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Impaired ribosome-associated quality
control of C9orf72 arginine-rich
dipeptide-repeat proteins

Ashley P. Viera Ortiz,»? Gregory Cajka,>* Olamide A. Olatunji, Bailey Mikytuck,?
Ophir Shalem®* and ®Edward B. Lee?

Protein quality control pathways have evolved to ensure the fidelity of protein synthesis and efficiently clear potentially
toxic protein species. Defects in ribosome-associated quality control and its associated factors have been implicated in
the accumulation of aberrant proteins and neurodegeneration. C9orf72 repeat-associated non-AUG translation has been
suggested to involve inefficient translation elongation, lead to ribosomal pausing and activation of ribosome-associated
quality control pathways. However, the role of the ribosome-associated quality control complex in the processing of pro-
teins generated through this non-canonical translation is not well understood. Here we use reporter constructs contain-
ing the C9orf72-associated hexanucleotide repeat, ribosome-associated quality control complex deficient cell models
and stain for ribosome-associated quality control markers in C9orf72-expansion carrier human tissue to understand
its role in dipeptide-repeat protein pathology.

Our studies show that canonical ribosome-associated quality control substrates products are efficiently cleared by the
ribosome-associated quality control complex in mammalian cells. Furthermore, using stalling reporter constructs,
we show that repeats associated with the C9orf72-expansion induce ribosomal stalling when arginine (R)-rich
dipeptide-repeat proteins are synthesized in a length-dependent manner. However, despite triggering this path-
way, these arginine-rich dipeptide-repeat proteins are not efficiently processed by the core components of the
ribosome-associated quality control complex (listerin, nuclear-export mediator factor and valosin containing pro-
tein) partly due to lack of lysine residues, which precludes ubiquitination. Deficient processing by this complex
may be implicated in C9orf72-expansion associated disease as dipeptide-repeat protein inclusions were observed
to be predominantly devoid of ubiquitin and co-localize with nuclear-export mediator factor in mutation carriers’
frontal cortex and cerebellum tissue. These findings suggest that impaired processing of these arginine-rich
dipeptide-repeat proteins derived from repeat-associated non-AUG translation by the ribosome-associated qual-
ity control complex may contribute to protein homeostasis dysregulation observed in C9orf72-expansion amyo-
trophic lateral sclerosis and frontotemporal degeneration neuropathogenesis.
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Introduction

Protein homeostasis dysregulation and protein aggregation are
hallmarks of neurodegenerative diseases. Many protein quality
control pathways have evolved to ensure the fidelity of protein syn-
thesis from genetic material. Faulty mRNAs are continuously de-
graded by tightly monitored mRNA decay pathways while their
defective and potentially harmful protein products are eliminated
by ribosome-associated quality control (RQC) pathways.'™*
Repeat-associated non-AUG (RAN) translation is a non-canonical
translation process associated with repeat expansions.”™ These re-
peat expansions are involved in a variety of neurogenetic disorders
like fragile X-associated tremor/ataxia syndrome, Huntington’s
disease, amyotrophic lateral sclerosis (ALS) and frontotemporal de-
generation (FTD).””'° RAN translation generates proteins that accu-
mulate in patient brains and may contribute to toxicity.> ®"""* How
these aberrant protein species may be cleared or escape cellular
quality control pathways is not well understood and may play an im-
portantrole in the pathobiology of these diseases. This study focused
on the role of the RQC complex in the clearance of proteins that arise
from RAN translation of the C9orf72 (Chromosome 9 open reading
frame 72) repeat expansion associated with ALS and FTD.

The G4C, repeat expansion in the first intron of the C9orf72 gene
is the most prevalent pathogenetic variant of both ALS and FTD.****
Potential mechanisms linked to this mutation include C9orf72 hap-
loinsufficiency through reduced mRNA and protein levels, RNA tox-
icity mediated by sequestering of RNA-binding proteins and
dipeptide-repeat (DPR) proteins that are produced through RAN
translation.®?%'%1671% These DPR proteins are generated by RAN
translation of the sense and antisense strand of the repeat-
containing RNA at different reading frames. All five different DPR
products generated from the C9orf72 repeat accumulate in patient
brains and have been suggested to disrupt multiple cellular pro-
cesses.®1%2022 The G,C, RNA has been shown to be able to form
stable RNA secondary structures in vitro and has been associated
with impaired translation elongation.?*>"?® Currently, the regulation
of C9orf72 RAN translation and its DPR protein products remains
poorly understood.

Ribosome stalling during elongation results in the activation of
mRNA decay and RQC pathways. The RQC complex recycles stalled
ribosomal subunits by facilitating efficient extraction and degrad-
ation of the nascent polypeptide.>?°* Binding of the RQC complex
component nuclear-export mediator factor (NEMF) to the riboso-
mal subunit/nascent polypeptide recruits the E3 ubiquitin ligase,
listerin (LTN1) and can also mediate the addition of residues to
the C terminus of the nascent polypeptide (named C-terminal ex-
tensions, CTE) thought to promote availability of lysine residues
for ubiquitination.?*"33*” Following tRNA release, the nascent
polypeptide is extracted by valosin containing protein (VCP) for
downstream proteasomal degradation.®**#3 Lack of efficient ubi-
quitination and degradation of the nascent polypeptide has been
shown to lead to CTE-mediated aggregation in yeast.303%3640
Furthermore, mutations in core RQC complex components, such

as listerin and NEMF, and RQC dysfunction have been associated
with neurodegeneration and ageing.**™® Therefore, impaired
RQC, RQC-mediated CTEs and sequestration of RQC-associated fac-
tors may contribute to the pathobiology of proteins derived from
the stalling prone translation of repetitive elements characteristic
of RAN translation.

Recent studies have shown that translation of R-rich (arginine-
rich) DPR proteins results in ribosome stalling and can lead to dysre-
gulation of RQC-associated factors.?®4’*° Furthermore, some studies
have implicated that C-terminally extended poly-GR (glycine-arginine)
species may contribute to mitochondrial stress.** To further
expand our understanding of the mechanism by which R-rich DPRs
induce ribosome stalling, we used stalling reporters containing the
C9orf72-associated repeats and DPR protein encoding sequences to as-
sess elongation dynamics in cell and in vitro neuronal models. We eval-
uated the functional role of the core RQC complex in the expression of
DPR proteins in mammalian cells. Moreover, we characterized the dis-
tribution of core RQC complex components in frontal cortex and cere-
bellum from C9orf72-expansion carriers and assessed the interaction of
the RQC complex and DPR inclusions. Here, we provide further insights
into the mechanisms by which R-rich RAN translation products trigger
RQC pathways and how impaired processing of these proteins by the
RQC may contribute to dysfunction of protein quality control in
disease.

Materials and methods

Stalling reporter plasmid with (AAA),, sequence (poly-A) was a gift
from Ramanujan Hegde (#105688, Addgene) and was previously de-
scribed by Juszkiewicz et al.>° Control stalling reporter without an in-
sert was generated by digestion of poly-A plasmid with Sall and Kpnl,
and subsequent ligation with annealed oligos (Genosys Oligo,
Sigma-Aldrich) to circularize vector and remove the insert. Stalling
reporters with C9orf72 repeat sequences were generated by modifica-
tion of the multiple cloning site of vector using annealed oligos to
generate each reading frame after repeat insertion. Repeat inserts
were generated by sequential digestion with BssHII and Apal of plas-
mids containing two or 28 repeats (previously described in Cali
et al>)) or 66 repeats (kindly gifted by Dr Aaron Gitler, Stanford
University) and ligated into modified vector. Due to repeat instability
during cloning of the sense orientation repeat at a length of 66, the
origin of replication sequence orientation was inverted by digestion
of this sequence with Bsal and Pcil, followed by blunting using DNA
Polymerase I, Large (Klenow) Fragment (New England BioLabs) and
subsequent ligation. Note that plasmids with 66 repeats contain a
substitution (G—A) at repeat no. 15 and (C—T) at repeat 27 (sense
orientation). Tri-nucleotide repeat inserts (CTGig, CAGs and
CAGyo) and codon-optimized DPR sequences for GA (glycine-
alanine)gs, GAj01, PR (proline-arginine)es, PR1o1, GP (glycine-proline)gs,
GP101, GRgs and GRyo; were obtained from plasmids synthesized by
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GenScript by digestion with Sall and Kpnl and ligated into vector.”’
PEGFP-C1 plasmid was used to generate enhanced green fluorescent
protein (EGFP) reporter constructs. pEGFP-NS was generated by Hincll
blunt digestion and ligation to remove vector stop codons, followed
by digestion with Sacll and blunting using DNA Polymerase I, Large
(Klenow) Fragment (New England BioLabs) for subsequent ligation
to remove downstream in frame stop codon within poly-adenylation
signal. pEGFP-3tag plasmid was generated by EcoRI digestion of
PEGFP-C1 plasmid and insertion of 3-tag sequence from annealed
oligos with the corresponding overhangs. EGFP reporters with
codon-optimized DPR sequences were generated by Eco53KI digestion
of pEGFP-3tag vector and inserts were obtained by Smal digestion of
plasmids containing DPR;o; codon-optimized sequences synthesized
by GenScript.*’ EGFP reporter with GRyo; codon-optimized sequence
followed by 165 nt of C9orf72 intron 1 sequence downstream of hexanu-
cleotide repeat in GR reading frame were generated by digestion of
PEGFP-GRyo;-3tag reporter with HindIll and Sall, and subsequent
ligation of annealed oligos containing the intron 1 sequence with the
corresponding overhangs. Lysine interrupted poly-GR reporter [EGFP-
(G/K-R)100] Was synthesized and cloned into a pcDNA3.1+N-eGFP
vector by GenScript. Insert sequences for all repeat and
codon-optimized reporters are listed in Supplementary Table 1. For lis-
terin rescue experiments, the LTN1_pCSdest plasmid used was a gift
from Roger Reeves (#53855, Addgene).>? Plasmids expressing VCP wild-
type (WT) or dominant-negative mutant (D2) were previously
described.* For NEMF antibody validation experiments, a plasmid ex-
pressing C-terminally HA tagged NEMF synthesized by GenScript was
used. pDsRed-monomer-N1 plasmid was used as a transfection
control.

Human embryonic kidney (HEK) 293T (ATCC CRL-11268) and HEK
293T LTN1 knock-out (KO) cell lines were maintained in Dulbecco’s
modified Eagle media containing 10% foetal bovine serum (FBS).
Transfection of DNA plasmids (CRISPR-Cas9 plasmid, EGFP and stal-
ling reporters) was done using Fugene 6 transfection reagent (E2691,
Promega) in a 1:3 ratio following the manufacturer’s recommenda-
tions. Cell lines were regularly tested for mycoplasma using a
PCR-based detection assay. For siRNA-mediated knock-down (KD),
HEK 293T cells were seeded 24h before transfection and
Dhamacon ON-TARGETplus SMARTpool Human NEMF siRNA
(9147) or ON-TARGET plus non-targeting pool (D-001810-10) were
transfected using Lipofectamine RNAIMAX (13778100, Thermo
Fisher) following the manufacturer’'s recommended protocol.
Transfected cells were pooled and seeded for plasmid reporter trans-
fection 24 h post-siRNA transfection and transfected with DNA plas-
mids as described before. For listerin rescue or VCP overexpression
experiments, listerin or VCP-mutant plasmids were cotransfected
with EGFP reporter plasmids in a 1:3 ratio using Fugene 6 transfec-
tion reagent as described before. Cells were analysed 24 h (stalling
reporters) or 48h (EGFP) after transfection unless otherwise
specified.

Proteasome inhibition was done by treating HEK 293T cells with
2 pM epoxomicin (E3652, Sigma-Aldrich) or media with DMSO (ve-
hicle) for 6 h before analysis.
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Single guide RNAs for targeting LTN1 gene were designed using the
Broad Institute GPP sgRNA design tools (LTN1 sgRNA: AAGAACAA
GCAGCGAACTAA). sgRNAs were cloned into pSpCas9(BB)-2A-Puro
(PX459) V2.0 vector (a gift from Feng Zhang; #62988, Addgene).>*
HEK 293T cells were transfected with these plasmids and selected
with puromyecin (631305, Takara Bio) for 48 h. Monoclonal cell lines
were isolated by using limiting dilution methods and subsequently
validated by PCR Sanger sequencing (DNA), quantification of LTN1
mRNA levels by quantitative PCR (qPCR) and immunoblotting
against listerin. Plasmid with an sgRNA targeting the NEMF gene
(NEMF sgRNA: CTAGACGGCATCATATTCTT) in a pSpCas9(BB)-2A-
GFP (PX458) vector was a gift from Thomas Tuschl (#127126,
Addgene). Validation of NEMF depletion was done by either im-
munoblotting or immunofluorescence using two antibodies against
NEMF protein.

CRISPRI-i*N iPS cell line described previously (male WTC11 back-
ground, kindly gifted by Dr Michael Ward, NIH) was maintained
in mTesR1 medium (85850, STEMCELL Technologies) on plates
coated with hESC-Qualified, LDEV-Free, Matrigel Matrix (354277,
Corning).>>” mTesR1 medium was replaced every day and cells
were passaged using Versene (15040066, Gibco) when 80-90% con-
fluent. Briefly, cells were washed with Dulbecco’s phosphate buf-
fered saline (DPBS) and incubated with Versene at 37°C for 7 min.
Cells were lifted by washing with mTesR1 medium supplemented
with 10nM Y-27632 dihydrochloride ROCK inhibitor (125410,
Tocris) and gently scraping. Colonies were broken up by gently trit-
urating the cell mixture and transferring to a Matrigel-coated plate.

CRISPRi-i*N induced pluripotent stem (iPS) cells were differentiated
using doxycycline-induced expression of NGN2 based on methods
previously described.>>*” Briefly, iPS cells were collected using
Accutase (A1110501, Gibco) and washed with DPBS. Suspension
was diluted with mTeSR1 medium supplemented with 10 nM
ROCK inhibitor and pelleted. Cells were resuspended in Neuronal
Medium [Neurobasal Plus Medium (A3582901, Gibco), N2 supple-
ment (A1370701, Gibco), B27 Plus supplement (A3582801, Gibco),
MEM Non-Essential Amino Acids (11140-050, Gibco) and GlutaMAX
supplement (35050-061, Gibco)] supplemented with 10 nM ROCK
inhibitor and 2 mg/ml doxycycline hydrochloride (D3072, Sigma-
Aldrich) to induce expression of NGN2 and plated in
Matrigel-coated plates. After 3 days, predifferentiated cells were
collected as detailed before and replated in base Neuronal
Medium supplemented with 10 nM ROCK inhibitor, 2 mg/ml doxy-
cycline hydrochloride, CultureONE supplement (A3320201, Gibco),
10ng/ml NT-3 (450-03, PeproTech), 10ng/ml BDNF (450-02,
PeproTech), 10 ng/ml GDNF (450-10, PeproTech) and 200 ng/ml
L-ascorbic acid (A8960, Sigma-Aldrich) on plates coated with
100 pg/ml poly-L-ornithine (P3655, Sigma-Aldrich). After cells at-
tached, additional media volume was added without ROCK inhibi-
tor and supplemented with 1pg/ml laminin (23017-015, Gibco).
Thereafter, half media changes were performed once or twice per
week with base Neuronal Medium supplemented as detailed before
for predifferentiated cells without doxycycline. Transfection of
DNA plasmids (EGFP and stalling reporters) was done on Day 8 of
differentiation using NeuroMag transfection reagent (NM50200,
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OZ Biosciences) in a 1:3 ratio following the manufacturer’s recom-
mendations. Cells were collected 72 h post transfection for analysis
by flow cytometry or processed for immunofluorescence staining.

HEK 293T cells were seeded onto 12 mm coverslips coated with
0.1 mg/ml poly-D-lysine (P6407, Sigma-Aldrich). I*°Ns were seeded
onto 12 mm coverslips coated with 100 pg/ml poly-L-ornithine
(P3655, Sigma-Aldrich). Cells were transfected with the correspond-
ing reporters as detailed before. Coverslips were washed with DPBS
and cells were fixed in 4% paraformaldehyde for 15 min at room
temperature. Cells were permeabilized with 0.1% Triton X-100 in
PBS, blocked with a 5% FBS solution and incubated with primary
antibody overnight at 4°C. Primary antibodies are listed in
Supplementary Table 3. Coverslips were washed and incubated
for 1h at room temperature with the corresponding secondary
antibody (Supplementary Table 3). Nuclei were stained using
DAPI (D9564, 300 nM, Thermo Fisher) for 5 min at room tempera-
ture. Coverslips were mounted with ProLong Glass Antifade
Mountant (P36980, Thermo Fisher).

Autopsy tissues were obtained from the Center for
Neurodegenerative Disease Research Brain Bank at the University
of Pennsylvania that are maintained as previously described.®®
Local rules and regulations indicate that brain autopsy studies are
not considered human subject research. However, legal consent
for research autopsies were obtained from next of kin at time of
death in all instances. Dual immunofluorescence was performed
on 6 pm formalin-fixed paraffin-embedded cerebellum tissue sec-
tions from cases with the C9orf72-expansion mutation. Tissue sec-
tions were deparaffinized and rehydrated followed by antigen
retrieval by microwaving in a citrate-based antigen unmasking so-
lution (H-3300, Vector Laboratories). Sections were blocked in 2%
FBS in 0.1 M Tris buffer and incubated with primary antibodies
overnight at 4°C in a humidified chamber (Supplementary
Table 3). Sections were washed in 0.1 M Tris buffer, blocked in 2%
FBS in 0.1 M Tris buffer and incubated for 2 h at room temperature
with corresponding secondary antibodies (Supplementary Table 3).
Sections were washed in 0.1 M Tris buffer, stained using DAPI to
visualize nuclei for 10 min at room temperature and then cover-
slipped with ProLong Glass Antifade Mountant.

Confocal images were obtained using a Leica TCS SPE laser scan-
ning confocal microscope with a x40 objective (numerical aperture
1.15) or x63 objective (numerical aperture 1.30) using the 405, 488,
561 and 635 nm lasers to visualize DAPI, Alexa Fluor 488, autofluor-
escence and Alexa Fluor 647, respectively. Images were processed
using the Leica AF software (Leica Biosystems). Images were black-
balanced and brightness and contrast was adjusted for the entire
image using Adobe Photoshop software.

For analysis of protein from cells expressing EGFP reporters, trans-
fected cells were washed with DPBS and lysed in ice-cold 1% Triton
X-100 cell lysis buffer (50 mM Tris, 150 mM NacCl, 5 mM EDTA) sup-
plemented with protease inhibitor (PI) cocktail (Leupeptin,
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11017128001, Roche; Pepstatin, P4265; TPCX, T4376; Trypsin inhibi-
tor, T9003; Sigma-Aldrich and EDTA, 15575020, Invitrogen) for
15 min on ice. Lysates were sonicated three times for 1s at 40%
amplitude (630-0423, 2 mm microtip; VCX130, Sonics Vibra-cell)
and centrifuged at 55000 rpm on a Beckman TLA 55 rotor for
30 min at 4°C. Pellets were then resuspended in 2% SDS cell lysis
buffer supplemented with PI for 5 min at room temperature, soni-
cated and centrifuged at 55000 rpm on a Beckman TLA 55 rotor
for 30 min at 22°C. Concentration of protein lysates was determined
from the pre-cleared triton soluble fraction using a BCA assay
(Pierce BCA Protein Assay Kit, 23225, Thermo Fisher). For LTN1 KO
validation, triton soluble fractions from control or LTN1 KO cells
were analysed by immunoblotting. For NEMF KD validation, cells
were lysed on RIPA buffer supplemented with PI for 15 min on ice
and subsequently sonicated as described before. Lysates were cen-
trifuged at 20000g for 30 min at 4°C. Supernatant was collected as
the RIPA-soluble fraction and analysed. Samples were prepared
using 4x Lammeli sample buffer with dithiothreitol (1610747,
BioRad) and boiled at 99°C for 5 min. Samples were run on either
8 or 12.5% polyacrylamide gels or pre-cast MiniProtean TGX
4-20% or 4-15% gels (4561094 or 4561086, BioRad). Protein was
transferred to a 0.2 pm nitrocellulose membrane using the BioRad
Turbo Transfer apparatus. Alternatively, SDS-insoluble fractions
were blotted on a 0.2 pm nitrocellulose membrane using a BioRad
Bio-Dot 96-well apparatus (1706545, BioRad). Membranes were
washed and blocked in 5% non-fat milk in tris-buffered solution.
Blots were incubated with primary antibodies (Supplementary
Table 3) at the corresponding dilution in tween-20 containing tris-
buffered solution overnight at 4°C. Membranes were washed at
least three times in tween-20 containing tris-buffered solution
and incubated with secondary antibodies for 1 h (Supplementary
Table 3). Blots were developed with Pierce ECL 2 Western Blotting
Substrate (80196, Thermo Fisher) and exposed to film or scanned
on a Typhoon FLA 7000 (GE Healthcare Bio-Sciences AB).
Alternatively, blots were imaged on a Licor Odyssey (LI-COR
Biosciences).

Total RNA was isolated from cells using Qiagen RNeasy Mini kit
(74104, Qiagen) following manufacturer’'s recommendations in-
cluding DNAse I digestion. Quantification of isolated RNA was
done using a Qubit 3.0 fluorometer (Q33216, Invitrogen) and quality
was assessed by NanoDrop absorbance measurements. cDNA was
prepared using the High Capacity RNA-to-cDNA Kit (4387406,
Applied Biosystems). qPCR analysis was done using Power Up
SYBR Green master mix (A25742, Applied Biosystems) on a
StepOne Plus Real-Time PCR Machine (Applied Biosystems). RNA
levels for the gene of interest were normalized to the geometric
mean of ACTB and GPS1 using the AACt method. Primers used for
gPCR are listed in Supplementary Table 2.

HEK 293T cells were collected using trypsin and spun down at 300g
for 3 min. i*N neurons were collected using a papain dissociation
solution containing: papain (LK003176, Worthington), DNAse I
(LS00633, Worthington) and magnesium chloride (BP214-500,
Fisher). Dissociation solution was neutralized in Dulbecco’s modi-
fied Eagle media containing 10% FBS and neural sheet was tritu-
rated 10 times and spun down at 200g for 10 min. Cell pellets
were resuspended in DPBS, 2% FBS, 0.5 mM EDTA and filtered
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through a BD tube with cell strainer (352235, BD Biosciences) for
flow cytometry analysis on a BD LSR II instrument (BD
Biosciences). Data analysis was done using FlowJo v.10 software.
For experiments with EGFP reporters, gating for green fluorescent
protein (GFP)-positive population was done based on a mock trans-
fected control. For stalling reporter experiments, gating of the
GFP-positive population was done based on a mock transfected
control and calculations of the ratio of the median fluorescence in-
tensity of red fluorescent protein (RFP) and GFP were done for the
transfected population (GFP-positive). Similarly, for DsRed and
EGFP co-transfection experiments, gating for DsRed-positive and
GFP-positive population was done based on a mock transfected
control. Graphs were generated using GraphPad Prism 7.

Student’s t-test with Welch'’s correction, one- or two-way ANOVA
statistical analyses, Dunnett’s multiple comparison and Fisher’s
exact tests were done using GraphPad Prism 7. Linear mixed effects
regression models were done using the nlme package in R. A
P-value <0.05 was considered significant: P values were *<0.05,
*<0.01, ¥ <0.001, ***<0.0001 and ns, not significant.

The data that support the findings of this study are available from
the corresponding author, upon reasonable request.

Results

As there are relatively few studies on the RQC pathway in mamma-
lian cells, we sought to demonstrate that core RQC complex compo-
nents were involved in the clearance of a canonical RQC substrate.
To study the role of listerin, E3 ubiquitin ligase, monoclonal LTN1
KO HEK 293T cell lines were generated using CRISPR-Cas9.
Lowered levels of LTN1 mRNA and protein were observed in LTN1
KO lines by qPCR and immunoblotting (Supplementary Fig. 1A and
B). We also used a dual-fluorescent protein stalling reporter de-
scribed previously by Juszkiewicz.*® This reporter expresses poly-
lysine encoded by an (AAA),, sequence that mimics the poly-A
tail of non-stop mRNA, a canonical RQC substrate that is known
to cause ribosome stalling during elongation. The poly-lysine se-
quence is placed between two fluorescent proteins reporters (an
upstream GFP and a downstream RFP) with each coding sequence
separated by P2A ribosomal skipping sequences, resulting in three
independent proteins during translation of the reporter RNA.
Monitoring the expression of the downstream RFP compared to
GFP by flow cytometry provides a quantitative measurement of
ribosome stalling during elongation through the internal poly-A se-
quence. When the (AAA), reporter construct was expressed in par-
ental HEK 293T or LTN1 KO cells, flow cytometry dot plots of GFP and
RFP fluorescence showed a decrease in RFP expression compared to
a control reporter without an insert (Fig. 1B, left). Comparison of the
ratio of median fluorescence intensity of RFP and GFP showed a sig-
nificant decrease in RFP fluorescence in all cell lines with no effect
of LTN1 KO (Fig. 1B, right). This demonstrated that poly-A se-
quences trigger ribosomal stalling independent of LTN1 as ex-
pected, since listerin acts downstream of ribosome stalling.

While the dual-fluorescence reporter is useful for demonstrat-
ing ribosome stalling, the fate of the protein product translated

BRAIN 2023: 146; 2897-2912 | 2901

from the internal stalling sequence is not directly assessed.
Therefore, an EGFP DNA plasmid reporter lacking a stop codon
was generated as a reporter for the translated protein product ex-
pressed from non-stop mRNA (referred to as ‘EGFP-NS’) (Fig. 1A).
This EGFP-NS reporter was transfected and expressed in parental
HEK 293T and LTN1 KO cells, and GFP fluorescence was used to as-
sess protein expression levels. Confocal imaging of GFP fluores-
cence from cells expressing EGFP-NS reporter at 24, 48 and 72h
after transfection showed that GFP expression is diminished by
72 h in parental cells (Fig. 1C, left). In contrast, a higher number of
GFP-positive cells were observed at 48 and 72 h in LTN1 KO cells
(Fig. 1C, middle and right). Analysis of an extended GFP fluores-
cence time-course shows LTN1 KO monoclonal cell lines retained
higher levels of GFP-positive cells when expressing EGFP-NS report-
er atlater time points (Supplementary Fig. 1C, left). This higher per-
centage of GFP-positive cells was observed in both LTN1 KO
monoclonal lines despite the lower transfection efficiency seen
for LTN1 KO #1 (Supplementary Fig. 1C, right). To control for differ-
ences in transfection efficiency, EGFP reporters were cotransfected
with a DsRed expressing plasmid as an internal transfection control
in parental and LTN1 KO cells. LTN1 KO resulted in a significantly
higher percentage of GFP-positive cells in the transfected
DsRed-positive population for EGFP-NS reporter (Supplementary
Fig. 1D). Similarly, accumulation of EGFP-NS protein was observed
in LTN1 KO cells by immunoblotting against GFP (Supplementary
Fig. 1E).

As additional evidence that listerin promotes turnover of
EGFP-NS protein, overexpression of listerin in LTN1 KO cells signifi-
cantly rescued the LTN1 KO phenotype as evidenced by a reduction
in the percentage of GFP-positive cells (Fig. 1D). In contrast, no sig-
nificant change in percentage of GFP-positive cells was observed in
the control line on listerin expression (Fig. 1D). These results indi-
cate that listerin assists in the degradation of aberrant translational
protein products.

To assess the role of NEMF, another core RQC complex factor, HEK
293T cells were transfected with siRNAs that target NEMF versus
non-targeting siRNA controls and subsequently transfected with
the EGFP-NS plasmid reporter. Levels of this protein that is subject
to listerin-mediated degradation that were quantified by flow cyto-
metry and compared to a control EGFP reporter an intact 3’ stop co-
don. KD efficiency was assessed by quantifying NEMF mRNA levels
by qPCR and immunoblotting for NEMF (Supplementary Fig. 2A).
Representative dot plots of EGFP-NS fluorescence from NEMF ver-
sus non-targeting siRNA transfected cells showed an increase in
the percentage of GFP-positive cells upon NEMF KD (Fig. 2A, left).
Quantification of EGFP expression revealed a significant increase
in the percentage of GFP-positive population of cells expressing
EGFP-NS on NEMF depletion but not when expressing the control
EGFP reporter (Fig. 2A, right). To verify flow cytometry results, pro-
tein was extracted from NEMF or non-targeting KD cells expressing
EGFP-NS reporter and immunoblotted using antibodies that recog-
nize GFP. Higher levels of GFP protein were detected for NEMF KD
cells compared to control non-targeting siRNAs (Fig. 2B).

To demonstrate the role of VCP in EGFP-NS protein clearance, ei-
ther wild-type VCP (VCP-WT), a dominant-negative VCP mutant
(VCP-D2) or an empty vector was co-expressed with the EGFP-NS re-
porter in parental HEK 293T and LTN1 KO cells. Overexpression was
used because prolonged inhibition of VCP resulted in significant
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Figure 1 Non-stop mRNA protein products are degraded by the RQC in a Listerin-dependent manner in mammalian cells. (A) Schematic of stalling
reporters and EGFP constructs. (B) GFP versus RFP expression profile of stalling reporter with poly-A sequences compared to a no insert control
(left). Ratio of median fluorescence intensity of RFP to GFP shows that poly-A sequences induce stalling independent of listerin. Data are shown as
mean +standard error of the mean (SEM) with all data points (two-way ANOVA, n=3, reporter P <0.0001, LTN1 KO P=0.9771, interaction P =0.8548)
(C) Confocal images of HEK 293T and LTN1 KO cells expressing EGFP-NS reporter show accumulation and reduced clearance of NS protein in LTN1
KO cells over time (scale bar = 50 pm). (D) Listerin overexpression in LTN1 KO cells significantly reduces levels of NS reporter protein in cells quantified
by flow cytometry. Percentage is shown as mean + SEM (mixed effects model, n=3, Ltn1:HEK 293T P =0.1246, Ltn1:LTN1 KO #1 P=0.0001, Ltn1:LTN1 KO
#2 P <0.0001).

cytotoxicity. Dominant-negative mutant VCP-D2 expression in par- GFP-positive population (Fig. 2C). Therefore, VCP appears to facili-
ental HEK 293T cells resulted in a significant increase in the per- tate degradation of EGFP-NS protein in an LTN1-dependent man-
centage of GFP-positive cells compared to VCP-WT (Fig. 2C). In ner, consistent with the fact that listerin is a ubiquitin ligase and
contrast, expression of the dominant-negative VCP-D2 construct that VCP requires poly-ubiquitination of substrates for target

in LTN1 KO cells had no significant effect on the percentage of recognition.
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Figure 2 RQC complex degrades non-stop mRNA protein in mammalian cells. (A) KD of NEMF in HEK 293T was done using siRNAs and EGFP-NS reporter
expression was analysed using flow cytometry. Representative dot plot of GFP fluorescence in NEMF and control siRNAs cells is shown (left). Percentage
of GFP-positive cells expressing GFP control or EGFP-NS reporter from five biological replicates (right). Percentage is shown as mean + SEM with all data
points (mixed effects model, n=5, EGFP:NEMF KD P=0.9941, NS:NEMF KD P=0.0213). (B) Triton soluble protein fraction from cells transfected with
NEMF and non-targeting siRNAs expressing either EGFP control, EGFP-NS reporter or Mock control was analysed by immunoblotting against GFP.
(C) Effect of co-expression of VCP-mutant proteins in EGFP-NS reporter in parental HEK 293T and LTN1 KO cells was assessed by flow cytometry.
Graph shows the percentage of GFP-positive cells as mean + SEM with all data points (mixed effects model, n=3, parental:D2 P =0.0039, parental:empty
P=0.7173,LTN1 KO #1:D2 P=0.6569, LTN1 KO #1:empty P=0.6473, LTN1 KO #2:D2 P=0.2946, LTN1 KO #1:empty P=0.7977). (D) Proteasome activity was
inhibited by treating the cells with 2 uyM epoxomicin or vehicle and percentage of GFP-positive cells was quantified by flow cytometry 6 h after treat-
ment. Data are shown as mean + SEM with all data points and expanded in Supplementary Fig. 2B (mixed effects model, n=3, EGFP:Epo P =0.2468, NS:

Epo P=0.0176).

To determine whether this canonical RQC substrate is ultimate-
ly degraded by the proteasome in mammalian cells, proteasomal
activity was inhibited by treatment with 2 uyM of epoxomicin for
6 hbefore analysis. Proteasome inhibition resulted in accumulation
of GFP-positive cells as seen on representative dot plots (Fig. 2D,
left). Quantification of GFP-positive population of cells expressing
EGFP-NS reporter shows a significant increase on epoxomicin treat-
ment compared to vehicle (Fig. 2D, right).

Translation of R-rich dipeptide-repeat proteins
induces ribosomal stalling in mammalian cells

Havingvalidated that the previous fluorescence reporter constructs
are sensitive to perturbations of the RQC pathway, we sought to de-
termine whether ribosome stalling occurs during elongation
through the C9orf72-expansion repeat. Dual-fluorescent protein
stalling reporters with the hexanucleotide repeat sequence in
both sense and antisense orientations were generated and ana-
lysed as described previously for poly-A sequences (Fig. 3A).
These reporters were expressed in HEK 293T cells and expression
of RFP and GFP was monitored by flow cytometry. Dot plots of GFP
and RFP fluorescence signal from reporters with G,C, repeats (sense
orientation) at short lengths of two or 27 were similar to cells ex-
pressing control constructs without an insert for either GA or
GR-encoding reading frames (Fig. 3B, left). A reduction of RFP signal
was observed for reporters with repeats at intermediate lengths (66)

in the GR reading frame but not for GA (Fig. 3B, left). Representative
dot plots of cells expressing reporters with C9orf72 repeats in the
antisense orientation showed that translation in the PA frame
does not reduce RFP expression at short (two, 27) or intermediate
(66) lengths (Fig. 3B, right). In contrast, elongation in the PR frame re-
sulted in a mild decrease in RFP levels at short repeat lengths (27) and
loss of RFP expression at intermediate lengths of 66 units (Fig. 3B,
right). These findings were quantified by the ratio of the median
fluorescence intensity of RFP compared to GFP as a measure of ribo-
some stalling during elongation through C9orf72-associated repeats.
Reporters with repeats in the sense orientation showed no signifi-
cant difference when comparing two and 27 G4C, repeats irrespect-
ive of reading frame and a significant decrease at intermediate
lengths in the GR frame (Fig. 3C). Similarly, reporters with repeats
in the antisense orientation showed that elongation in the PR frame
at 27 and 66 units results in a significant decrease in the RFP to GFP
ratio (Fig. 3D). In contrast, an increase was observed for the reporter
with 27 antisense repeats in the PA reading frame (Fig. 3D).

To determine whether ribosomal stalling occurs in tri-
nucleotide repeats associated to other repeat-expansion muta-
tions, either CAG or CTG repeats at disease-relevant lengths were
cloned into the stalling reporters (Supplementary Fig. 3A). These
were expressed in cells and no significant effect in the RFP to GFP
expression ratio was observed (Supplementary Fig. 3B).

Previous studies have suggested that ribosome stalling within
lysine-encoding poly-A sequences is primarily driven by its
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Figure 3 Arginine-rich DPR proteins induce ribosomal stalling in cells. (A) Schematic of stalling reporters with C9orf72-associated sequences [(G4C,) n=
2, 27 or 66, (C4G,) n=2, 27 or 66 and codon-optimized n=66 or 101]. (B) Dot plot of GFP and RFP expression profile for stalling reporters with C9orf72
repeats in different reading frames. (C) Ratio of median fluorescence intensity of RFP to GFP of C9orf72-associated repeats in the sense orientation
for four biological replicates shows stalling in GR reading frame at 66 units. Ratio is shown as B (grey line) with all data points and error bars represent
standard error [mixed effects model, n=4, (G4C,)27-GA P=0.8254, (G4C»)ee-GA P=0.2318, (G4C,),7-GR P=0.1890, (G4C,)s6-GR P=0.0004, no insert
P=0.0705, (AAA),o P <0.0001]. (D) Ratio of median fluorescence intensity of RFP to GFP of C9orf72-associated repeats in the antisense orientation for
four biological replicates shows stalling in PR reading frame at 66 units. Ratio is shown as B (grey line) with all data points and error bars represent
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P=0.7911, (AAA)20 P <0.0001]. (E) Expression profile of GFP and RFP for stalling reporters with codon-optimized DPR protein sequences expressed in
HEK 293T cells. (F) Ratio of RFP to GFP median fluorescence intensity of five biological replicates of codon-optimized stalling reporters expressed in
HEK 293T cells shows stalling in PR and GR-encoding sequences. Ratio is shown as B (grey line) with all data points and error bars represent standard
error [mixed effects model, n=5, GAgg P=0.1972, PRgg P=0.0076, GRgg P =0.0271, GA101 P=0.9730, PRyo; P=0.0004, GR10; P <0.0001, (AAA),o P <0.0001].
(G) Ratio of RFP to GFP median fluorescence intensity of four biological replicates of codon-optimized stalling reporters expressed in induced neuronal
cells. Ratio is shown as mean + SEM with all data points (Dunnett’s multiple comparisons test, n=4, GAj; P=0.0039, GP1o; P=0.3361, PR1o; P=0.0001,
GR101 P=0.0019).
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mRNA sequence in mammalian cells. ****' In contrast, our data
indicate that translational stalling of C9orf72 repeats is dependent
on the G4C, reading frame and not the RNA sequence per se.
Thus, we generated stalling reporters with codon-optimized DPR
encoding sequences. To assess whether R-rich DPR proteins induce
stalling during elongation, reporters with codon-optimized DPR en-
coding sequences at intermediate (66) or long (101) lengths were ex-
pressed in HEK 293T cells (Fig. 3A). Representative flow cytometry
dot plots from stalling reporters with GA encoding sequences
showed no loss of RFP expression at any length tested (Fig. 3E,
left). In contrast, elongation through sequences that generate PR
led to a reduction in RFP protein starting at intermediate lengths
of 66 and 101 (Fig. 3E, middle). GR-encoding sequences moderately
reduced RFP expression at 66 units and dramatically reduced RFP
expression at 101 (Fig. 3E, right). Quantification of the ratio of me-
dian fluorescence intensity of RFP to GFP of these reporters showed
a significant reduction in RFP expression for PRgs, PR1g1, GRgs and
GR101, but no significant effect for GA at any length (Fig. 3F). In add-
ition, no stalling was observed in reporters encoding for GP at any
length tested in HEK 293T cells (Supplementary Fig. 3C). Similarly, a
significant decrease in the RFP to GFP ratio was observed in stalling
reporters with PR and GR-encoding sequences expressed in i°N neu-
rons compared to a control without an insert (Fig. 3G). In contrast, an
increase in RFP levels was observed for GA encoding sequences while
no effect was seen for the GP reporter. The reason for the observed in-
crease in RFP:GFP ratio for GA codon-optimized sequences and anti-
sense repeats in the PA frame is unknown but may indicate that
these sequences contain a cryptic internal ribosome entry site that
drives RFP expression independent of GFP expression. Regardless,
these results indicate that R-rich DPR protein products trigger ribo-
some stalling during elongation in cell models and neurons.

While the loss of RFP expression appears likely to be due to ribo-
some stalling, it remained possible that reduced RFP expression
was due to frameshifting during elongation. To assess whether
there was evidence of frameshifting, these codon-optimized DPR
sequences were cloned into EGFP reporters with C-terminal protein
tags (FLAG [+1], myc [0] or HA [-1]) in all three reading frames
(Supplementary Fig. 3D). Protein was extracted from HEK 293T cells
expressing these EGFP-DPR,o,-3tag reporters or a mock transfected
control and immunoblotted with antibodies that recognize GFP and
each C-terminal protein tag. Blot of the detergent insoluble fraction
showed that the EGFP-GA4¢; protein was myc positive when com-
pared to mock control and negative for the other C-terminal tags
suggesting that minimal to no frameshifting was occurring for
this sequence. In contrast, EGFP-PRyo; and EGFP-GR,o; proteins
showed low myc positive signal and appeared negative for other
C-terminal protein tags when compared to the mock control
(Supplementary Fig. 3E). Therefore, complete readthrough of PR-
and GR-encoding sequences was relatively low, and we could not
find definite evidence of frameshifting although low levels cannot
be ruled out. These results are consistent with R-rich DPR proteins
causing ribosome stalling and indicates that loss of RFP expression
in stalling reporters is likely not due to frameshifting within the PR-
and GR-encoding sequences.

As R-rich DPR proteins appeared to induce ribosome stalling, we
assessed whether listerin plays a role in clearing these proteins.
EGFP-DPR,o; reporters (Supplementary Fig. 3D) were cotrans-
fected with a DsRed plasmid (transfection internal control) into
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parental HEK 293T and LTN1 KO cells. The expression level of
EGFP reporter proteins within the transfected population
(DsRed-positive) was quantified by flow cytometry. LTN1 KO did
not have a significant effect on the percentage of GFP-positive
cells for any EGFP-DPRjo; construct or for an EGFP control
(Fig. 4A). To study the role of the RQC factor VCP in DPR protein le-
vels, a VCP dominant-negative mutant was co-expressed with the
EGFP reporters as described before. Co-expression of VCP-D2 mu-
tant had no significant effect on the percentage GFP-positive cells
expressing GA-, PR- or GR-encoding reporters or an EGFP control
(Fig. 4B). To determine whether these DPR proteins may be
cleared by the proteasome, the GFP-positive population of cells
expressing EGFP-DPR constructs was monitored after treatment
with epoxomicin as described before. No significant increase in
the percentage of GFP-positive cells was detected for any of the
EGFP-DPR constructs (Supplementary Fig. 2B).

To evaluate whether NEMF plays a role in the overall expres-
sion of DPR proteins in mammalian cells, NEMF was depleted
in cells using siRNAs targeting this factor and subsequently
transfected EGFP reporters with DPR encoding sequences.
Representative histograms of GFP fluorescence showed no effect
of NEMF depletion in the number of GFP-positive cells or fluores-
cence intensity (Fig. 4C, left). Furthermore, NEMF KD did not sig-
nificantly affect the percentage of GFP-positive cells for any of
the EGFP reporters (EGFP control, GAjo1, PRio; or GRioy; Fig. 4C,
right). Previous studies have suggested that NEMF-mediated CTEs
result in decreased solubility of RQC substrates, and that poly-GR
proteins can be C-terminally extended with highly hydrophobic re-
sidues by the RQC complex in cells.*>*?862 To assess whether
NEMF alters DPR solubility, immunoblotting of sequentially ex-
tracted proteins was performed from cells expressing EGFP-DPR
proteins but depleted of NEMF by siRNAs. When blotting for GFP,
most EGFP-DPR4o; proteins were detected in the detergent insoluble
fraction (Fig. 4D). No major effect of NEMF depletion in the solubil-
ity profiles of EGFP-GA;o1, EGFP-PRg; or EGFP-GRyo; protein could
be observed (Fig. 4D). Triton soluble fractions were blotted for
GAPDH as a loading control. This suggested that NEMF deficiency
and limiting CTEs does not significantly alter the solubility of DPR
proteins in our model.

These results indicate that DPR proteins are not efficiently pro-
cessed by the RQC complex despite the strong induction of ribo-
some stalling by R-rich proteins. To assess whether this could be
due to lack of lysine residues within R-rich DPR encoding se-
quences, we generated an interrupted poly-GR reporter where sev-
eral glycine residues were substituted with lysine-encoding codons
while total length was maintained at 101 dipeptide units.
Expression of this interrupted reporter in parental HEK 293T and
LTN1 KO cells was monitored by quantification of the
GFP-positive population. Listerin-deficiency resulted in a signifi-
cant increase in the percentage of GFP-positive cells when expres-
sing the interrupted EGFP-GR reporter but not an EGFP control
(Fig. 4E). Previous studies have reported that DPR inclusions in pa-
tient tissue may contain the endogenous C-terminus sequence
that results from translation past the repeat sequence.”*®* Of all
DPR C termini, the endogenous C terminus for poly-GR reading
frame in the sense strand encodes for a C-terminal lysine. To deter-
mine whether the poly-GR C terminus would affect the susceptibil-
ity of this protein to RQC-mediated degradation in the rare event of
complete readthrough, an EGFP reporter with codon-optimized
GR101 sequence with the endogenous C terminus was cloned and
expressed in parental HEK 293T and LTN1 KO cells. Protein levels
of EGFP reporter for poly-GR with endogenous C terminus was
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Figure4 C9orf72-associated DPR proteins are not degraded by the RQC complex. (A) Levels of expression of EGFP-DPR,; reporter proteins was assessed
in HEK 293T and LTN1 KO by flow cytometry using an internal transfection control (DsRed). Percentages are shown as mean + SEM with all data points
(two-way ANOVA, n=3, reporter P<0.0001, LTN1 KO P=0.3476, interaction P=0.8988). (B) Effect of VCP-mutant overexpression in the levels of
EGFP-DPRy; reporter proteins in HEK 293T assessed by flow cytometry. Percentage is shown as mean + SEM with all data points (mixed effects model,
n=3,EGFP:D2P=0.7516, EGFP:empty P =0.9264, GA:D2 P=0.9901, GA:empty P =0.9083, PR:D2 P = 0.9009, PR:empty P =0.9479, GR:D2 P =0.7891 GR:empty
P=0.9479). (C) Effect of KD of NEMF by siRNAs in the expression of EGFP-DPR;p; Was analysed by flow cytometry. GFP fluorescence histogram of
GFP-positive population (left) and quantification of percentage GFP-positive population (right). Data are shown as mean + SEM with all data points (two-
way ANOVA, n=3, reporter P=0.0305, NEMF KD P=0.9114, interaction P=0.9919). (D) Depletion of NEMF in HEK 293T cells effect on EGFP-DPR;; protein
solubility was tested by sequential protein extraction and immunoblotting of detergent soluble and insoluble fractions of reporter protein. Soluble frac-
tion was blotted for GAPDH as a loading control. (E) Effect of LTN1 KO in the expression of interrupted EGFP-GR reporter with lysine residues every 20 GR
units was analysed by flow cytometry. Percentage of GFP-positive population of transfected cells (DsRed-positive, transfection internal control) is
shown as mean + SEM with all data points [Dunnett’s multiple comparisons, n=3, EGFP: HEK 293T-LTN1 KO #1 P=0.9064, HEK 293T-LTN1 KO #2 P=
0.9773, EGFP-(G/K-R)100: HEK 293T-LTN1 KO #1 P=0.0012, HEK 293T-LTN1 KO #2 P =0.0001]. (F) Representative dual immunofluorescence of poly-GA in-
clusions and ubiquitin (Ubi-1) of cerebellum sections from C9orf72-expansion carrier (left). Arrows denote poly-GA inclusions and arrowheads Ubi-1+
poly-GA inclusions. Quantification of ubiquitin-positive and negative DPR inclusions (right; scale bar = 10 pm).
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monitored by flow cytometry. No significant increase in the per-
centage of GFP-positive cells of this reporter relative to EGFP control
were observed in LTN1 KO compared to parental cells
(Supplementary Fig. 3F).

To determine whether DPR proteins in C9orf72-mutation carriers’
tissue are marked by ubiquitin for degradation, dual-
immunofluorescence staining for DPR inclusions (poly-GA, poly-PR
and poly-GR) and ubiquitin (using the Ubi-1 antibody, which prefer-
entially stains poly-ubiquitin chains) of cerebellar tissue sections
was performed. Representative confocal images of stained sections
collected within the cerebellar cell granule layer (where DPR
aggregates are known to accumulate) showed that there are few
ubiquitin-positive poly-GA inclusions (arrowheads) and numerous
ubiquitin-negative poly-GA inclusions (arrows) (Fig. 4F, left).
Quantification of ubiquitin-positive and -negative DPR inclusions
(poly-GA, poly-GR and poly-PR) from six C9orf72-expanded ALS/
FTD cases was done by manual counting of x40 microscopic fields
(Fig. 4F, right). For poly-GA and poly-GR, 5.9 and 5.3% of DPR inclu-
sions were observed to be ubiquitin positive by confocal imaging, re-
spectively. For the antisense product poly-PR, only 1.7% of inclusions
were observed to be ubiquitin positive in expansion carriers. In sum-
mary, DPR inclusions are rarely ubiquitinated in C9orf72-mutation
carriers’ cerebellum and do not appear to be efficiently degraded
by the canonical RQC complex in cell models.

Previous studies have suggested that DPR proteins can be
C-terminally extended and interact with some RQC fac-
tors. 2847486465 Thys, the interaction of the core RQC factor NEMF
and DPR proteins was assessed in cell and neuronal models, and
post-mortem brain tissue by immunofluorescence staining. The
NEMF antibodies used for this study were validated for immuno-
fluorescence in cells depleted of NEMF using CRISPR-Cas9 or over-
expressing C-terminally HA tagged NEMF protein (Supplementary
Fig. 4A). Dual-immunofluorescence staining of HEK 293T cells ex-
pressing EGFP-DPR;; reporters and NEMF shows its colocalization
with a subset of GR and PR aggregates but not GA (Fig. 5A and
Supplementary Fig. 4B). Notably, we observed that NEMF only colo-
calized to cytoplasmic but not nuclear R-rich DPR aggregates in HEK
293T cells. Similarly, we observed colocalization of cytoplasmic
poly-GR aggregates and NEMF in a neuronal model (Fig. 5B and
Supplementary Fig. 4C, top). We note that expression of the
EGFP-PRyo; reporter in I>N neurons mainly resulted in nuclear ag-
gregates so we did not observe colocalization between PR and
NEMF in this model.

Next, to assess the potential interaction of this core RQC
complex-associated factor and DPR inclusions in human brain tis-
sue, dual-immunofluorescence staining for NEMF and DPR proteins
(poly-GA and poly-GR) was done on frontal cortex and cerebellar
tissue sections from five C9orf72-expansion cases. NEMF was ob-
served as granular cytoplasmic staining in cortical neurons and nu-
merous inclusion-like structures within the cerebellar granule cell
layer (Fig. 5C and Supplementary Fig. 4C, bottom). Representative
confocal double immunofluorescence images showed that rare
poly-GA and poly-GR inclusions appeared to co-localize with
NEMEF in frontal cortex and cerebellum of C9orf72-expansion cases
(Fig. 5C and Supplementary Fig. 4C, bottom). Given that we did not
observe NEMF accumulation in GA aggregates in cultured cells,
which contrasts with what we observed in human brain tissues,
we assessed whether there was any evidence of chimeric DPR
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species by immunostaining cerebellum from C9orf72 expansion
cases for poly-GA and poly-GP or poly-GR proteins. We observed
that rare poly-GA inclusions are GR-positive (4.40%) or GP-positive
(6.59%) suggestive of the presence of chimeric species in C90rf72 in-
clusions as reported previously (Supplementary Fig. 4D).5¢¢”

To assess whether other core RQC complex-associated factors
listerin and VCP co-localize with DPR proteins, dual-
immunofluorescence staining of these factors and DPR proteins
(poly-GA and poly-GR) was done in C9orf72 ALS/FTD tissues. For lis-
terin, co-accumulation with cytoplasmic poly-GA and poly-GR in-
clusions was observed in frontal cortex of repeat-expansion
carriers (Fig. 5D, top). In contrast, VCP staining appeared to show
diffuse nuclear and cytoplasmic immunoreactivity, which over-
lapped with poly-GA inclusion staining in frontal cortex, although
VCP did not appear to noticeably accumulate within poly-GA aggre-
gates (Fig. 5D, bottom). Quantification of the number of DPR inclu-
sions (poly-GA and poly-GR) that colocalized with core RQC
complex factors (NEMF, listerin and VCP) was done for frontal cor-
tex and cerebellum of five C9orf72 expansion cases by manual
counting of x63 microscopic fields (Fig. 5E). NEMF seemed to prefer-
entially co-localize and accumulate within poly-GR inclusions in
frontal cortex and cerebellum compared to poly-GA (Fig. SE;
NEMF-positive percentage in frontal cortex: GA 4.62%, GR 30.91%
and in cerebellum: GA 0.10%, GR 7.02%). On the other hand, listerin
seemed to co-localize and accumulate within both poly-GA and
poly-GRinclusions in frontal cortex but not cerebellum of mutation
carriers (Fig. SE; listerin-positive percentage in frontal cortex: GA
15.53%, GR 29.27% and in cerebellum: GA 0.00%, GR: 1.04%). VCP im-
munoreactivity rarely overlapped with DPR inclusions in either re-
gion assessed (Fig. 5E; VCP-positive percentage in frontal cortex: GA
3.3%, GR 4.8% and in cerebellum: GA 0.002%, GR 0.016%). These ob-
servations suggest that there may be an association between DPR
proteinopathy and NEMF dysfunction in the setting of the C9orf72
repeat-expansion mutation.

Discussion

Dysregulation of protein homeostasis and aggregation is known to
be a hallmark of neurodegenerative diseases. Protein quality con-
trol pathways ensure the fidelity of protein synthesis and clearance
of defective potentially toxic products. How the aberrant protein
species generated from RAN translation in repeat-expansion dis-
eases disrupt and bypass these quality control pathways is not
well characterized. Dysfunctional RQC pathways have been asso-
ciated with neurodegeneration and ageing.***¢¢%° Furthermore,
ithas been shown to contribute to the hallmark protein aggregation
in Huntington’s, Parkinson’s and Alzheimer’s disease.***¢7%7* This
study focused on the role of the RQC complex in the regulation of
DPR protein aggregates associated to the C9orf72 repeat expansion
in ALS and FTD.

RQC pathways have been shown to be conserved from bacteria
to higher eukaryotes.**3*%72 Although RQC pathways have been
extensively studied in yeast and many RQC components have
been shown to be conserved in eukaryotes, the degradation of sub-
strates by the RQC complex in mammalian cells is not well charac-
terized. Recent studies using reporter constructs have further
characterized the mammalian RQC showing that CTEs may be
more complex than in yeast, may involve redundant mechanisms
for degradation of nascent polypeptides and its function is crucial
for neuronal survival.??#¢:627374 In, this study, using an EGFP report-
er lacking a STOP codon, we demonstrate that the aberrant
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non-STOP protein product is efficiently degraded by the canonical
RQC complex composed of listerin, NEMF and VCP. Our data sup-
port previous findings that deficiency of these factors does not af-
fect the trigger event for RQC complex recruitment of ribosome
stalling within a poly-A sequence. Our studies cannot discard the
contribution of alternate RQC factors that may add redundancy in
mammalian cells as previously described.?*’> More work is needed
to identify endogenous mammalian RQC substrates as most studies
use overexpression reporters. A study identified mitochondrial out-
er membrane-associated complex-I 30 kD subunit as an endogen-
ous RQC substrate on mitochondrial damage but additional
endogenous substrates have not been described in mammalian
cells.*® However, our data showed that clearance of the known ca-
nonical RQC substrate, non-STOP mRNA, seems primarily depend-
ent on the main factors identified as the core RQC complex.

C9orf72 RAN translation and its derived DPR proteins have been
shown to affect translation dynamics, elicit cellular stress re-
sponses and lead to dysregulation of multiple cellular protein qual-
ity control processes.'>?°?27679 Recent work has suggested that
translation of the repeat in the poly-GR-encoding reading frame re-
sults in ribosome stalling in cells.?®*”*€ RQC pathways are essential
in the sensing and clearance of ribosome stalled complexes that
form from the translation of defective RNAs."® Our work further
expands the understanding of the mechanism by which repetitive
sequences associated with RAN translation may induce ribosome
stalling in cells. We showed that translation of R-rich DPR proteins
induces ribosomal stalling in a length-dependent manner. Use of
codon-optimized sequences compared to G4C,/C4G, sequences
suggests that stalling is primarily dependent on the composition
of the protein being synthesized rather than the RNA sequence.
Of note, we observed that the threshold for inducing ribosome stal-
ling differs for each R-rich DPR protein. Poly-PR seemed to mildly
reduce RFP expression of stalling reporters at PR,;, strongly inhib-
ited RFP expression at 66 repeats, and showed no further loss of
RFP at longer lengths. In contrast, poly-GR seems to require at least
66 poly-GR units to induce stalling but showed even stronger stal-
ling at longer lengths, as previously reported.*® We did not observe
induction of ribosome stalling in tri-nucleotide repeats associated
with other repeat-expansion diseases suggesting that RQC may
not be activated. However, our studies cannot discard the contribu-
tion of endogenous sequences flanking these other repeat expan-
sions in elongation dynamics in RAN translation. Notably, as the
reporters used here rely on the presence of a canonical AUG start
codon for expression of fluorescent proteins, these studies cannot
determine the effect of non-AUG-mediated initiation, if any, on
the downstream elongation and stalling of G,C, RNA. In general,
C9orf72 RAN translation has been shown to affect translation dy-
namics and our data showed that R-rich DPR proteins induce ribo-
some stalling during elongation, which appears to be atleast in part
due to the co-translational engagement of arginine residues within
the ribosome tunnel. This is consistent with a growing literature
showing that R-rich DPR proteins interact and sequester ribosomes,
which may contribute to global translational inhibition.*”-977:80-82
However, the poly-GR and poly-PR length thresholds for stalling
are longer than the length of the ribosomal exit tunnel suggesting
that electrostatic interactions by arginine residues within the ribo-
some tunnel alone may not account for the mechanism of stalling
in cells as previously suggested for poly-GR.****#2 Indeed, the rela-
tionship between translational initiation, translational elongation
rate and ribosome stalling is likely to be complex.

Dysfunction in the RQC pathway leads to neurodegeneration
and the accumulation of aberrant protein species through the
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C-terminal extension of these nascent proteins.****7%7* However,
the role of the RQC complex and CTE in proteins generated from
RAN translation observed in repeat-expansion diseases remains
poorly characterized. Previous studies have implicated a role for
CTE in the distribution of poly-Q aggregates in yeast and suggested
that CTE of poly-GR proteins may enhance its aggregation.*®’%"* In
this study, we focused on understanding if dysfunctional process-
ing of DPR proteins by the RQC complex function plays a role in
C9orf72 DPR protein biology. We showed that despite the strong
ribosome stalling induced by R-rich DPR sequences, these proteins
are not efficiently processed by the canonical RQC complex. The
functional deficiency of listerin, NEMF or VCP did not affect the ex-
pression of DPR proteins as quantified by the fluorescent signal
from reporters. DPR proteins are known to be aggregation prone
and highly insoluble, quantification of fluorescent signal provides
away to monitor the overall protein levels regardless of aggregation
state. However, NEMF KD did not alter solubility of DPR proteins,
which suggests either that the inherently high insolubility of these
proteins masks the effects of CTEs on biochemical solubility in our
models, or perhaps that NEMF is unable to add CTEs to these pro-
teins due to the inability to dislodge R-rich DPR proteins trapped
within the translating ribosome. We hypothesize that the lack of ly-
sine residues within the DPR sequence precludes efficient ubiquiti-
nation by listerin and subsequent recruitment of VCP. This is
supported by the observation that poly-GR reporters become
more amenable to listerin-dependent clearance when poly-GR
units are interrupted with lysine residues. Although we have ob-
served that poly-GR units strongly induce ribosome stalling in a
length-dependent manner, we assessed whether the endogenous
C terminus of the GR frame from repeats in the sense strand would
make poly-GR reporters amenable to clearance by the canonical
RQC complex. The functional deficiency of listerin did not affect
the levels of reporters with codon-optimized GR-encoding se-
quences with the C terminus probably due to lack of complete ribo-
some readthrough. We also note that poly-GR reporters depicted in
Fig. 4 contain lysine residues on the N-terminal EGFP tag and the
C-terminal myc tag but are not susceptible to the canonical RQC
complex, probably due to stalling within the GR sequence.
Therefore, our data support previous studies that propose listerin-
mediated ubiquitination efficiency may be influenced by the posi-
tioning of available lysine residues within the substrate.®*%*
Moreover, the paucity of ubiquitination of DPR inclusions in human
brain tissues with the C9orf72 expansion suggests that DPR inclu-
sions are resistant to proteasomal degradation. Previous studies
have reported association of the RQC factor VCP with DPR aggre-
gates.®*® It is well established that VCP primarily recognizes its
substrates through poly-ubiquitin modifications, and we observed
that DPR inclusions appear to be primarily devoid of poly-
ubiquitination in C9orf72 post-mortem tissue. This is consistent
with our results showing a lack of VCP co-accumulation within
DPR inclusions from post-mortem brain tissue, similar to previous
findings in a neuronal model indicating that VCP is excluded from
GA aggregates.®® Taken together, these findings suggest that the
lack of internal lysine residues within the R-rich DPR encoding se-
quences that cause ribosome stalling may preclude their ubiquiti-
nation and clearance by the RQC.

Our work highlights the importance of protein quality control
and how aberrant protein species generated through RAN transla-
tion may lead to their dysregulation. Interestingly, we observed
that R-rich DPR proteins co-localize with NEMF in cells but not
with poly-GA which does not induce stalling in cells. This observa-
tion is congruent with canonical RQC complex recruitment to
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nascent proteins as a consequence of ribosome stalling. We also ob-
served that NEMF appears to co-localize with DPR inclusions in
frontal cortex and cerebellum tissue of C9orf72-expanded cases.
While expression patterns of R-rich DPR (PR and GR) in cellular
models have been shown to primarily form nuclear aggregates;
NEMF seemed to co-accumulate with cytoplasmic R-rich DPR ag-
gregates in HEK 293T cells and human neurons. This distinct inter-
action may reflect what is observed in the endogenous repeat
expansion as intranuclear DPR inclusions are extremely rare and
are mainly cytoplasmic in C9orf72 pathology. We hypothesize
that NEMF recruitment to DPR inclusions and their impaired pro-
cessing may perhaps be leading to sequestration of this core RQC
factor. More work is needed to identify endogenous RQC substrates
to further determine whether the C9orf72 repeat expansion is asso-
ciated with RQC dysfunction including the accumulation of en-
dogenous RQC substrates. NEMF also has other less characterized
molecular functions outside of the RQC complex including the nu-
clear export of proteins that could be affected.®® Finally, further
work is needed to continue to characterize the mammalian RQC
and identify if alternate or redundant factors may participate in
clearance of aberrant translation products including DPR proteins.
Overall, these findings suggest that impaired processing by the
canonical RQC complex of these R-rich DPR proteins may contrib-
ute to protein homeostasis dysregulation observed in C9orf72-
expansion ALS and FTD neuropathogenesis.
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