after L4. At 4 and 5 d after L4, rad-23 animals perform better in speed (4), force (B), and power
(€) measurements than WT. D, Rad-23 animals show a more coordinated biomechanical profile at 5 d after L4 than WT. E, The lifespan of rad-23 animals is extended by 22.2% compared with WT
on tunicamycin (p << 0.0001), but the lifespans of WT and rad-23 are identical on vehicle (p = 0.646). F, Rad-23 animals show an ~25% lifespan extension during heat stress compared with WT
(p<<0.0001). G, There are no group differences in survival among WT, wtTDP-43, mutTDP-43, wtSOD1, and mutSOD1 with increasing doses of UV irradiation (F, ;5) = 0.1285; p = 0.9697). There
are group differences among WT, rad-23 (tm2595 and tm3690), and mutTDP-43 and mutSOD1 in the rad-23 (tm3690) background (F 5, = 2.961, p < 0.05). As predicted, loss of rad-23 (tm2595
and tm3690) causes a hypersensitivity to UV stress compared with WT animals (p << 0.001). MutTDP-43 and mutSOD1 in the loss of rad-23 background show a synthetic hypersensitivity to UV stress
(p <<0.001). *p << 0.05 (Student’s t test). **p << 0.01 (Student's t test). ***p << 0.005 (Student's ¢ test). ****p < 0.001 (Student’s t test).

6B-D). This suggests that loss of rad-23 does not protect against
mutTDP-43 via the NER pathway.

Knockdown of RAD-23 in mammalian motor neurons
protects against toxicity caused by TDP-43, SOD1, and ER
stress

Mammals contain two orthologs of the nematode RAD-23, and
the human proteins (hR23A and hR23B) retain 40% amino acid
identity with the C. elegans protein. We investigated whether
knockdown of hR23A or hR23B protected against TDP-43 and
SOD1 toxicity in mammalian neurons. We created miRNAs tar-
geting endogenous hR23A and found specific knockdown of
hR23A, but not hR23B or a cotransfected GFP plasmid (Fig.
7A,B,E). A specific hR23B miRNA was also generated (Fig. 7C—
E). We engineered an HSV to express the designed miRNAs tar-
geting hR23A and hR23B. Because HSV is a neurotropic virus, it
will not knock down hR23A or hR23B in glia. We found that
hR23A and hR23B knockdown led to specific target knockdown
in rat mixed spinal cord cultures (Fig. 7F).

When mixed spinal cord cultures were infected with recom-
binant HSV engineered to express wtSOD1 or wtTDP-43, there
was an ~25% decrease in 5 d motor neuron survival. In contrast,
when neurons were infected with an HSV engineered to express
mutSOD1 or mutTDP-43, there was an ~50% decrease in 5 d
motor neuron survival. Recombinant HSV virus expressing mut-
SOD1 or mutTDP-43 induced statistically significant greater mo-
tor neuron death than the WT proteins (mutSOD1 vs wtSOD1,
p = 0.0255; mutTDP-43 vs wtTDP-43, p = 0.0078; Fig. 7G and
Fig. 7H, respectively). We found that knockdown of hR23A pro-
tected against wt and mutSODI1 toxicity (p < 0.01 and p < 0.001,
respectively) (Fig. 7G,I), as well as wt and mutTDP-43 toxicity

(p < 0.01 and p < 0.01, respectively) (Fig. 7H). We found that
knockdown of hR23B also protected against the toxicity of wt-
SODI (p < 0.005), mutSOD1 (p < 0.001), wtTDP-43 (p <
0.005), and mutTDP-43 (p < 0.001) (Fig. 7G-I). Thus, reducing
the amount of endogenous hR23A or hR23B in mammalian spi-
nal cord neurons protects against SOD- and TDP-43-induced
motor neuron death.

To determine whether knockdown of RAD-23 orthologs in
mammalian neurons protected against ER stress, mixed spinal
cord neurons were infected with HSV to express an hR23A,
hR23B, or control miRNA along with either LacZ to mimic a
“non-ALS” condition or mutSOD1 to mimic an “ALS” condi-
tion. At 24 h later, neurons were treated with vehicle or tunica-
mycin (2.5 pg/ml) to induce ER stress. Motor neuron survival
was assessed 48 h later (Fig. 7J). Under +LacZ conditions, we
found that tunicamycin reduced motor neuron survival by
~40% compared with vehicle. This was suppressed entirely by
hR23A (p < 0.01) and hR23B (p < 0.05) knockdown, although
hR23A and hR23B knockdown had no effect on motor neuron
survival on its own. In addition, under the mutSOD1 condition,
we found that hR23A (p < 0.05) and hR23B (p < 0.01) knock-
down reduced toxicity of mutSODI1. Under these conditions,
tunicamycin exacerbated toxicity of mutSOD1 by ~10%, and
this was suppressed by reducing hR23A (p < 0.001) and hR23B
(p < 0.005).In sum, reducing RAD-23 abundance renders motor
neurons resistant to invoked ER stress.

hR23A expression is increased in the spinal cord of

mutSOD1 mice

Given that reduced RAD-23 expression protected against the tox-
icity of two ALS models, we examined the abundance of hR23A
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Figure 6.  Loss of rad-23 does not suppress the C. elegans mutTDP-43 locomotor deficit via
known pathways. Loss of (4) png-1 (cy9), or (B) xpa-1, or (C) ercc-1 (C), or (D) csb-T does not
protect against the locomotor deficit caused by mutTDP-43 in the swimming assay (p > 0.05,
Student's t test). One representative experiment is shown. Description of alleles: 0k698, 913 bp
deletion; tm2073, 804 bp deletion; 0k2335, 1620 bp deletion; cy9, single nucleotide polymor-
phism. n.s, Not significant.

and hR23B in the mouse ALS (mutSOD1 (G93A)) model com-
pared with control. At a presymptomatic time point (P60), we
found no difference in hR23A or hR23B expression in the
brain and spinal cord of mutSOD1 mice compared with age-
and sex-matched controls. At symptomatic and end-stage
time points, we found an ~50% increase in hR23A (Fig. 8 A, B)
expression in the spinal cord of the mutSODI mice at P90
(p < 0.05) and P120 (p < 0.01). There was no change in
hR23B expression in the spinal cord at P90 (p = 0.8419) or
P120 (p = 0.3592) (Fig. 8C,D).

Loss of RAD-23 accelerates the degradation of mutTDP-43
and mutSOD1

To begin to identify the mechanism by which loss of rad-23
confers protection against proteotoxicity, we examined the
steady-state levels of wtTDP-43 and mutTDP-43 following over-
expression and knockdown of RAD-23 in HEK293 cells. In ac-
cordance with data from C. elegans showing that the loss of rad-23
had no effect on the average speed of wtTDP-43 animals, neither
overexpression nor knockdown of RAD-23 had an effect on
wtTDP-43 abundance in HEK293 cells (Fig. 9 A, B). Cotransfec-
tion of the mutTDP-43 expression construct with either the
hR23A or hR23B expression construct led to a small increase in
mutTDP-43 abundance (Fig. 9A,B). In contrast, when endoge-
nous hR23A or hR23B was knocked down by cotransfection of the
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miRNA to hR23A or hR23B (vs the control miRNA) along with
the mutTDP-43 expression construct, we found an ~90% reduc-
tion (p < 0.005) in the total amount of mutTDP-43 protein (Fig.
9A,B). We found no change in human TDP-43 mRNA levels
after RAD-23 knockdown, compared with a control miRNA (Fig.
9C), suggesting that the changes in protein abundance are un-
likely to be linked to an alteration in transcription.

We next examined the rate of TDP-43 and SOD1 degradation
with or without knockdown of hR23A or hR23B. TDP-43 has
been reported to have a half-life of ~50 h, and ALS-linked mu-
tations in TDP-43 result in a more stable protein than WT (Ling
et al., 2010; Austin et al., 2014; Barmada et al., 2014). HEK293
cells were transfected with the plasmid expressing TDP-43 or
SOD1 along with an hR23A, hR23B, or control miRNA. At 48 h
later, new protein synthesis was inhibited by the addition of CHX,
and lysates were probed for TDP-43 or SOD1 at time intervals
thereafter. Knockdown of hR23A or hR23B had no effect on the
degradation of wtTDP-43 (Fig. 9D, E) or wtSOD1 (Fig. 9F, G). In
contrast, we found that knockdown of hR23A led to an acceler-
ated loss of mutTDP-43 (Fig. 9D,E; p < 0.05) and mutSODI
(Fig. 9F, G; p < 0.01) after 180 min of CHX. There was ~30% less
mutTDP-43 and mutSOD1 protein remaining in hR23A knock-
down compared with controls. After 270 min of CHX, there was
~40% less mutTDP-43 remaining in the hR23A knockdown
group compared with control (p < 0.05) (Fig. 9H,I). To confirm
that effects of RAD-23 knockdown on mutTDP-43 abundance
were RAD-23 specific, we showed that we could rescue the
reduced mutTDP-43 abundance in RAD-23 knockdown
conditions by cotransfecting an RNAi-resistant RAD-23 ¢cDNA
(hR23A ™ or hR23B*®*) to restore RAD-23 in the HEK293
cells (Fig. 9J,K). Knockdown of hR23A or hR23B reduced
mutTDP-43 abundance if cells were transfected with a LacZ con-
trol, but cotransfection with the RNAi-resistant RAD-23 cDNA
prevented the decrease in mutTDP-43 abundance. In contrast to
the observed results for mutTDP-43 and mutSODI1, we found
that knockdown of hR23A and hR23B inhibited the degradation
of CPY¥, a canonical yeast ERAD substrate, after CHX (Fig. 9L).
This suggests that the inhibition of ALS-linked protein clearance
by RAD-23 is specific and does not apply to all substrates.

To further confirm that it is reduced RAD-23 levels, which
accelerate mutTDP-43 turnover, we used a line of RAD-23-
null MEFs (Okuda et al., 2004). We compared mutTDP-43
degradation during CHX treatment in hR23A '~ and
hR23B ~/~ MEFs to WT MEFs. After inhibiting protein syn-
thesis for 180 min, we found a ~40% greater reduction in
mutTDP43 abundance in hR23A- or hR23B-null MEFs versus
WT MEFs (Fig. 10A). Restoring RAD-23 expression in the
RAD-23-null MEFs blocked the accelerated degradation of
RAD-23 (Fig. 10B).

Finally, we asked whether loss of RAD-23 affected the turn-
over of ALS-linked proteins in primary neurons of rat mixed
spinal cord cultures. This is experimentally challenging be-
cause of the following: (1) application of CHX to these cul-
tures for >180 min is toxic; and (2) the half-life of newly
synthesized SOD1 and TDP-43 in neurons is between 10-20 h
(Nishitoh et al., 2008; Austin et al., 2014). Acknowledging
these limitations, we infected primary spinal cord neurons
with recombinant HSV expressing wtSOD1, mutSODI,
wtTDP-43, or mutTDP-43 alongside recombinant HSV ex-
pressing the RAD-23 miRNAs or a control miRNA. After 48 h
to allow for expression and knockdown, we treated the cul-
tures with CHX for 180 min to inhibit protein synthesis as was
done previously in HEK293 cells and MEFs. We found that
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or HSV-mutSOD1 (F, 5) = 101.9, p << 0.0001) from toxicity of ER stress induced with tunicamycin.

knockdown of hR23A or hR23B led to modestly less wtSOD1
and less mutSOD1 after 180 min of CHX in comparison with
nonknockdown cultures (infected with HSV-control miRNA)
(Fig. 10C). Similarly, knockdown of hR23A or hR23B led to
modestly less wtTDP-43 and less mutTDP-43 after 180 min of
CHX in comparison with nonknockdown cultures (infected
with HSV-control miRNA) (Fig. 10D). The relatively smaller
effect sizes may be attributable to the aforementioned techni-
cal factors. Nonetheless, in combination with the data from
HEK293 cells and MEFs, our results indicate that reducing
RAD-23 levels leads to accelerated degradation of toxic pro-
teins implicated in neurodegeneration in several cell lines,
including primary neurons. These data may explain why
hR23A and hR23B knockdown also promoted survival after
infection of both the WT and mutant ALS-linked proteins in
neurons. These studies, however, also highlight the impor-
tance of cellular environment and the model organism of
choice when assessing RAD-23 function.

Inhibition of the proteasome or autophagy block enhanced
clearance of mutTDP-43 by RAD-23 knockdown

RAD-23 is known to interact with ubiquitinated substrates and
the proteasome (Chen et al., 2002). RAD-23 overexpression can
inhibit proteasomal degradation by inhibiting ubiquitination
(Ortolan et al., 2000; Raasi and Pickart, 2003). To begin to ex-
plore the contribution of the proteasome or autophagy pathways
in the enhanced clearance of mutTDP-43 following RAD-23
knockdown, we used several pharmacological inhibitors of the
proteasome, the ubiquitin/proteasome system (UPS) more
broadly, and autophagy. Briefly, HEK293 cells were transfected
with the mutTDP-43 construct and the hR23A, hR23B, or control
miRNA. Drugs targeting the UPS or autophagy pathways were
added 30 min after CHX (Fig. 11A). Lysates were collected fol-
lowing 0 and 270 min of CHX treatment, and the amount of
mutTDP-43 remaining was determined. In the vehicle (DMSO)
condition, hR23B knockdown (p < 0.01) reduced the amount of
mutTDP-43 remaining after 270 min of CHX by ~50% com-
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hR23A expression is increased in the spinal cord of mutSOD1 mice at P90 and P120. A, B, Representative Western blot (4) and quantification (n = 3—5/group) (B) of hR23A expression

in the spinal cord and brain of age-matched males. hR23A expression is increased in the spinal cord of mutSOD1 mice compared with WT (C57BL6) at P90 and P120, but not at P60. C, D,
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cord or brain at P60, P90, or P120. *p << 0.05 (Student’s ¢ test). **p << 0.01 (Student's ¢ test).

pared with control (Fig. 11 B, C). Inhibiting the proteasome with
MG-132 or epoxomicin or inhibiting the autophagic system with
3-MA was sufficient to block of the clearance of mutTDP-43
when RAD-23 was knocked down (Fig. 11C). These data suggest
that the enhanced clearance of mutTDP-43 by reducing RAD-23
is mediated by the UPS and autophagy. This is in accordance with
recent work in cell lines showing that mutTDP-43 is degraded by
both the UPS and autophagy (Scotter et al., 2014). Future work,
however, is required to determine whether loss of RAD-23 di-
rectly alters autophagy flux to impact mutTDP-43 turnover.

RAD-23 knockdown disinhibits ubiquitination

of mutTDP-43

We reasoned that pharmacological inhibition of the proteasomal
and autophagic pathways might both block the increased clearance
of mutTDP-43 following RAD-23 knockdown because reduced
RAD-23 is affecting a process upstream from degradation, such as
ubiquitination. We examined total ubiquitinated protein in hR23A-
and hR23B-null MEFs and found no difference from WT MEFs.
However, there was likely an increased flux of ubiquitinated sub-
strates through the proteasome in hR23A- and hR23B-null MEFs

(Fig. 11D) based on the observation that inhibiting the proteasome
with MG-132 led to a greater accumulation of nondegraded ubiqui-
tinated substrates in RAD-23-null MEFs compared with WT MEFs.
Next, we determined the ubiquitination status of wtTDP-43 and
mutTDP-43 following RAD-23 knockdown in HEK293 cells. By im-
munoprecipitating myc-tagged wtTDP-43 and immunoblotting for
ubiquitin, we found that knockdown of neither hR23A nor hR23B
substantially affected the steady-state abundance of ubiquitinated
wtTDP-43 (Fig. 11E); this is comparable to what was found for the
turnover rate of wtTDP-43 following RAD-23 knockdown in
HEK293 cells (Fig. 9D). In contrast, when myc-tagged mutTDP-43
was immunoprecipitated, we found an increase in the steady-state
abundance of ubiquitinated mutTDP-43 (Fig. 11F) in lysates from
hR23A or hR23B-knocked down cells compared with control cells.
We also examined ubiquitination of mutTDP-43 = MG-132 to es-
timate flux of the ubiquitinated substrates through the proteasome.
We found that the MG-132 induction ratio of polyubiquitinated
mutTDP-43 was increased following RAD-23 knockdown by ~50%
compared with control (Fig. 11G-I). This suggests that the increased
level of polyubiquitinated mutTDP-43 correlates with increased flux
through the proteasome. In sum, these data suggest that hR23A and
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were transfected with mutTDP-43 and hR23A, hR23B, or control miRNA. CHX was added for 4.5 hand indicated drug was added 30 min after CHX. B, Representative Western blots for +hR23B miRNA
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hR23B can inhibit the ubiquitination of mutTDP-43 in HEK293
cells and hinder its proteasomal degradation.

Loss of rad-23 decreases mutTDP-43 and mutSOD1
insolubility

Because TDP-43 inclusions are made up of insoluble TDP-43 aggre-
gates, we investigated the effect of reducing RAD-23 on TDP-43
solubility in vivo and in vitro. In C. elegans, we found that loss of
rad-23 resulted in a decrease of total insoluble TDP-43 (Fig. 12A). In
addition, we detected a decrease in phospho-TDP-43 levels in C.
elegans in the loss of rad-23 background (Fig. 12B) and phospho-
TDP-43 has been implicated as the toxic species in ALS (Neumann et
al., 2009). To determine whether this effect was specific to
mutTDP-43 in C. elegans, we also measured total wtTDP-43 protein
abundance in WT and rad-23 animals. We found no change in the
amount of total wtTDP-43 in loss of rad-23 animals compared with
WT (Fig. 12C), which was consistent with the observation that loss of
rad-23 had no effect on wtTDP-43 locomotion. In HEK293 cells, we
found that overexpression of hR23A increased the insolubility of
mutTDP-43 (Fig. 12D). We also measured /'TDP43 mRNA abun-
dance in hTDP43-expressing C. elegans in WT and loss of rad-23
backgrounds. We found a significant increase in h'TDP-43 mRNA
compared with WT in the loss of rad-23 background (Fig. 12E).

These data are consistent with the known negative autoregulation of
TDP-43 on its mRNA (Polymenidou et al., 2011; Avendando-
Vasquez et al., 2012).

To test our hypothesis that the other suppressors identified
in our candidate gene approach were via additive pathways,
we examined the ability of loss of ufd-2 (tm1380) to reduce
mutTDP-43 abundance on its own and in combination with loss
of rad-23. We found that loss of ufd-2 (tm1380) also reduced
mutTDP-43 protein abundance and the abundance of phosphor-
ylated mutTDP-43 in C. elegans, although the effect was smaller
than loss of rad-23 (tm3690). Meanwhile, in triple mutant ani-
mals (mutTDP-43; ufd-2 (tm1380); rad-23 (tm3690)), there was
an additive effect on reducing the abundance of mutTDP-43 and
phosphorylated mutTDP-43, which was greater than what was
seen in the single mutant backgrounds (Fig. 12F). Consistent
with this finding, loss of ufd-2 was recently identified in a genetic
screen as a suppressor of mutSOD1 and mutTDP-43 toxicity by
regulating protein quality control (Periz et al., 2015).

The correctly folded conformation of a protein is in equilib-
rium with multiple misfolded conformations, and these later spe-
cies are prone to aggregate into oligomers and higher-order
structures. The dwell time of misfolded conformations is a func-
tion of the free energy barriers between states and generally in-
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Loss of rad-23 reduces TDP-43 and SOD1 insolubility. A, Representative Western blot of hTDP-43 protein abundance following a sequential detergent extraction of C. elegans

overexpressing mutTDP-43 in WT or rad-23 backgrounds. Loss of rad-23 causes a shift of TDP-43 to a more soluble (TX) fraction over insoluble (SARK, UREA) fractions. B, There is a decrease of
phospho-TDP-43 in the loss of rad-23 background in soluble and insoluble fractions in C. eegans. €, Total wtTDP-43 levels are indistinguishable in the loss of rad-23 (tm3690) background compared
with the control WT TDP-43 background in C. elegans. D, Representative Western blot showing that there is an increase in the abundance of insoluble mutTDP-43 in HEK293 cells following
cotransfection with the hR23A cDNA. E, gPCR (n = 3/group) measuring hTDP-43 mRNA abundance normalized to tba-7 in indicated C. elegans strains. “Undetected. **p << 0.01. ***p < 0.01.F,
Rad-23 (tm3690) and ufd-2 (tm1380) cause an additive effect in reducing mutTDP-43 and phosophorylated-TDP43 abundance in C. elegans. G, H, FRAP on mutSOD1-YFP aggregates within the C.
elegans nervous system. mutSOD1-YFP has a higher rebound with loss of rad-23 (tm3690). G, Representative images of FRAP assay. H, Quantification of FRAP (n = 14/group). *p << 0.05. Data are

normalized to starting fluorescence intensity.

creases as aggregates form (Fawzi et al., 2008). This can be probed
by examining the FRAP of fluorescently tagged misfolding-prone
proteins. Misfolded proteins become less mobile within cells and
have a slower recovery time following photobleaching (J. Wang et
al., 2009; Scotter et al., 2014). We examined the ability of mut-
SOD1 tagged with YFP in the C. elegans nervous system to recover
following photobleaching in WT and loss of rad-23 backgrounds
in vivo. Loss of rad-23 allowed for increased recovery of YFP-
tagged mutSOD1 over WT (Fig. 12G,H; p < 0.05). These data
indicate that loss of rad-23 leads to an increase in the pool of
readily exchangeable and mobile mutSODI1. In sum, loss of
rad-23leads to a decrease of soluble and insoluble species, as well
as a reduction in the toxic phosphorylated TDP-43 species.

hR23A and hR23B are aberrantly expressed in human ALS
spinal cord

Changes in the abundance of RAD-23 could have pathophysiologi-
cal relevance to human ALS. A single nucleotide polymorphism was
found to be correlated with changes in hR23A expression (Myers et
al., 2007), and the same single nucleotide polymorphism was found
to be associated with sporadic ALS (Cronin et al., 2007). In addition,
a microarray study found that hR23A expression was increased in
postmortem fALS spinal cord tissue compared with controls (Dan-

gond et al., 2004). To directly implicate our findings to the human
condition, we compared hR23A and hR23B expression and localiza-
tion in the spinal cords of sALS and fALS cases with spinal cords
from non-neurodegenerative disease controls.

We found several alterations in the expression pattern of hR23A
and hR23B in ALS tissue (Fig. 13A—C; Tables 4, 5). hR23A and
hR23B accumulated in deposits within the cytoplasm of motor neu-
rons in both sALS and fALS cases (Fig. 13B). In addition, hR23A and
hR23B tended to accumulate in the nucleus more robustly in ALS
cases than in controls (Fig. 13B). We also found substantially greater
protein abundance of hR23A (p < 0.05) and hR23B (p < 0.01) in
ALS spinal cord tissue (Fig. 13C) compared with controls. Together,
these data indicate that there is a mislocalization and accumulation
of RAD-23 in human ALS pathology.

Discussion

We show that reducing RAD-23 abundance protects against
the toxicity of two misfolding-prone proteins that cause ALS.
Mechanistically, this is linked to increased mobility, acceler-
ated degradation, and reduced steady-state levels of the toxic
proteins (Fig. 13D). This is likely to be directly relevant to the
human condition because we detect increased levels of
RAD-23 in postmortem ALS spinal cord samples and RAD-23
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Figure13.  hR23A and hR23B are aberrantly expressed in human ALS tissue. A, B, There is mislocalization of hR23A and hR23B in motor neurons of the spinal cord in ALS cases. A, Representative

images of motor neurons within the gray matter of spinal cord from control and ALS cases. Insets within ALS Case 2, Granular cytoplasmic and nuclear staining often found in ALS cases. B, Distribution
ofhR23A and hR23B cytoplasm and nuclear staining found in control (n = 9) and ALS cases (n = 12). C, There isanincrease in hR23A and hR23B protein expression in ALS (n = 5) spinal cord sections
compared with controls (n = 5). **p << 0.01 (Student’s  test). D, Proposed model. Loss of rad-23 destabilizes aggregates, allowing them to become more soluble and more easily degraded.

is mislocalized in ALS motor neurons. Elevated RAD-23 levels
lead to the accumulation of misfolded conformers likely by
inhibiting their polyubiquitination (or ubiquitin remodeling)
and preventing their clearance through protein degradation
pathways. These observations highlight the role of native pro-
teins that modify the ubiquitination status of toxic proteins in
human neurodegenerative disease.

RAD-23 was originally identified in yeast in a screen for
genes that influence sensitivity to UV irradiation (Watkins et
al., 1993). Subsequent work demonstrated that RAD-23 plays
a critical role in protein homeostasis (Schauber et al., 1998). A
unified picture of RAD-23 function in protein turnover has
not emerged, however, because of the following: (1) the diver-
sity of platforms used to interrogate its function (purified
proteasomes, yeast, mammalian cells) (Table 6); (2) the vari-
ety of studied substrates (i.e., reporters, such as ubiquitin fu-
sion degradation substrates and various physiological clients)
(Table 6); and (3) the recognition that the biological function
of RAD-23 is exquisitely controlled by its expression level and
the stoichiometry with other proteins of the UPS (Verma et al.,
2004). Even when controlling for these factors, it is clear that

endogenous RAD-23 accelerates the degradation of some sub-
strates and stabilizes the abundance of other substrates (Table
6) (Lambertson et al., 1999; Ortolan et al., 2000, 2004; Rao and
Sastry, 2002; Ng et al., 2003; Raasi and Pickart, 2003; Brignone
et al., 2004; Kim et al., 2004; Verma et al., 2004; Bacopulus et
al., 2012). The features that distinguish these substrates are
unknown.

The domain structure of RAD-23 implies a mechanism for its
operation as a “shuttle factor.” The RAD-23 ubiquitin-associated
domain binds to ubiquitin chains of client proteins (Chen et al.,
2001; Wilkinson et al., 2001; Chen and Madura, 2006; Ryu et al.,
2013) and brings them to the proteasome via the interaction of
the RAD-23 ubiquitin-like domain and RPN-10, a subunit of the
19S cap of the proteasome (Schauber et al., 1998; van Laar et al.,
2002). In parallel with this activity, RAD-23 also acts as a protein
stabilization factor by binding polyubiquitin chains of specific
lengths and blocking further chain elongation and/or remodel-
ing, events required for efficient client degradation (Raasi and
Pickart, 2003). RAD-23 was shown to stabilize the NER factor,
RAD-4, in yeast and mammals by inhibiting its ubiquitination
(Lommel et al., 2002; Ng et al., 2003), and RAD-23 can also
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Table 4. Description of human ALS cases used for staining and expression analysis”
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Approximate Autopsy
Age symptom duration interval  hR23A cytoplasm hR23Anucleus ~ hR23B cytoplasm  hR23B nucleus
ALS SALS or fALS Case description (yr)/sex  (mo) (h) pattern pattern pattern pattern
Case
JH83 fALS SODTN193K Onset:  50/M 74 14.5 Strong deposits Strong staining  Strong deposits Punctate staining
left leg
JH43 fALS SOD1A4VOnset: ~ 55/M 21 Unknown  Reticular Punctate staining  Weak deposits Strong staining
LE/left leg
JH74 (ALS Case 2 fALS SOD1 A4V 47/M 15 18.5 Strong and weak Strong staining  Strong and weak Punctate staining
inFig. 12) Bulbar onset deposits deposits
JH82 SALS Onset: LE/leftleg  66/M 43 13 Absent Strong staining ~ Weak deposits Punctate staining
JH73 SALS Onset: LE/left 70/F 36 Strong deposits Strong staining  Punctate and strong  Strong staining
foot deposits
JH86 FTD + fALS Onset: legs/ 74M ~84 32 Strong deposits Strong staining  Strong deposits Weak staining
(C90RF72+) cognition
JH79 SALS Bulbar onset 70/F 28 12 Strong deposits Strong staining  Strong deposits Strong straining
JH22 fALS (CO0RF72+)  Onset: UE/left 66/M 22 6 Punctate throughout  Punctate staining  Absent Strong staining
arm
JH49 SALS Onset: UE/right 68/F 70 4 Strong and weak Weak staining Weak deposits Punctate staining
hand deposits
JH88 FTD + fALS Bulbar onset 59/M 20 10 Reticular Weak staining Strongand weak ~ Weak staining
(C90RF72+) deposits
JHO7 (ALS Case 1 sALS (C90RF72+) Bulbar onset 67/M 14 8 Strong deposits Weak staining  Strong deposits Strong staining
inFig. 12)
JH80 SALS Onset: UE (right) ~ 56/F 50 21 Strong deposits Punctate staining  Strong and weak Punctate staining
deposits

“The 12 ALS cases from which postmortem spinal cord tissue was taken following autopsy. UE, Upper extremities; LE, lower extremities; SALS, sporadic ALS; fALS, familial ALS (i.e., positive family history). ALS cases in Figure 12C were loaded

in Western blot in this order: JH79, JH82, JH74, JH74, JH83.

Table 5. Description of control cases used for staining and expression analysis”

Autopsy hR23B nucleus
Control case Age (yr)/sex  Cause of death interval  hR23A cytoplasm pattern ~ hR23A nucleus pattern hR23B cytoplasm pattern  pattern
23 (Control Case2  77/M Cardiac failure 6h Diffuse Light staining Absent Absent
in Fig. 8)
26 49/M Cancer and obesity 4h Diffuse Absent Some reticular with weak ~ Absent
deposits
31 67/M Lung cancer 35h Deposits Absent Weak deposits Absent
37 57/M Cardiac arrest due to 14h Deposits Some light nuclear staining  Diffuse throughout and Absent
ventricular fibrillation scattered
'y} 61/M Brain tumor 6h Scattered throughout Light staining Deposits Light staining
cytoplasm
44 80/F Liver failure 5h Some weak deposits Light staining Reticular Absent
65 82/M Unknown 4h Reticular Present Diffuse and reticular Absent
67 77/M Unknown 4h Reticular Present Deposits Strong staining
78 (Control Case 1 58/F Vasculitis, cerebral 3h Reticular Absent Reticular Absent
inFig. 8) hemorrhage, hepatitis C

“The 9 control cases from which postmortem spinal cord tissue was taken following autopsy. Control Case 1in Figure 124 was 78 and Control Case 2 in Figure 124 was 23. Control cases in Figure 12C were loaded in Western blot in this order:

6,23,67,31,26.

prevent the clearance of other disease-related proteins (Blount et
al., 2014).

The toxicity of TDP-43 and other misfolding-prone pro-
teins is related to the abundance of the proteins on a per-cell
basis with increased abundance linked to increased toxicity
(Barmadaetal., 2014). Because mutTDP-43 levels are reduced
in RAD-23 knockdown or null cells, this observation readily
accounts for the beneficial effects of targeting RAD-23. Mech-
anistically, we find increased steady-state levels of ubiquiti-
nated mutTDP-43 in RAD-23 knockdown cells, and this is
associated with enhanced flux through the clearance path-
ways. This agrees with studies following the increased degra-
dation of the reporter substrate Ub Y°°-V-Bgal in yeast lacking
rad-23 (Rao and Sastry, 2002) and other studies showing that
overexpression of RAD-23 can inhibit ubiquitin chain elonga-

tion (Ortolan et al., 2000, 2004). In addition, we found that
inhibition of autophagy and the proteasome blocked the turn-
over of ubiquitinated mutTDP-43, and this is in line with work
using other aggregation-prone proteins (Lu et al., 2014).
Whether or not RAD-23 directly stimulates the flux of
mutTDP-43 and other proteins through autophagy remains to
be determined. Of note to this work, HDAC6 was previously
found to be in a negative regulator of hR23B. The ability of
HDACS6 inhibition to increase the rate of autophagy was found
to rely on the level of hR23B expression within the cell. Cells
with low hR23B expression were found to have increased rates
of autophagy following HDAC6 inhibition, whereas cells with
higher hR23B expression were found to be more likely to ini-
tiate apoptosis following HDAC6 inhibition (New et al.,
2013).
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Table 6. RAD-23 has opposing roles on substrate stabilization”
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Substrate RAD-23 manipulation Effect on substrate Platform Reference

Arg-B-Gal Overexpression Stabilizes Yeast Ortolan et al., 2000
Rad-4 Overexpression Stabilizes Yeast Ortolan et al., 2004
Ub-Pro-B-Gal Overexpression Stabilizes Yeast Ortolan et al., 2000
Lactalbumin Replacement Stabilizes Ub-depleted reticulocyte extract Raasi and Pickart, 2003
Ub,-DHFR Replacement Stabilizes HEK293T cells Raasi and Pickart, 2003
BCA2 Overexpression Stabilizes U202 and H1299 cells Bacopulus et al., 2012
p53 Overexpression Stabilizes U202 cells Brignone et al., 2004
p53 Loss of function (hR23A and hR23B) Destabilizes U202 cells Brignone et al., 2004
Ub-Pro-B-Gal Loss of function Stabilizes Arad23 yeast Lambertson etal., 1999
UbY76-V-B-qal Loss of function Stabilizes Arad23 yeast Rao etal., 2002; Kim et al., 2004
Sicl Replacement Destabilizes Proteasomes purified from Arad23 yeast Verma et al., 2004

Farl Loss of function Stabilizes Arad23 yeast Verma et al., 2004

“Summary of past findings on RAD-23 manipulation and substrate turnover.

RAD-23 interacts, directly or indirectly, with a number of
proteins that control ubiquitination and degradation of client
proteins, including the deubiquitinase ataxin-3 (Boeddrich et
al., 2006; Zhong and Pittman, 2006; Morreale et al., 2009), the
unfoldase VCP (Buchberger et al., 2010), and the autophagy
machinery component, p62 (Yokoi et al., 2000). There are at
least two intriguing implications that follow from these obser-
vations. First, mutations in each of these RAD-23 interactors
lead to the accumulation of misfolded proteins and neurode-
generation. This raises the possibility that RAD-23 may con-
tribute to the diseases evoked by these mutated proteins, and
we are aware of a single instance where this has been demon-
strated. Polyglutamine (polyQ-) expansion in ataxin-3 causes
spinocerebellar atrophy Type 3, and the ubiquitin-binding site
2 at the N terminus of ataxin-3 binds to RAD-23. Disrupting
this interaction, or knocking down RAD-23, reduces ataxin-3
levels and mitigates the toxicity of polyQ-expanded ataxin-3
(Blount et al., 2014). This example raises the possibility that
the toxicity of other RAD-23-binding partners might similarly
be modified as we have shown here for mutTDP-43 in a RAD-
23-dependent manner. Second, fALS can result from muta-
tions in VCP and p62, as well as two other proteins involved in
protein homeostasis, optineurin (OPTN) and TANK-binding
protein kinase 1 (TBK1) (Wong and Holzbaur, 2014; Cirulli et
al., 2015). Although OPTN and TBK1 have no known physical
or functional interaction with RAD-23, it is possible RAD-23
may exert its effects through these effectors as well.

Although point mutations in TDP-43 and SOD1 are clearly
pathogenic, the role of the WT versions of these proteins in
disease is unresolved. Early work from the Cleveland labora-
tory with the G85R SOD1 mouse indicated that neither over-
expression nor knock-out of endogenous mouse SODI
influenced disease (Bruijn et al.,, 1998). Subsequent work
comes to the opposite conclusion (Jaarsma et al., 2000; Deng
et al., 2006; J. Wang et al., 2009). Overexpression of either
wtSOD1 (Jaarsma et al., 2000; Graffmo et al., 2013) or
wtTDP-43 (Wegorzewska et al., 2009; Wils et al., 2010; Xu et
al., 2010, 2011) in mice leads to a neurodegenerative disease
phenotype. The participation of endogenous TDP-43 in the
disease caused by overexpression of TDP-43 (or SOD1) is un-
known and difficult to study because complete elimination of
TDP-43 is incompatible with life (Chiang et al., 2010). Recent
work by the Zoghbi laboratory demonstrates that the spino-
cerebellar ataxia Type I phenotype can be evoked by haploin-
sufficiency of the RNA-binding protein, PUMILIO1 (PUM1)
(Gennarino et al., 2015). Loss of PUMI leads to increased
levels of WT ataxin-1. The spinocerebellar ataxia Type I phe-

notype elicited by haploinsufficiency of PUM1 is suppressed
by normalizing ataxin-1 levels. These observations implicate
endogenous WT ataxin-1 in disease, an observation that might
point to a broader principle relevant to other neurodegenera-
tive diseases.

We found that overexpression of wtSOD1 or wtTDP-43
was modestly toxic, although less toxic than the mutant pro-
teins, in primary mixed spinal cord neurons. Because increas-
ing levels of WT proteins can be toxic (i.e., SOD1, TDP-43,
ataxin-1), our observations are not unprecedented. In some of
the experimental platforms used here, loss of rad-23 did not
suppress WT protein toxicity (Fig. 2B—E), whereas in other
models it did (see Fig. 7G,H). Loss of rad-23 accelerated the
degradation of mutant, but not WT SOD1 and TDP-43 in
HEK?293 cells (Fig. 9D-J), but accelerated the degradation of
both the mutant and WT versions of SOD1 and TDP-43 in
primary neurons (Fig. 10C,D). We suspect that some of these
discordant observations are linked to the level of WT protein
expression. Previously mentioned technical factors are also
likely to be in operation. It is possible that loss of rad-23 is
protective against the noxious effect of overexpressing wt-
SOD1 or wtTDP-43 by a mechanism that is distinct from the
way loss of rad-23 protects against the noxious effect of over-
expressing mutSOD1 or mutTDP-43. It is worth noting that
wtSOD1 and mutSOD1 can both share an aberrant conforma-
tion (Bosco et al., 2010). Future work will be needed to under-
stand the stoichiometric relationships between the WT and
mutant proteins, as well as between RAD-23 and neurodegen-
eration. In addition, it is possible that RAD-23 may exert dif-
ferent effects on client substrates based on the cellular context
or model organism being deployed.

Based on the work presented, we hypothesize that endoge-
nous RAD-23 binds to a select population of ubiquitinated
substrates and impedes their degradation by controlling the
remodeling of ubiquitin chains. In the absence of RAD-23,
ubiquitin chain maturation is unleashed and substrate flux is
enhanced (Lambertson et al., 1999; Verma et al., 2004). This is
in accordance with work showing that RAD-23 can inhibit
ubiquitin chain expansion (Ortolan et al., 2004). In conclu-
sion, past work has identified RAD-23 proteins as forming
inclusions in other neurodegenerative diseases, including
Huntington’s disease, Parkinson’s disease, and several forms
of ataxia (Bergink et al., 2006). Together, interventions that
reduce the abundance of RAD-23 or its association with spe-
cific substrates are predicted to be therapeutic for diseases
caused by the accumulation of misfolded proteins.
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