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Abstract

A GGGGCC (G4C2) hexanucleotide repeat expansion in C9ORF72 causes amyotrophic lateral sclerosis and frontotemporal dementia
(C9ALS/FTD), while a CGG trinucleotide repeat expansion in FMR1 leads to the neurodegenerative disorder Fragile X-associated tremor/ataxia
syndrome (FXTAS). These GC-rich repeats form RNA secondary structures that support repeat-associated non-AUG (RAN) translation of toxic
proteins that contribute to disease pathogenesis. Here we assessed whether these same repeats might trigger stalling and interfere with trans-
lational elongation. We find that depletion of ribosome-associated quality control (RQC) factors NEMF, LTN1 and ANKZF1 markedly boost RAN
translation product accumulation from both G4C2 and CGG repeats while overexpression of these factors reduces RAN production in both
reporter assays and C9ALS/FTD patient iPSC-derived neurons. We also detected partially made products from both G4C2 and CGG repeats
whose abundance increased with RQC factor depletion. Repeat RNA sequence, rather than amino acid content, is central to the impact of RQC
factor depletion on RAN translation—suggesting a role for RNA secondary structure in these processes. Together, these findings suggest that
ribosomal stalling and RQC pathway activation during RAN translation inhibits the generation of toxic RAN products. \WWe propose augmenting
RQC activity as a therapeutic strategy in GC-rich repeat expansion disorders.
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Introduction

Short Tandem Repeat (STR) expansions cause more than 50

human neurodegenerative, neurodevelopmental, and neuro-
muscular disorders (1-6). Several STR expansions trigger a
process known as repeat-associated non-AUG (RAN) trans-
lation, which is a non-canonical initiation process whereby
proteins are generated from repeats without an AUG start

in both cellular and animal disease models (9,15-20). As at
least 10 different neurodegenerative disease-associated STRs
support RAN translation, there is significant interest in identi-
fying selective inhibitors and regulators of this non-canonical
translation process (6,13,20-30). However, to date, the
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precise mechanisms that regulate RAN translation remain
largely unknown.

Amyotrophic lateral sclerosis (ALS) and frontotemporal de-
mentia (FTD) are inexorably progressive and fatal neurode-
generative disorders. The most common genetic cause of FTD
and ALS is an expanded GGGGCC (G4C2) hexanucleotide
repeat within the first intron of C9ORF72 (C9ALS/FTD)
(31-33). Fragile X-associated tremor/ataxia syndrome (FX-
TAS) is similarly a progressive adult-onset neurodegenerative
disorder without effective treatments. FXTAS results from a
transcribed CGG repeat expansion in the 5 UTR of FMR1
that affects about 1/5000 people worldwide (34-37). The re-
peats that cause both C9ALS/FTD and FXTAS are highly
GC-rich and are thought to form strong secondary structures
as RNA, including RNA hairpins and G quadruplexes (38—
43). Moreover, both repeat sequences support RAN transla-
tion (14,17,20,25,44-47). Without an AUG start codon, RAN
translation can occur in all possible reading frames from both
sense and antisense transcripts (46,48). For example, G4C2 re-
peats in COORF72 generate GA (glycine-alanine; +0 frame),
GP (glycine-proline; +1 frame), and GR (glycine arginine; +2
frame) dipeptide repeat proteins (DPRs) while CGG repeats
in FMR1 generate polyG (glycine; +1 frame), polyA (alanine;
+2 frame), and polyR (arginine; +0 frame) homopolymeric
peptides from the sense transcripts (46,49). However, the effi-
ciency of RAN translation differs significantly across reading
frames for each repeat, such that GA DPRs are produced more
readily than GP or GR from G4C2 repeats, and polyG and
polyA are more efficiently generated than polyR peptides from
CGG repeats (17,20,44,45,49). While initial studies suggested
that these differences might be due solely to near-cognate ini-
tiation sites in the sequences surrounding the repeats, more
recent work suggests that these differences in translational
efficiency persist even when each product is generated from
an AUG codon in an ideal Kozak context (44,49-52). This
suggests that differences in translational elongation efficiency
may be critically important to RAN translation efficiency and
as such could represent a therapeutic target.

Ribosomes stall during translational elongation in response
to many cues, including RNA damage, mRNA secondary
structures, the charge of the nascent polypeptide chain, and
cellular stress (53-58). Stalled ribosomes trigger a series of
mRNA and protein surveillance pathways known collectively
as ribosome-associated protein quality control (RQC) (59—
65). These quality control pathways ensure the fidelity of pro-
tein synthesis and degrade incompletely generated polypep-
tides and the mRNAs from which they are derived. Stalled
ribosomes are sensed by RING-domain E3 ubiquitin ligase,
zinc finger protein 598 (ZNF598, yeast Hel2), and recep-
tor for activated C kinase 1 (RACK1, yeast Ascl) to dis-
sociate the 80S ribosome (66—68). Alternatively, stalling at
the 3’ end of mRNA is detected by the mRNA surveillance
and ribosome rescue factor Pelota (PELO, yeast Dom34) and
HBS1-like translational GTPase (HBS1L, yeast Hbs1) (69—
71). The PELO:HBS1L complex subsequently recruits ATP
binding cassette subfamily E member 1 (ABCE1, yeast Rlil)
to disassemble the ribosome (72,73). Separation of 80S sub-
units releases 40S and 60S subunits. The 40S subunits con-
tain the truncated mRNA, which is degraded by 5'-3" exori-
bonuclease (XRN1) and the exosome complex (74). 60S sub-
units entrapped with tRNA-bound nascent polypeptide leads
are engaged by the ribosomal quality control (RQC) complex,
which targets partially made nascent polypeptides for protea-
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somal degradation (62,64,75-79). Assembly of the RQC com-
plex is initiated by the binding of nuclear export mediated fac-
tor (NEME, yeast Rqc2), which recruits and stabilizes binding
by the E3 ligase listerin (LTNT1, yeast Ltn1) (79-83). NEMF
also synthesizes carboxy-terminal alanine and threonine tails
(CAT-tails) on partially made polypeptide chains (84-87).
This pushes amino acids on the nascent chain out from the ri-
bosomal exit tunnel and triggers their ubiquitination by LTN1
(78,88-91). The ubiquitin chains signal for recruitment of the
valosin-containing protein (VCP, yeast Cdc48) (92,93). The
nascent polypeptide chain is then released by ankyrin repeat
and zinc finger peptidyl tRNA hydrolase 1 (ANKZF1, yeast
Vms1) and VCP targets the ubiquitylated polypeptide chain
for proteasomal degradation (94-96).

Previous studies demonstrated that ribosomes stall during
the synthesis of C9 ALS/FTD-associated GR and PR dipep-
tide proteins (97-99). These stalling events were not seen on
similarly sized but uncharged DPR repeats such as GA and
were therefore ascribed to positively charged arginine residues
within these nascent polypeptide chains. Further studies sug-
gest that the GR protein may also interact with protein surveil-
lance pathways through other means than its directed transla-
tion (98,100,101). However, these studies were not done in the
context of the GC-rich RNA repeats or in the absence of AUG
start codons as occurs in RAN translation. As such, whether
the dynamics of translation and/or the potential for repeat
RNA structures to elicit ribosomal stalling and RQC pathway
engagement remains largely unexplored.

In this study, we performed a targeted RAN translation
modifier screen at two different GC-rich short tandem repeats
with factors involved in the mRNA and protein surveillance
pathways. We find that NEMFE, LTN1, and ANKZF1 from the
RQC pathway all act as significant modifiers of RAN transla-
tion from GC-rich repeat RNAs. This is true for the generation
of both GA and polyG polypeptides, even though both prod-
ucts contain no runs of charged amino acids. Consistent with
translational stalling in these reading frames, we detected par-
tially made N-terminal peptides containing GA from G4C2
repeats and polyG from CGG repeats, and depletion of these
RQC factors enhance the accumulation of these truncated re-
peat peptides. We see a similar effect that the RQC factor im-
pacts on the accumulation of RAN products in patient-derived
neurons and find that altering NEMF directly impacts repeat-
associated toxicity in a Drosophila model system. Taken to-
gether, our results suggest that RQC factor engagement dur-
ing translation through GC-rich short tandem repeats im-
pacts both RAN translation efficiency and product genera-
tion through a repeat RNA structure-dependent mechanism.
Moreover, as modulating RQC factor abundance modulates
RAN product abundance, targeted augmentation of RQC ac-
tivity is an intriguing target for further therapeutic evaluation.

Materials and methods

Plasmids

Plasmids and cloning primers used in this study and their
sources are listed in Table 1. Primers and synthesized frag-
ments used for cloning are listed in Table 2. ATG-VS5-
GA79-NLuc-3xFLAG was generated by the insertion of an
ATG-VS fragment flanked with Nhel/EcoRV upstream of
Intron-(GGGGCC)7o-NLuc-3xFLAG (GA frame). ATG-VS5-
+1(CGG)10p-NLuc-3xFLAG was generated by the insertion of
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Plasmid Source Cat#
pcDNA3.1-ATG-NLuc-3xFLAG Kearse et al., 2016 N/A
pcDNA3.1-Intron-(GGGGCC)3-NLuc-3xFLAG(+0 polyGA frame) Green et al., 2017 N/A
pcDNA3.1-Intron-(GGGGCC)35-NLuc-3xFLAG(+0 polyGA frame) Green et al., 2017 N/A
pcDNA3.1-Intron-(GGGGCC)7o-NLuc-3xFLAG(+0 polyGA frame) Green et al., 2017 N/A
pcDNA3.1-Intron-(GGGGCC)7o-NLuc-3xFLAG(+1 polyGP frame) Green et al., 2017 N/A
pcDNA3.1-Intron-(GGGGCC)7o-NLuc-3xFLAG(+2 polyGR frame) Green et al., 2017 N/A
pcDNA3.1-(CGG)190-NLuc-3xFLAG (+0 polyR frame) Kearse et al., 2016 N/A
pcDNA3.1-(CGG)190-NLuc-3xFLAG (+1 polyG frame) Kearse et al., 2016 N/A
pcDNA3.1-(CGG)190-NLuc-3xFLAG (+2 polyA frame) Kearse et al., 2016 N/A
pcDNA3.1-ATG-V5-NLuc-3xFLAG Kearse et al., 2016 N/A
pcDNA3.1-ATG-V5-(GGGGCC)79-NLuc-3xFLAG (polyGA frame) This paper N/A
pcDNA3.1-ATG-V5-(CGG)190-NLuc-3xFLAG (polyG frame) This paper N/A
pcDNA3.1-ATG-V5-(GGN);99-NLuc-3xFLAG (polyG peptides) This paper N/A
pBI-CMV2-dsRED This paper N/A
pBI-CMV4-hNEMF/CMV2-dsRED This paper N/A
pCMV-FLAG Sigma E7908
pCMV-3TAGS8Ii-hRNF160-3xFLAG (hLTN1) Addgene 159138
pCMV6-hANKZF1-Myc-FLAG Origene RC201054

an ATG-VS sequence flanked by EcoRI and Narl upstream
of +1(CGG)199-NLuc-3xFLAG (polyG frame). ATG-VS5-
(GGN)19p sequence was synthesized by GeneWiz with flank-
ing restriction enzymes of EcoRI (5’) and Xhol (3’). The syn-
thesized sequence was inserted into the ATG-V5-+1(CGG)190-
NLuc-3xFLAG plasmid with EcoRI/Xhol to replace the ATG-
V5-+1(CGG)ygo sequence. pBI-dsSRED/hNEMF R86S was a
gift from Roger Sher. WT hNEMF was generated by mutat-
ing the serine at site 86 to an arginine using QS site-directed
mutagenesis (NEB, E0554S). pBI-dsRED empty vector was
cloned using annealing primers flanked by Nhel and EcoRV.
pCMV3TAGSIi-hRNF160-3FLAG was a gift from Martin
Dorf (Addgene plasmid #159138). pCMV6-hANKZF1-Myc-
FLAG was purchased from Origene, RC201054. All other re-
porter sequences have been previously published (44,49).

For all repeat containing plasmids, repeat size was deter-
mined by a combination of restriction digest, sanger sequenc-
ing, and nanopore based plasmid sequencing. For larger re-
peats (e.g. 100 CGG or 70 GGGGCC repeat units), there is
some intrinsic instability in repeat size- typically no more than
1-2 repeats from the mean size- that is apparent when plasmid
preps undergo nanopore sequencing.

RNA T7 synthesis

pcDNA3.1(+) plasmids containing nano-luciferase and
3xFLAG (NLuc-3xFLAG) reporters were linearized after
the 3’ FLAG tag with PspOMI. The efficiency of restriction
enzyme digestion was confirmed with a DNA agarose gel.
Linearized DNA plasmids were cleaned and concentrated
with DNA Clean & Concentrator-25 (Zymo Research,
D4033). RNAs were in vitro transcribed with HiScribe T7
ARCA mRNA Kit with tailing (NEB, E2060S) following the
manufacturer’s recommended protocol. mRNAs were then
cleaned and concentrated with RNA Clean & Concentrator-
25 Kit (Zymo Research, R1017) and run on a denaturing
glyoxal RNA gel to verify mRNA size and integrity. To assure
that truncated RNAs were not generated during iz vitro tran-
scription, mRNA was run on an agarose gel. The full-sized
band (identified by SYBR Safe staining on a parallel-run lane
of the same gel) was gel extracted and purified using electroe-
lution per the manufacturer’s protocol (BioRad, Model 422
Electro-eluter). mRNA was ethanol precipitated, then cleaned

and concentrated with the RNA Clean & Concentrator-25
Kit (Zymo Research, R1017). Transcribed RNA sequences
are shown in Table 3.

Cell culture and transfections

HEK293 cells were maintained at 37°C, 5% CO, in DMEM
with high glucose (Gibco, 11965118) supplemented with 9%
fetal bovine serum (50 ml FBS added to 500 ml DMEM; Bio-
Techne, S11150). For siRNA transfection, HEK293 cells were
seeded at 2 x 10° cells/ml with 100 ul in 96-well or 500
ul in 24-well plates. Cells were then transfected with siRNA
at 1 nM/well in a mixture with Lipofectamine RNAiMax
(Thermo Fisher, 13778075) following the manufacturer’s rec-
ommended protocol on the same day while seeding the cells.
siRNA used for this paper are listed in Table 4. For effec-
tor plasmid transfection, 24 hr after seeding the cells at 50—
60% confluency, 100 and 500 ng of effectors were trans-
fected in each well of 96-well and 24-well plate, respectively,
with FuGeneHD (Promega, E2312), at a 3:1 ratio of Fu-
GeneHD to DNA. Plasmid reporters were transfected into
70-80% confluent cells 48 h post-seeding. Each well of a 96-
well and 24-well plate was transfected with 50 ng and 500
ng NL reporter DNA, respectively, with FuGeneHD as de-
scribed above. Cells were harvested 24 h post-transfection
for analysis. For mRNA transfection, T7 synthesized mRNA
was transfected in cells at 70-80% confluency with TransIT-
mRNA Transfection Kit (Mirus, MIR 2256) following the
manufacturer’s recommended protocol. Cells were harvested
24 hr post-transfection for analysis.

Luminescent assays

From a 96-well plate, cells were lysed with 60 ul Glo Lysis
Buffer (Promega, E2661) for 5 min at room temperature with
constant rocking. NanoGlo Substrate (Promega, N113B) was
freshly diluted 1:50 in NanoGlo Buffer (Promega, N112A).
For a nano-luciferase assay, 25 pl of the diluted NanoGlo sub-
strate was added to 25 ul of cell lysate. To test cell viability, 25
ul of CellTiter-Glo (Promega, G7573) was added to another
25 ul of lysate. Both assays were mixed for 5 min in a covered
opaque 96-well plate then luminescence was measured on a
GloMax 96 Microplate Luminometer.
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Table 2. Primers and fragments for cloning
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Plasmid Forward

Reverse

ATG-V5-GAgo-NLuc-3xFLAG
cgattctacggat-3’
ATG-V5-+1(CGG)100-NLuc-

§'-ctagctagctagtagatgggtaagectatecctaaccetetecteggect

§'-aattcgtagtatgggtaagectatccctaacectetecteggtetegattct

§'-cgtagaatcgagaccgaggagagggttagg
gataggcttacccatctactagetag-3’
§’-cgecegtagaatcgagaccgaggagagggtt
agggataggcttacccatactacg-3'

§’-aattcgtagtatgggtaagectatecctaacectetecteggtetegattetacggegeegetgecagggggegtgeggeagegeggtggcggage
aggtegseetegtsgaggaggagecestagtegaggtegtesgseagsagscsgaggagessetegtagtseceecestggaggageagecy

StEgteetegageagecegageageageeeetesgaggaggageteecetggtggtggagsagecsgageaggagetagecestegtggaget
88CELegageeeCeeteetegtegagsteeesgagstagteeaggagstagteecegtagaggtagagecegtseaggaggagetescsg

3xFLAG acgg-3’
ATG-VS-(GGN)1o-NLuc-
3xFLAG

aggeggtegtggaggaggaggtegggec-3’
pBI-dsRED §'-taggcggcecgeatcgata-3’

pBI-dsRED/hNEMF

§'-gaagagtcggagattagtcagtg-3’

§'-ggtggctggatccctage-3’
§’-aaatgttttcggeacttc-3’

Immunoblotting

For HEK293, each well of cells from 24-well plates was lysed
with 120 ul of RIPA buffer with protease inhibitor (Roche,
11836153001). All protein lysates were denatured with 12%
B-mercaptoethanol in 6x SDS-loading dye, boiled at 95°C
for 5 min. 20 ul lysate for each sample was loaded per
well on 12% sodium dodecyl sulfate-polyacrylamide gels. To
detect stalling products between 10-15 kDa, those samples
were loaded on 15% sodium dodecyl sulfate-polyacrylamide
gels. Gels were then transferred to PVDF membranes either
overnight at 40 V at 4°C, or for 2.5 hr at 320 mAmps in the
ice bucket at 4°C. Membranes were blocked with 5% non-fat
dry milk for 30-60 min, and all antibodies were diluted in 5%
non-fat dry milk. All primary antibody information and prob-
ing conditions are listed in Table 5. Washes were performed
with 1x TBST 3 times, 5 min each. Horseradish peroxidase
secondary antibodies were applied at 1:10 000, for 2 h at room
temperature. Bands were then visualized on film. Mild strip-
ping (1.5% glycine, 0.1% SDS, 1% Tween 20, pH to 2.2 with
HCI) was performed with two 10 min incubations at room
temperature. For immunoblot quantification, the background
subtracted mean signal intensity of each band was mea-
sured using Image]. These values were then normalized to the
mean of the non-targeting control-treated bands on the same
blot to allow for blot-to-blot normalization across multiple
experiments.

Immunoprecipitation

Cells were lysed with NP40 lysis buffer (50 mM HEPES-
KOH, 150 mM KCI, 0.5% NP40, 0.5 mM DTT, 2 mM EDTA,
1 mM PMSE protease inhibitors) on ice and incubated at 4°C
for 30 min. Lysates were cleared by centrifugation at 20 000 x
g for 10 min at 4°C, and the supernatant was transferred into
a new tube. Protein concentration for each sample was mea-
sured by BCA assay (Thermo Fisher, 23227). 1 mg of total
protein was used for each immunoprecipitation. Each lysate
was first incubated with 20 pl pre-washed FLAG M2magnetic
beads (Sigma, M8823), rotating at 4°C for 2 h. Next, flow-
through was collected and incubated with pre-washed 20 ul
of V5-Trap magnetic beads (Proteintech, v5tma) rotating at
4°C for 2 h. 10% of input and 20% of the supernatant from
each step was saved for immunoblot. Afterward, FLAG and
V5 beads were washed with NP-40 lysis buffer until the ab-
sorbance of the wash supernatant at 280 nm is below 0.05.
After the final wash, beads were resuspended with 2x SDS dye
and boiled at 95°C for 5 min. The supernatant was collected
for immunoblot.

Drosophila studies

Drosophila were crossed and maintained at 25°C on SY10
food supplemented with dry yeast. For eye phenotyping at
a higher temperature, flies were crossed and maintained at
29°C. To measure G4C2 repeat RNA toxicity in flies, a previ-
ously characterized GMR-GAL4-driven UAS-(GGGGCC),g-
EGFP reporter containing fly was used (102). NEMF knock-
down flies were obtained from Bloomington Drosophila Stock
Center (BDSC) with stock numbers BDSC 36955 and BDSC
25214. Rough eye phenotyping was performed as described
earlier (103). In brief, 5-6 virgin female flies expressing
the GMR-GAL4-driven UAS-(GGGGCC),3-EGFP transgene
were crossed with male flies carrying a germline mutation
(insertion/disruption) of the fly homolog of NEMF gene
(Dmel\Clbn). The rough eye phenotype of flies in F1 progenies
was determined at 1-2 days post-eclosion. Rough eye scores
were given based on the following eye abnormalities: orien-
tation of bristles, presence of supernumerary bristles, omma-
tidial fusion, and disarray, presence of necrosis, and shrink-
age of the whole eye. Eye images were captured using a Leica
M125 stereomicroscope with a Leica DFC425 digital camera.
Eye images were scored and analyzed with Image] in a blinded
manner.

For GR-GFP quantification, virgin females carrying GMR-
GAL4; UAS-LDS-(G4C2)44-GFP (140) were crossed to males
harboring RNAI constructs from two libraries. A) TRIP RNAi
lines: w; clbn-RNAI (derived from BL62402) and its control
w;; mCherry-RNAI (derived from BL35785). B) KK RNAi
lines: clbn (VDRC 103351),1tn1 (VDRC 104233) and the con-
trol vkg-RNAi (VDRC 106812). We used vkg RNAI as a con-
trol for KK library, as knockdown of vkg doesn’t affect tox-
icity of G4C2 repeats. Eyes of female progeny were imaged
through 8-10 z-stacks under UV light using a Leica M125
stereomicroscope with a Leica DFC425 digital camera. GFP
levels were quantified from the maximum projection images
in a blinded manner with Image].

Maintenance of iPSCs and differentiation into
forebrain-like neurons (iNs)

C9 patient-derived induced pluripotent stem cells (iP-
SCs; CS52iALS-C9n6) and isogenic controls (CS52iALS-
C9n6.ISOC3) were obtained from the Cedars-Sinai iPSC
Core. iPSCs were maintained in TeSR-E8 media (Stemcell
Technologies, 05990) on vitronectin-coated plates, and pas-
saged every 4-5 days using EDTA as described in Weskamp
et al. (104). A doxycycline-inducible cassette for induced ex-
pression of Ngn1/2 was integrated into the CLYBL safe har-
bor locus of each line, as per Weskamp et al, enabling di-
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Table 3. DNA plasmid sequence used to synthesize RNA transcript

Reporter name

Sequence from T7 to PspOMI cut site

ATG-VS5-NLuc-3xFLAG

ATG-VS5-GA7o-NLuc-
3xFLAG

ATG-V5-+1(CGG)10-NLuc-
3xFLAG

ATG-V5-(GGN);90-NLuc-
3xFLAG

GGAGACCCAAGCTGGCTAGCGTTTAAACTTAAGCTTGGCAATCCGGTACTGTTGGTAAAGCCACCA
TGGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACGGTCTTCACACTCGAAGATTTCG
TTGGGGACTGGCGACAGACAGCCGGCTACAACCTGGACCAAGTCCTTGAACAGGGAGGTGTGTCCA
GTTTGTTTCAGAATCTCGGGGTGTCCGTAACTCCGATCCAAAGGATTGTCCTGAGCGGTGAAAATG
GGCTGAAGATCGACATCCATGTCATCATCCCGTATGAAGGTCTGAGCGGCGACCAAATGGGCCAGA
TCGAAAAAATTTTTAAGGTGGTGTACCCTGTGGATGATCATCACTTTAAGGTGATCCTGCACTATG
GCACACTGGTAATCGACGGGGTTACGCCGAACATGATCGACTATTTCGGACGGCCGTATGAAGGCA
TCGCCGTGTTCGACGGCAAAAAGATCACTGTAACAGGGACCCTGTGGAACGGCAACAAAATTATCG
ACGAGCGCCTGATCAACCCCGACGGCTCCCTGCTGTTCCGAGTAACCATCAACGGAGTGACCGGCT
GGCGGCTGTGCGAACGCATTCTGGCGGACTACAAAGACCATGACGGTGATTATAAAGATCATGACA
TCGATTACAAGGATGACGATGACAAGTAAGGCCGCGACTCTAGAG
GGGAGACCCAAGCTGGCTAGCTAGCTAGTAGATGGGTAAGCCTATCCCTAACCCTCTCCTCGGTCT
CGATTCTACGGGATATCAAGATAGCGCCGGGGCCGGGGCCGGGGCCGGGGCCGGGGCCGGGGCC
GGGGCCGGGGCCGGGGCCGGGGCCGGEGGCCGGGGCCGGGGCAGGGGCCGGGGCCGGGGLCGG
GGCCGGGGCCGGGGCCGGGGCCGGGGLCGGGGLCCGGGGCCGGGGCCGGGGCCGGGGLCCGGGG
CCGGGGCCGGGGCCGGGEGCCGGEGCCGGGGCCGGGGLCGGGGLCGGGGLCGGGGLCGGGGLC
GGGGCCGGGGCCGGGGCCGGGGCCGGEGGCCGGGGCCGGGGCCGGGGCCGGGGCCGGGGCCGG
GGCCGGGGCCGGGGCCGGGEGCCGGGGLCGGGGLCCGGGGCCGGGGCCGGGGCCGGGGLCGGGG
CCGGGGCCGGGGCCGGEGCCGGEGCCGGGGCCGGGEGCCEGGGCCGGGGCCGGGGECGGGGLC
GGGGCCGGGCTGGAAGCTTGGCAATCCGGTACTGTTGGTAAAGCCACCGGGGTCTTCACACTCG
AAGATTTCGTTGGGGACTGGCGACAGACAGCCGGCTACAACCTGGACCAAGTCCTTGAACAGGG
AGGTGTGTCCAGTTTGTTTCAGAATCTCGGGGTGTCCGTAACTCCGATCCAAAGGATTGTCCTGAG
CGGTGAAAATGGGCTGAAGATCGACATCCATGTCATCATCCCGTATGAAGGTCTGAGCGGCGACCA
AATGGGCCAGATCGAAAAAATTTTTAAGGTGGTGTACCCTGTGGATGATCATCACTTTAAGGTGAT
CCTGCACTATGGCACACTGGTAATCGACGGGGTTACGCCGAACATGATCGACTATTTCGGACGGCC
GTATGAAGGCATCGCCGTGTTCGACGGCAAAAAGATCACTGTAACAGGGACCCTGTGGAACGGCAA
CAAAATTATCGACGAGCGCCTGATCAACCCCGACGGCTCCCTGCTGTTCCGAGTAACCATCAACGG
AGTGACCGGCTGGCGGCTGTGCGAACGCATTCTGGCGGACTACAAAGACCATGACGGTGATTATAA
AGATCATGACATCGATTACAAGGATGACGATGACAAGTAAGGCCGCGACTCGAGAG
GGAGACCCAAGCTGGCTAGCGTTTAAACTTAAGCTTGGTACCGAGCTCGGATCCACTAGTCCAGTG
TGGTGGAATTCGTAGTATGGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACGGCGCC
GCTGCCAGGGGGCGTGCGGCAGCGCGGCGGCGGCGGCGGCGGCGGCGGAGGCGGCGGCGGLG
GCGGCGGCGGCGGCGGCGGCGGEGGCGGEGGCGGEGGCGGEGGCGGEGGCGGCGGCGGCGGL
GGCGGCGGCGGCGGCGGCGGLGGCGGLGGCGGLGGCGGLCGGCGGCGGCGGCGGCGGCGGLGG
CGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGLCGGCGGCGGLGGCGGLGGCGGLCGGCGGLG
GCGGCGGCGGCGGCGGCGGLGGLCGGLGGLCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGLGGC
GGCGGCGGCGGCGGCGGCTGGGCCTCGAGGATATCAAGATCTGGCCTCGGCGGCCAAGCTTGGC
AATCCGGTACTGTTGGTAAAGCCACCGGGGTCTTCACACTCGAAGATTTCGTTGGGGACTGGCGAC
AGACAGCCGGCTACAACCTGGACCAAGTCCTTGAACAGGGAGGTGTGTCCAGTTTGTTTCAGAATC
TCGGGGTGTCCGTAACTCCGATCCAAAGGATTGTCCTGAGCGGTGAAAATGGGCTGAAGATCGACA
TCCATGTCATCATCCCGTATGAAGGTCTGAGCGGCGACCAAATGGGCCAGATCGAAAAAATTTTTA
AGGTGGTGTACCCTGTGGATGATCATCACTTTAAGGTGATCCTGCACTATGGCACACTGGTAATCG
ACGGGGTTACGCCGAACATGATCGACTATTTCGGACGGCCGTATGAAGGCATCGCCGTGTTCGACG
GCAAAAAGATCACTGTAACAGGGACCCTGTGGAACGGCAACAAAATTATCGACGAGCGCCTGATCA
ACCCCGACGGCTCCCTGCTGTTCCGAGTAACCATCAACGGAGTGACCGGCTGGCGGCTGTGCGAAC
GCATTCTGGCGGACTACAAAGACCATGACGGTGATTATAAAGATCATGACATCGATTACAAGGATG
ACGATGACAAGTAAGGCCGCGACTCTAGAG
GGAGACCCAAGCTGGCTAGCGTTTAAACTTAAGCTTGGTACCGAGCTCGGATCCACTAGTCCAGTG
TGGTGGAATTCGTAGTATGGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACGGCGCC
GCTGCCAGGGGGCGTGCGGCAGCGCGGTGGCGGAGGAGGTGGGGGTGGTGGAGGAGGAGGCG
GTGGTGGAGGTGGTGGGGGAGGAGGCGGAGGAGGGGGTGGTGGTGGCGGCGGTGGAGGAGGA
GGCGGTGGTGGTGGAGGAGGCGGAGGAGGAGGGGGTGGAGGAGGAGGTGGCGGTGGTGGTGG
AGGAGGCGGAGGAGGAGGTGGCGGTGGTGGAGGTGGCGGTGGAGGGGGCGGTGGTGGTGGAG
GTGGGGGAGGTGGTGGAGGAGGTGGTGGCGGTGGAGGTGGAGGCGGTGGAGGAGGAGGTGGC
GGAGGCGGTGGTGGAGGAGGAGGTTGGGCCTCGAGGATATCAAGATCTGGCCTCGGCGGCCAAG
CTTGGCAATCCGGTACTGTTGGTAAAGCCACCGGGGTCTTCACACTCGAAGATTTCGTTGGGGACT
GGCGACAGACAGCCGGCTACAACCTGGACCAAGTCCTTGAACAGGGAGGTGTGTCCAGTTTGTTTC
AGAATCTCGGGGTGTCCGTAACTCCGATCCAAAGGATTGTCCTGAGCGGTGAAAATGGGCTGAAGA
TCGACATCCATGTCATCATCCCGTATGAAGGTCTGAGCGGCGACCAAATGGGCCAGATCGAAAAAA
TTTTTAAGGTGGTGTACCCTGTGGATGATCATCACTTTAAGGTGATCCTGCACTATGGCACACTGG
TAATCGACGGGGTTACGCCGAACATGATCGACTATTTCGGACGGCCGTATGAAGGCATCGCCGTGT
TCGACGGCAAAAAGATCACTGTAACAGGGACCCTGTGGAACGGCAACAAAATTATCGACGAGCGCC
TGATCAACCCCGACGGCTCCCTGCTGTTCCGAGTAACCATCAACGGAGTGACCGGCTGGCGGCTGT
GCGAACGCATTCTGGCGGACTACAAAGACCATGACGGTGATTATAAAGATCATGACATCGATTACA
AGGATGACGATGACAAGTAAGGCCGCGACTCTAGAG

rected differentiation into forebrain-like glutamatergic iNeu-
rons (iNs) (104-107). Neural progenitor cells (NPCs) were
frozen on day 2 of differentiation and stored in liquid N2 un-
til needed. One day before plating NPCs (1 x 10° cells/well
in a 6-well plate), each well was coated overnight at 37°C
with 1 ml of 100 pg/ml poly-L-ornithine hydrobromide (PLO,
Sigma, P3655) prepared in filter sterilized 0.1 M borate buffer
(Fisher Chemical, A73-500) at pH 8.4. PLO was removed by
washing with sterile water 3x and air-dried for at least 1 h.

The remainder of the iNs differentiation procedure was as de-
scribed in Weskamp et al. (104).

Lentivirus transduction

Lentiviral shRNA plasmids against NEMF, LTN1 and
ANKZF1 were purchased from Horizon Discovery. Lentivi-
ral overexpression of NEMF and ANKZF1 was pur-
chased from VectorBuilder (Table 6). Lentiviral over-
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Table 4. siRNA information

siRNA target Source Sequence/ Cat#/ siRNA ID
NanoLuc #2 Horizon F: §'-gguuacgecgaacaugaucgacuuu-3’
Custom R: 5’-Pagucgaucauguucggeguaaccuu-3’
(NLuc)

Negative Thermo silencer 4390843

Control No. 1 select

PELO s28807

HBS1L s21151

ABCE1 s12088

XRN1 s29016

RACK1 s20340

ZNF598 540509

NEMEF #1 s17483

NEMF #2 s17484

LTN1 #1 $25003

LTN1 #2 s25002

VCP s14765

ANKZF1 #1 $30259

ANKZF1 #2 $30260

Table 5. Antibody information

Item WB Conc. Species Company Catalog number
FLAG M2 1:1000 mouse Sigma F1804

\'A) 1:2000 mouse Abcam ab27671
Tubulin 1:1000 mouse DSHB E7

PELO 1:1000 rabbit Abcam ab154335
HBS1L 1:1000 rabbit Thermo Fisher PIPAS56241
ABCE1 1:1000 rabbit Abcam ab32270
XRN1 1:1000 rabbit Thermo Fisher PAS5-41888
RACK1 1:1000 rabbit Thermo Fisher MAS5-34809
ZNF598 1:1000 rabbit Sigma HPA041760
NEMF 1:1000 rabbit Proteintech 11840-1-AP
LTN1 1:2000 rabbit Proteintech 28452-1-AP
ANKZF1 1:2000 rabbit Proteintech 20447-1-AP
VCP 1:5000 rabbit Proteintech 10736-1-AP

expression of LTN1 was cloned with NEBuilder Gib-
son Assembly. In brief, the RPL22 sequence from the
plasmid pLV-Efla-RPL22-3XHA-P2A-EGFP-T2A-Puro (gift
from Hemali Phatnani, Addgene plasmid # 170317) was
removed by restriction enzymes digestion with EcoRI-HF
and Agel-HE The human LTN1 was amplified from pCMV-
3TAGSIi-hRNF160-3xFLAG with primers (forward: 5'-
tttgecgecagaacacaggaccggttaatctgegetgecaccatgggeggz-3’, Re-
verse 5’-aattcgtggegecagatecgggetegacatcgatgaaaaacg-3') de-
signed using NEBuilder Assembly Tool v2.7.1. pLV-Efla-
hLTN1-3XHA-P2A-EGFP-T2A-Puro was generated by Gib-
son cloning with the hLTN1 fragment generated as described
above. Lentiviruses were packed at the University of Michi-
gan Vector Core with HIV lentivirus and then 10x concen-
trated in 10 ml of DMEM. A GFP vector control was pur-
chased from the University of Michigan Vector Core. Trans-
duction efficiencies as measured by GFP fluorescence were
tested in HEK293 cells with 10 pg/ml polybrene following the
lentiviral transduction protocol provided by the Vector Core.
Knockdown and overexpression of the gene were confirmed
with immunoblot. C9 and its isogenic control iNeurons were
transduced with lentivirus on Day 6 post differentiation. Cell
media were replaced with fresh B27 media on Day 8, and cells
were harvested on Day 14.

Gp Msd

From a 6-well plate, cells were washed with 1x PBS on ice and
then harvested by scraping with 200 pl of Co-IP buffer (50
mM Tris=HCI, 300 mM NaCl, 5 mM EDTA, 0.1% triton-
X 100, 2% SDS, protease inhibitors, phosphoSTOP) on ice.
Lysates were passed through a 28.5 G syringe 10 times, spun
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at 16 000 x g for 20 min at 15°C, and then the super-
natant was collected. Levels of polyGP proteins in cell lysates
were measured using the Meso Scale Discovery (MSD) elec-
trochemiluminescence detection technology as previously de-
scribed (108). Briefly, a purified mouse monoclonal polyGP
antibody was used as both the capture and detection anti-
body (Target ALS Foundation, TALS 828.179). For capture,
the antibody was biotinylated and used to coat a 96-well MSD
Small Spot Streptavidin plate (Meso Scale Discovery, L45SA-
2), whereas the detection antibody was tagged with an electro-
chemiluminescent label (MSD GOLD SULFO-TAG). An equal
amount of each lysate was diluted in TBS and tested in dupli-
cate in a blinded fashion. For each well, the intensity of emit-
ted light, which is reflective of GP abundance and presented
as arbitrary units, was acquired upon electrochemical stimu-
lation of the plate.

Quantitative real-time reverse transcription PCR
(gRT-PCR)

RNA from iN lysates was isolated and collected using Quick-
RNA MiniPrep Kit (Zymo Research, R1054). 2 ug of RNA
per sample was treated with 2 U of TURBO DNase (Thermo
Fisher Scientific, AM2238) for 30 min at 37°C twice to re-
move contaminating genomic and plasmid DNA, and then re-
covered using the RNA Clean & Concentrator-5 Kit (Zymo
Research, R1015). ¢cDNA from each sample was generated
from 250 ng of RNA from the previous step with a mix-
ture of oligo(dT) and random hexamer primers (iScript cDNA
Synthesis Kit, Bio-Rad, 1708891). Finally, cDNA abundance
was measured using iQ SYBR Green Supermix (Bio-Rad,
1708882) from an iQS5 qPCR system (Bio-Rad), and the ap-
propriate primers at 100 nM. Primer information is listed in
Table 7. cDNA abundance was quantified using a modified
AACt method recommended by the manufacturer.

Polysome profiling

HEK293 cells at 85-95% confluency in a 15 cm culture dish
were treated with 100 pg/ml cycloheximide (CHX) for § min
at 37°C. The culture dish was placed on ice, washed with §
ml ice-cold PBS containing 100 pg/ml CHX, harvested by
scraping with another 5 ml cold PBS + CHX, and centrifuged
at 1200 x g at 4°C for 5 min. PBS was aspirated and the
pellet was resuspended in polysome-profiling lysis buffer (20
mM Tris-HCl (pH 7.5), 150 mM NaCl, 15 mM MgCl2,
8% (vol/vol) glycerol, 20 U/ml SUPERase, 80 U/ml murine
RNase inhibitor, 0.1 mg/ml heparin, 100 pg/ml CHX, 1 mM
DTT,1x EDTA-free protease inhibitor cocktail, 20 U/ml Turbo
DNase, 1% Triton X-100). Lysates were vortexed for 30 s,
passed through a 21 G needle 10 times, and incubated on ice
for 5 min. Cellular debris was pelleted at 14 000 x g at 4°C for
10 min, and the supernatant was transferred to a pre-cooled
tube. Total lysate RNA was estimated by NanoDrop. Lysates
were flash-frozen in liquid nitrogen and stored at —=80°C until
fractionation.

Sucrose gradients were prepared by sequentially freezing
2.7 ml of 50, 36.7, 23.3 and 10% sucrose (wt/vol) in 13.2
ml thin wall polypropylene tubes (Beckman Coulter, 331372).
Sucrose-gradient buffer consisted of 20 mM Tris—=HCI (pH
7.5), 150 mM NaCl, 15 mM MgCl2, 10 U/ml SUPERase,
20 U/ml murine RNase inhibitor, 100 pg/ml CHX and 1
mM DTT. Before use, gradients were thawed and linearized
overnight at 4°C. For fractionation, approximately 50 ug total
RNA was applied to the top of the sucrose gradient. Gradients
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Table 6. Lentiviral constructs
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Plasmid

Source

Cat#

Lenti-EV-GFP-VSVG

SMARTvector Lentiviral Human NEMF
hEF1a-TurboGFP shRNA

SMARTvector Lentiviral Human LTN1
hEF1a-TurboGFP shRNA

SMARTvector Lentiviral Human ANKZF1
hEF1a-TurboGFP shRNA
pLV-EGFP-EF1A-hNEMF [NM_004713.6]
pLV-EF1A-hLTN1-3XHA-P2A-EGFP-T2A-Puro
pLV-EGFP-EF1A-hANKZF1
[NM_001042410.2]

UM Vector Core
Horizon

Horizon
Horizon
VectorBuilder

This paper
VectorBuilder

UMICHVC-YT-4612
V3SH11240-224809840

V3SH11240-226558312
V3SH11240-224939332
VB221216-1307gke

N/A
VB900124-1663tuj

Table 7. Primer sets for gRT-PCR

Primer name Sequence Source

C9 Intron-F §’-cteeccactacttgcetetcacagta-3’ Rodriguez et al.,
2021

C9 Intron-R §'-tagcgegegactectgagtteca-3’ Rodriguez et al.,
2021

NEME-F §’-aacttgeggtagtgacccte-3’ This paper

NEMEF-R §’-attcagctecgegagtacg-3’ This paper

LTN1-F §’-tgtccaagccaaacctcttga-3’ This paper

LTN1-R §'-ggacatgccttggttaga-3' This paper

ANKZF1-F §'-gcagaaatccggeaatcgac-3’ This paper

ANKZF1-R §’-geecttagaagacgeaccaa-3’ This paper

GAPDH-F §'-aaggtgaaggtcggagtcaa-3' Tseng et al.,
2021

GAPDH-R §'-ggaagatggtgatgggattt-3' Tseng et al.,
2021

were spun at 35 000 rpm at 4°C for 3 h using a Beckman Coul-
ter Optima L-90 K ultracentrifuge and SW 41 Ti swinging-
bucket rotor. Gradients were fractionated with Brandel’s Gra-
dient Fractionation System, measuring absorbance at 254 nm.
The detector was baselined with 60% sucrose chase solu-
tion and its sensitivity was set to 0.05. For fractionation,
60% sucrose was pumped at a rate of 1.5 ml/min. Brandel’s
PeakChart software was used to collect the profile data.

Reporter RNA stability assay

Reporter mRNA stability was assessed as previously de-
scribed (49). Briefly, we measured reporter mRNA levels se-
rially by gqRT-PCR after treatment with actinomycin D at §
pg/ml for 0, 2, 4 or 6 h starting 24 h post reporter plasmid
transfection. We extracted total RNA using the Quick-RNA
MiniPrep kit (Zymo Research, R1054). 10 ug of total RNA
was treated twice with 1 ul Turbo DNase (2 U/ul; Ambion,
AM?2238) at 37 °C for 30 min and was subsequently puri-
fied using RNA Clean and Concentrator-25 (Zymo Research,
R1017). cDNA was generated as described above qRT-PCR
method section. qRT-PCR was performed on a Tagman sys-
tem (QuantStudio™ 3 System) using custom-designed Taq-
Man gene expression assays for nano-luciferase (NL Taq-
Man primer set/probe: AP7DWMP, actin primer/probe set:
Hs99999903_m1).

Reporter protein stability assay

Reporter protein stability was assessed as previously de-
scribed (44). Briefly, 24 h post reporter plasmid transfec-
tion, performed as above, HEK293 cells were treated with

10 ug/ml puromycin for 0, 4, 6 and 12 h. After each time
point, cells were lysed in 60 ul Glo Lysis Buffer for 5 min at
room temperature and stored at —20 °C. After all time points
were collected, nano-luciferase activities were measured
simultaneously.

To assess the effect of ubiquitin proteasome system activity
on generation of full-length and truncated translation prod-
ucts, HEK293 cells were reverse transfected with the indi-
cated siRNAs. After 48 h, these cells were transfected with
ATG-VS5-+1(CGG)100-NLuc-3xFLAG plasmids. twenty-four
hours later, cells were treated with 10 uM MG132 for 0, 2 or
4 h. After each timepoint, cells were lysed in RIPA buffer and
loaded on a 15% SDS-PAGE gel and quantified as described
above.

Data analysis

Prediction of RNA structure and calculation of the mini-
mum free energy was computed by The Vienna RNA Website,
RNAfold 2.5.1. (109). Statistical analyses were performed
with GraphPad Prism9.5.1. All luciferase activity was calcu-
lated by normalizing the nano-luciferase signal with cell titer.
For comparison of NLuc reporter luciferase activity assays,
GP MSD response, and fly eye phenotype quantification, we
used two-tailed unpaired Student’s t-test with Welch’s correc-
tion for multiple comparisons to confirm the statistical dif-
ference between control and multiple experimental groups
within each sample. To assess group effects, we used a two-
way ANOVA with Dunnett’s multiple comparison tests to
compare the differences between groups within different sam-
ples. Fly eye necrosis and width measurements were done with
reviewer genotype- blinded analysis by at least two indepen-
dent investigators to avoid subjective bias. Fly eye width mea-
surement was performed with Image] (www.imagej.nih.gov/
ij/). Experiments were performed with a minimum of three in-
dependent biological samples (z > 3) with technical replica-
tion of results from each sample. Fly experiments were done
using multiple crosses with a minimum of 10 flies analyzed
per group per cross. Further statistical analysis details are in-
cluded in figure legends including the numbers of analyzed
samples, statistical tests, and P values.

Results

RQC pathway factor depletion enhances RAN
translation from GC-rich repeat sequences

Slowing or stalling of translational elongation can result in ri-
bosomal collisions and engagement of ribosomal quality con-
trol pathways (Figure 1A). We hypothesized that GC-rich
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Figure 1. NEMF, LTN1, and ANKZF1 act as genetic modifiers of RAN translation from both G4C2 and CGG repeats. (A) Stalled or collided ribosomes are
sensed by ZNF598 and RACK1 to separate 80S ribosome to 60S and 40S. The 40S subunit with truncated mRNA is then released by PELO in concert
with HBS1L and ABCE1 and subsequently degraded by XRN1. NEMF CAT-+tails partially generated peptides within the 60S subunit, allowing for
degradation by the proteasome through a process that involves ubiquitination by LTN1 and VCP. ANKZF1 removes the tRNA, allowing for ribosomal
recycling. Schematic adapted with permission from (63). (B) Schematic of transiently expressed nano-luciferase (NLuc) reporters used to assess RAN
translation product abundance. Either the first intron of C9orf72 including 70 GGGGCC (G4C2) repeats or the 5’UTR of FMR1 containing 100 CGG
repeats were placed 5’ to a modified NLuc with the AUG initiator codon mutated to GGG. (C) Results from a targeted screen of key RQC pathway
factors. The relative expression of NLuc was normalized to cell titer. These normalized values were then expressed as a fold change compared to a
non-targeting siRNA control (NTC). The effect of transient transfection of each siRNA or luciferase reporter on cell titer is shown in

Supplemental Figure S1 (Supplementary Figure S1). Data represent mean with error bars + SEM of 6 biological replicates from at least 2 independent
experiments. *P < 0.05; one-way ANOVA with Dunnett’s multiple comparison test compared to NTC.

repetitive elements in mRNAs would be prone to trigger-
ing such events. We therefore performed a targeted modifier
screen at two disease-associated repetitive elements (G4C2
hexanucleotide or CGG trinucleotide repeats) for factors in-
volved in mRNA and protein surveillance pathways to eval-
uate their role in regulating RAN translation. Specifically,
we used commercially generated siRNAs (Table 4) to lower
the expression of RNA degradation pathway factors PELO,
HBS1L, ABCE1, and XRNT1; ribosome stalling sensing factors
RACK1 and ZNF598, or RQC pathway factors NEME LTN1,
VCP, and ANKZF1. Validation of gene knockdown for each
factor was confirmed by immunoblotting (Supplementary
Figure S1A-]).

To assess the impact of these factors on RAN transla-
tion, we used two well-characterized transiently transfected
RAN translation-specific nano-luciferase reporters for G4C2
repeats and CGG repeats, respectively (Figure 1B) (44,49).
For each, the repeat is surrounded by its native sequence (for
G4C2, this is the intronic sequence from human C9orf72 that

surrounds the repeat; for CGG, this is the SUTR of human
FMRT1). The repeat and surrounding sequence is embedded
5’ to a modified nano-luciferase that has its initiation codon
changed to GGG. This mutation and removal of internal AUG
codons allow the luciferase to selectively report on RAN trans-
lational initiation within or just 5’ to the repeat (44,49). An
AUGe-initiated nano-luciferase serves as a positive control for
canonical translation initiation and elongation. As depletion
of some RQC factors suppressed global protein translation
(Supplementary Figure S2A-E) and lowered expression of a
co-transfected firefly luciferase, we utilized cell titer as a nor-
malization control (Supplementary Figure S1K). This global
effect on translation was not driven by activation of the inte-
grated stress response (Supplementary Figure S2F).

For factors involved in ribosome-associated RNA degrada-
tion, depletion of XRN1 and HSB1L increased RAN trans-
lation at both G4C2 and CGG repeats (Figure 1C). How-
ever, the largest effects were observed for factors involved in
the RQC pathway that classically engages the ribosomes af-
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ter stall detection and ribosome splitting. Depletion of LTN1,
NEMF and ANKZF1 in particular increased the accumula-
tion of RAN translation products from both G4C2 and CGG
repeats, with increases between 2 and 5-fold compared to a
non-targeting siRNA control (Figure 1C). We therefore fo-
cused our attention on these RQC pathway factors and their
effect on RAN translation.

Reduction of NEMF, LTN1 or ANKZF1 enhances
RAN translation in a repeat-length dependent
manner

Previous studies found that depletion of NEMF and LTN1
either increase (98) or had no significant effect (100) on the
production of GR and PR DPRs from non-GC-rich sequences.
This effect was attributed to the positively charged arginine
residues in PR and GR DPR tracks, which can interact with the
ribosome exit tunnel to elicit ribosomal stalling (97,99,110).
However, RNA secondary structures can also elicit ribosomal
stalling (111-113). As GC-rich repeats form stable secondary
structures and the RNA helicases that resolve these structures
are implicated in RAN translation (114-117), we hypothe-
sized that ribosome stalling would occur during RAN trans-
lation from GC-rich repeats, leading to RQC pathway acti-
vation. To assess this, we first validated the effects of NEME,
LTN1, and ANKZF1 on RAN translation with a second set
of siRNAs. Knockdown of NEMF, LTN1, or ANKZF1 with
this second set of siRNAs elicited increases in GA DPR RAN
production from 70 G4C2 repeats and FMRpolyG (glycine)
production from 100 CGG repeats (Figure 2, Supplementary
Figure S3). To assure that these effects were not driven by ef-
fects of RQC pathway manipulation on mRNA stability, we
measured GA70 and + 1CGG reporter RNA levels over time
after treatment of cells with actinomycin D to halt new tran-
scription. As expected, there was a slow decline in the level
of both reporters over 6 hours. However, this change in re-
porter mRNA levels was not impacted by knockdown of ei-
ther NEMF or ANKZF1 (Supplementary Figure S4A, D). To
assess whether the effects of RQC pathway alterations might
be impacting the stability of the RAN translation reporter pro-
teins, we performed a parallel analysis of the levels of each
reporter over 12 hours after treatment with puromycin to
block new reporter synthesis. Knockdown of either NEMF or
ANKZF1 had no impact on the signal from either reporter
at 12 hours post-treatment (Supplementary Figure S4B, C,
E, F). These data suggest that reduction of these RQC fac-
tors is enhancing RAN translation through direct effects on
translation.

We next assessed whether this impact by RQC factors was
dependent on the length of the G4C2 repeat. At 35 G4C2 re-
peats, we did not see any effect of NEMF knockdown on GA
frame RAN translation, suggesting repeat-length dependence
(Figure 2B, Supplementary Figure S3B). Similarly, the deple-
tion of LTNT1 significantly increased RAN translation from
both GA35 and GA70 repeat reporters, but the effect on the
larger repeat was greater (Figure 2C, Supplementary Figure
S3B). As NEMF helps recruit LTN1 to assemble the RQC com-
plex, we asked if there is a synergetic effect of NEMF and
LTN1 knockdown on RAN translation. When we performed
the knockdown of both NEMF and LTNT1 together, we ob-
served a mild additive effect, with more RAN translation pro-
duction from GA35 and GA70 reporters compared to NEMF
alone (Figure 2D, Supplementary Figure S3A). Similarly, the
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depletion of ANKZF1 had a modest effect on translation from
an AUG reporter with no repeat and from our GA335 reporter,
but a larger effect on product generation from the GA70 re-
porter (Figure 2E, Supplementary Figure S3B).

If RNA secondary structure contributes to ribosomal
stalling, then the effect of knockdown of RQC factors should
influence RAN translation production from all 3 potential
reading frames. To address this, we utilized (G4C2)70 RAN
translation reporters, where the NLuc tag was in the GP
(+1) or GR (+2) reading frames (Figure 2A). Knockdown of
NEMF increased RAN from (G4C2)70 sequences in all 3
reading frames (Figure 2B). Knockdown of LTN1 increased
RAN product accumulation from (G4C2)70 sequences in GA,
GP, and GR frames (Figure 2C). Knockdown of ANKZF1
significantly increased RAN production from (G4C2)70 se-
quences in all three reading frames, with greater effects on the
GR frame (Figure 2E). ANKZF1 knockdown also enhanced
production in all three potential CGG repeat reading frames
(Supplementary Figure S3E). Taken together, these data sug-
gest that depleting RQC factors increase RAN translation in
a repeat length-dependent but repeat reading-frame indepen-
dent fashion.

Detection of short/truncated translation products
from G4C2 and CGG transcripts

RQC pathway activation typically triggers the degradation of
partially made translation products through a proteosome-
dependent process. Prior studies utilized a dual fluorescent
tagging system with GFP and RFP bracketing a ribosome-stall
inducing sequence coupled with flow cytometry to measure
stalling during translation (91). In this set up ‘stalling’ events
are measured by detecting the signal of one (stalled/truncated)
or both reporters (full-length). However, truncated products
would not be detectable by either carboxyl-terminal nano-
luciferase (NLuc) signal or FLAG tag western blots. We there-
fore generated a new set of reporter constructs with an AUG-
initiated V5 tag at the amino-terminus of 70 G4C2 repeats
in the GA frame or 100 CGG in the polyG frame. For each
construct, we retained an in-frame NLuc and 3xFLAG at the
carboxyl-terminus (Figure 3A). To avoid the generation of po-
tentially aberrant RNA products from plasmids that might
complicate our data interpretation, we transfected in vitro
synthesized mRNAs with either G4C2 repeats or CGG repeats
into HEK293 cells. We then performed a dual IP experiment
where we first used FLAG magnetic beads to pull down the
full-length products and then performed a second IP with V5
on the flowthrough to enrich for partially made products that
only have the amino terminus of the protein (Figure 3B). We
detected partially made products, approximately 10-15 kDa
in size, only with the V5 antibody for both GA (Figure 3C)
and polyG (Figure 3D). Importantly, constructs lacking the
GC-rich repeats did not generate any partially made products
(Supplementary Figure S5A-C).

To determine if these smaller products could result from
truncated mRNA species generated during in vifro tran-
scription of the reporters (42), we gel-purified the full-
length mRNA post-transcription (Supplementary Figure S6A).
These purified mRNAs still generated the smaller prod-
uct (Supplementary Figure S6B). After activation of the
RQC pathway, partially generated products are targeted for
degradation by the Ubiquitin Proteosome system (54-56).
To determine if these smaller products might represent in-
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complete degradation of proteins generated by ribosomal
stalling, we inhibited the ubiquitin proteasome system by
treating cells with MG132 and measured small product
abundance. Smaller N-terminal products accumulated after
MG132 treatment (Supplementary Figure S6C, D). These
data suggest that these smaller proteins are stalled transla-
tion products that are cleared in a proteasome dependent
fashion.

To assess whether NEMF or ANKZF1 affect the genera-
tion or accumulation of these truncated repeat products, we

repeated the studies as above after depletion of NEMF + LTN1
or ANKZF1. From immunoblot analysis, we detected an in-
crease in both the abundance of the full-length products and
the truncated products after knockdown of NEMF or after
knockdown of ANKZF1 from both (G4C2)70 and (CGG)100
repeats (Figure 4). We did not observe any change in the ex-
pression or generation of products from a no-repeat control
(Supplementary Figure S5B, C). These observations suggest
that the accumulation of these short/stalled products is im-
pacted by RQC factor abundance.
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Repeat RNA sequence determines the impact of
RQC factor depletion

Prior studies are conflicted as to whether GA DPRs gener-
ated from non-repetitive mRNA sequences induce ribosomal
stalls (98,100). Our data suggests that the repeat RNA se-
quence and structure may be sufficient to elicit ribosomal
stalling and RQC activation (Figures 3 and 4). To assess this
more formally, we took advantage of the redundant nature of
RNA codons to generate a reporter that would make a polyG
product but lack the CGG repeat RNA structure (Figure SA,
B). Glycine is encoded by GGN, where N is any nucleotide.
Therefore, we generated constructs with identical AUG initi-
ation codons upstream of either a GGC repeat or a GGN re-
peat that should not form a strong hairpin structure (Figures
5A-C). Both constructs generate the same polyG-containing
protein that we can measure using NLuc (Figure 5C). Com-
pared to a non-targeting siRNA control, depletion of NEME,
LTN1, or ANKZF1 significantly enhanced the production of
the polyG protein from the AUG-V5-(CGG)q¢ reporter (Fig-
ure 5D). As RAN translation from CGG repeats lacking near-
cognate initiation codons is much less efficient than AUG initi-
ation (49,52), this result suggests that the modulation of these

factors is acting primarily at the stage of translational elon-
gation rather than RAN translational initiation. In contrast,
depletion of either NEMF or LTNT1 had no impact on polyG
protein generation from the AUG-V5-(GGN)go construct or
an AUG-VS5-NLuc no-repeat control (Figure 5D). Depletion
of ANKZF1 did modestly enhance polyG production from the
AUG-V35-(GGN)qgo construct, but the effect was significantly
weaker than that seen for polyG protein production from the
AUG-VS5-(CGG)qgp reporter (Figure 5D). Together, these re-
sults suggest that the repeat sequence plays a key role in elic-
iting ribosomal stalling and the interplay of RQC factors with
CGG repeat translation.

Depletion of NEMF aggravates toxicity in
Drosophila model of CO9ALS/FTD

A prior study demonstrated worsening of rough eye phe-
notypes with depletion of NEMF in Drosophila expressing
dipeptide GR or PR from constructs lacking a G4C2 re-
peat, which again suggested a direct role for serial arginine
translation in RQC pathway activation (98,101). To assess
the impact of modulating RQC factor expression on G4C2
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repeat-associated phenotypes in vivo, we utilized an estab-
lished Drosophila model of CO9ALS/FTD that supports RAN
translation from G4C2 repeats and elicits significant toxic-
ity resulting in a rough eye phenotype when expressed using
a GMR-GALA4 driver (102). Genetic knockdown of NEMF
led to a more severe rough eye phenotype compared to the
control cross in multiple NEMF depletion lines and siRNA
lines (Figure 6A, Supplementary Figure S7). A similar ef-
fect enhancement was observed with knockdown of LTN1

(Supplementary Figure S7B, C). Rearing the G4C2 repeat-
expressing flies at a higher temperature (29°C) led to more
severe eye degeneration as marked by physical constriction
of eye width (103,118). Depletion of NEMF mitigated this
decrease in eye width (Figure 6B). In a second Drosophila
model where G4C2 repeat production can be monitored by
GFP expression, genetic knockdown of NEMF or LTNT1 led
to enhanced accumulation of GR-GFP translation products
(Supplementary Figure S7A, B, D). Together these data sug-
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gest that depletion of NEMF or LTN1 enhances G4C2 repeat
elicited toxicity in Drosophbila via enhanced RAN translation.

Depletion of NEMF and ANKZF1 enhances RAN
translation in C9ORF72 human neurons

We next assessed whether modulating RQC factors also in-
fluence RAN translation product accumulation from the en-
dogenous repeat locus in COORF72 ALS patient-derived neu-
rons. To this end, we utilized a well-characterized pair of C9
patient iPSC-derived iNeurons (iN) with an accompanied iso-
genic control line (119). These iN lines contain a doxycycline
inducible Ngn1/2 cassette that allows for rapid neuronal dif-
ferentiation (106). After two weeks of differentiation, we har-

vested cell lysates and performed an MSD assay to measure
GP DPR product abundance (Figure 6C). In parallel, we per-
formed a qRT-PCR analysis of RNA abundance for different
RQC factors. We observed a significant increase of NEMF
and ANKZF1 transcript expression in C9ALS iNeurons com-
pared to isogenic controls differentiated in parallel, suggesting
that there could be a compensatory upregulation of RQC ma-
chinery elicited by the repeat expansion (Figure 6D, E). There
was no change in LTNT1 transcript abundance between these
CI9ALS iNeurons and their isogenic control (Figure 6F).

As expected, we were able to reliably measure GP DPR
abundance in C9ALS iNeurons but not in isogenic control
neurons across multiple differentiations (Figure 6G-I). To as-
sess whether altering RQC factor abundance could impact
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Figure 6. Depletion of NEMF enhances repeat-associated toxicity in a fly model of C9 ALS/FTD and DPR accumulation in human neurons. (A)
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endogenous RAN product abundance, we utilized lentiviral
delivery of shRNAs against each factor. In line with our re-
porter assays, we observed a significant increase in GP DPR
abundance following the depletion of NEMF or ANKZF1
in C9 iN compared to iNeurons treated with a lentiviral
control (Figure 6G, H). However, the depletion of LTN1
did not significantly impact GP DPR abundance (Figure 61).
The RQC pathway typically pairs with the mRNA surveil-
lance pathway after the separation of 80S ribosomes into
40S and 60S subunits to degrade the template mRNA. There-
fore, we assessed whether endogenous C9 RNA abundance
might be impacted by the depletion of NEMF, LTN1, and
ANKZF1. Using primers that specifically target the first intron
of CIRNA that contains the repeat, we observed an increase
of C9 transcript abundance with depletion of NEMF or LTN1

(Supplementary Figure S8A-B). However, we observed no
change in C9 transcript abundance with depletion of
ANKZF1 compared to a lentiviral control (Supplementary
Figure S8C). Taking our data together with previous studies,
it remains unclear whether the activation of RQC degrades
endogenous repeat containing C9 RNA (98).

Enhancing the expression of RQC factors
suppresses RAN product accumulation

As depletion of NEMF, LTN1, and ANKZF1 increase GA and
polyG product accumulation from GC-rich repeats, we won-
dered if boosting NEMF, LTN1, or ANKZF1 expression in
cells might suppress RAN translation or lower RAN prod-
uct accumulation. To assess this, we overexpressed each of
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the RQC factors (NEMF, LTN1, and ANKZF1) in conjunc-
tion with the AUG-driven no repeat control, G4C2 GA re-
porter, or the CGG polyG reporter. Overexpression of these
factors did not significantly impact global translation based
on polysome profiling (Supplementary Figure S9). Overex-
pression of NEMF and LTN1 decreased both GA and polyG
RAN product accumulations (Figure 7A-B). Overexpression
of ANKZF1 decreased the accumulation of RAN products
from all three (GA, GP and GR) reading frames from G4C2
repeats without impacting an AUG-driven no-repeat control
(Figure 7C). In contrast, overexpression of ANKZF1 did not
significantly decrease polyG RAN product abundance (Fig-
ure 7D). Next, we transduced C9 patient iPSC-derived iNeu-
rons (iN) with lentivirus expressing hNEMFE, hLTN1 or hAN-
KZF1 and subsequently measured the GP DPR abundance
(Figure 6C). Overexpression of either NEMF or ANKZF1
in C9 iN significantly decreased GP abundance compared to
a lentiviral control (Figure 7E, F). However, there was no
significant increase in GP abundance seen with hLTN1 ex-
pression (Figure 7G). Overexpression of NEMFE, LTN1, or
ANKZF1 did not affect C9 intronic transcript abundance
(Supplementary Figure S8D-F). Taken together, these data sug-
gest that modulation of NEMF and ANKZF1 directly impact
RAN product accumulation from both reporters and endoge-
nous loci in patient-derived neurons.

Discussion

Transcribed GC-rich short tandem repeat expansions in
C90ORF72 and FMR1 form strong RNA secondary structures
as either RNA hairpins or G-quadruplexes (38,39,42,43,120).
These structures are critical for repeat-associated non-AUG
(RAN) translation (8,20,44,45,121-123). mRNA secondary
structures can impede elongating ribosomes leading to stalling
or collision, and activation of ribosome-associated quality-
control pathways (56,63,65,77). To understand how these
pathways interplay with RAN translation across GC-rich re-
peat RNAs, we performed a targeted screen on factors from
the mRNA and protein surveillance pathways associated with
ribosomal stalling. We identified NEMF, LTN1, and ANKZF1
from the RQC pathway as robust inhibitors of RAN trans-
lation on G4C2 mRNA repeats in the GA frame and CGG
repeats in the polyG frame. Depletion of NEMFE, LTN1, and
ANKZF1 increased the abundance of RAN products while
overexpression decreased detectable RAN products, with sim-
ilar genetic compensation effects at endogenous loci in human
C9 patient-derived neurons (iNs). Intriguingly, these same fac-
tors are upregulated in C9 iNs, suggesting that these path-
ways may be activated by the translation of expanded repeats.
With an N-terminal tagging system, we observed that both
G4C2 and CGG repeat sequences generate partially made
truncated products, suggesting peptide release associated with
RQC degradation pathways activated during repeat transla-
tion. Importantly, these effects are not mediated by the charge
of the amino acids associated with the peptides (both GA and
polyG are uncharged), but by the mRNA structures them-
selves, as we can abrogate this genetic interaction by chang-
ing the repeat sequence to diminish the predicted RNA hair-
pin structures formed by the CGG repeat element. These data
suggest a role for RQC pathways in both RAN translation and
AUGe-initiated translation of GC-rich structured repeat RNAs,
with implications for disease pathogenesis and therapeutic de-
velopment in this currently untreatable class of disorders.
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Several studies implicate RQC activation as associated
with neuronal death and human neurodegenerative disease
(88,124-128). NEMF mutations in mice are sufficient to trig-
ger neurodegenerative phenotypes and variants of NEMF in
humans are associated with neuromuscular disease (129,130).
LTN1 mutations in mice also trigger movement disorder
phenotypes and motor neuron degeneration (131). Fac-
tors from protein surveillance pathways directly associate
with ALS/FTD-causing toxic arginine-rich dipeptide repeat
(DPR) proteins, GR, and PR (98,100,101,110). AUG-initiated
arginine-rich proteins from GR and PR encoding RNAs in-
duce ribosomal stalling in an RNA-independent and DPR pro-
tein length-dependent manner in both mammalian cells and
GR and PR DPR protein-expressing flies (97,132). In these
cases, ZNF598, NEMF and LTN1 regulate the expression of
GR protein in a fashion that does not require the G4C2 repeat
RNA sequence or structure, and these effects are thought to
be due to interactions of the charged arginine residue within
the DPR protein. Importantly, in these studies, AUG-initiated
translation of GA or PA sequences from a non-repetitive se-
quence was insufficient to elicit ribosomal stalling (99). In con-
trast, we observe evidence for ribosomal stalling impacting the
expression of GA, GP and GR generated through RAN trans-
lation on G4C2 repeat transcripts that include the native up-
stream endogenous intronic sequence of COORF72. We also
demonstrate that RAN translation of polyglycine from CGG
repeats but not AUG-initiated translation of polyglycine from
a codon optimized non-repetitive sequence is highly sensitive
to RQC factor expression manipulation. As such, our findings
suggest that RNA secondary structures formed by GC-rich
STRs contribute to ribosomal stalling and activation of down-
stream surveillance mechanisms. As RAN translation can pro-
ceed in multiple reading frames on the same repeat simultane-
ously, our data cannot rule out a second contribution to ribo-
somal stalling by rare polyGR translation events on G4C2 or
polyR CGG repeats as a stall trigger in other reading frames.

Prior studies utilized P2A-based polycistronic reporter sys-
tems encoding two fluorescent proteins to assess translation
elongation stalling (91). In these assays, the efficiency of the
translation is measured by the ratio of two fluorescent pro-
teins by flow cytometry. However, on GC-rich repeats, the
relative loss of expression from a C-terminal tagged fluores-
cent protein could also result from translational frameshifting,
which occurs on both CGG and G4C2 repeats (51,133). In
addition, fluorescent protein systems cannot exclude a contri-
bution to C-terminal tag fluorescent protein expression from
internal ribosome entry site (IRES) initiation within these GC-
rich repeats as is proposed as a potential mechanism for RAN
translation at both CGG and G4C2 repeats (45,122,123). To
overcome these limitations, we used an N-terminal AUG-VS
tag upstream of G4C2 and CGG repeats to successfully de-
tect short, truncated V5-tagged peptides, which are likely to
be released from stalled ribosomes and targeted for proteaso-
mal degradation. Consistent with this concept, these truncated
products accumulate in response to UPS impairment. Future
studies will be needed to see if such peptides are independently
toxic and contribute to disease.

Among the modifiers studied, loss of ANKZF1 (yeast
Vms1) had the greatest impact on RAN translation product
accumulation from both CGG and G4C2 repeats. This factor
was not previously assessed with PR or GR-elicited ribosome
stalling, presumably because it was thought to act at a very
late stage in the RQC pathway. Overexpression of ANKZF1
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Figure 7. Overexpression of NEMF, LTN1 and ANKZF1 decreases RAN translation from G4C2 and CGG repeats. (A, B) Relative expression of AUG-driven
no repeats, (G4C2)70 repeats in the GA frame, and (CGG)100 repeats in the polyG frame when overexpressing empty vector (EV) versus hNEMF or
hLTN1. (C) Relative expression of AUG-driven no-repeat control and (G4C2)70 repeats in the GA, GP and GR frames when overexpressing empty vector
(EV) versus hANKZF1. (D) Relative expression of AUG-driven no-repeat control and (CGG)100 repeats in the polyG frame when overexpressing empty
vector (EV) versus hANKZF1. Data represent means with error bars + SD of n = 9-12, ns = not significant; **P < 0.01; ***P < 0.001; ****P < 0.0001
by two-way ANOVA with Sidak’s multiple comparison test. (E-G) Relative GP response of C9 and isogenic control iN treated with lenti-empty vector or
lenti-hNEMF, hLTN1, and hANKZF1. The level of GP was measured by MSD. Data represent means with error bars & SD of n = 3-5, ns = not significant;
*P < 0.05; ****P < 0.0001 by two-way ANOVA with Sidak’s multiple comparison test.

in mammalian cells selectively decreased expression of GA,
GP and GR from G4C2 repeats and we see a similar of this
effect in C9 patient iPSC-derived iNeurons. ANKZF1 is con-
served from yeast to humans, where it is thought to act as a
hydrolase and/or nuclease to release the nascent peptide chain
from the peptidyl-tRNA on the 60S ribosome (95,96,134—
137). In addition, Vms1 in yeast may have additional roles re-
lated to ribosomal stalling that are independent of the canon-
ical RQC pathway, as it can cleave peptidyl-tRNA chains on
the leading stalled ribosome independent of 40S and 60S sub-
unit splitting (96). Consistent with this earlier role in stall
resolution, Vmsl1 is found across the entire gradient in yeast

polysome profiles, suggesting an association with polysomes
as well as isolated and split 60S subunits (96). In the absence
of ANKZF1, as with other RQC factors, 60S subunits can-
not be recycled for further rounds of translation, leading to a
decrease in global translation (Supplementary Figure S2).

In this work, we highlight NEMFE, LTN1 and ANKZF1 as
regulators of RAN translation product accumulation from
G4C2 and CGG repeats. By detecting truncated products
generated from GC-rich transcripts, we suggest that trans-
lational stalling occurs within the short tandem repeat re-
gion of these mRNAs. We propose that these stalled ribo-
somes are triggered at least in part by the mRNA repeat
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secondary structure and that they recruit RQC complexes
to assist with ribosomal recycling and clearance of aberrant
mRNA and proteins (63). How exactly this ribosomal re-
cycling and clearance would work on repeats, however, is
somewhat unclear. Classically, the RQC pathway degrades
nascent peptide chains after ribosomal splitting and disas-
sembly through a process that is CAT-tailing and NEMF-
dependent (85,86). This CAT-tailing is thought to allow for
lysine residues to exit the ribosome and then be (84,85) ubig-
uitinated in an LTN1-dependent fashion to allow for tar-
geting of nascent peptide chain to proteasomal degradation
(58,61,89,91,134). However, there is no lysines available for
ubiquitination in either of the sequences that serve as RAN
translation templates from C9orf72-associated GA, GP and
GR reading frames from the sense transcript or the upstream
endogenous 5'UTR, including the CGG repeat, of the FMR1
sequence. Without an available lysine, we hypothesize that
even when RQC pathways are triggered during RAN trans-
lation, the truncated products generated by RQC processing
will likely be resistant to ubiquitination and degradation. In
contrast, the V5-tagged constructs used to identify these N-
terminal fragments do contain lysine within that introduced
tag. Consistent with this, the abundance of these truncted pro-
teins increases with MG132 treatment, which impairs protea-
somal degradation (Supplementary Figure S6). This data is
consistent with prior work suggesting that UPS impairment
enhances CGG repeat-elicited phenotypes (138). What role
such truncated degradation-resistant products might play in
repeat-associated toxicity is an important future research di-
rection.

Carboxyl-terminal reporters are often used to measure the
efficiency of RAN translation initiation in different settings
(44,45,49). These approaches face a limitation in that they
assume translational elongation is held constant across re-
porters. As RAN translation potentially happens in multiple
reading frames of the same transcript with different rates for
both initiation and elongation, interpretation of results from
the use of such carboxyl terminal tags as their sole readouts
will need to be re-evaluated. Here, we observed largely simi-
lar results from both reporters using such a C-terminal tag re-
porter system as well as from MSD-based assays that directly
measure DPR product generation (and as such are not reliant
on translation elongation extending completely through the
repeat to the NLuc reporter).

The increase in generation of both partially made products
from stalled ribosomes and complete protein products which
contain the C-terminal reporter in the absence of key RQC fac-
tors (Figure 4) suggests that ribosomal stalling triggers multi-
ple events that exist in an equilibrium with each other. When
the surveillance pathway is activated, stalled or collided ribo-
somes will be removed from the repeat mRNA. If the repeat
mRNA is not degraded during this process, then removal of
stalled ribosomes would also allow trailing ribosomes to com-
plete translation through the repeat at increased rates, result-
ing in greater C-terminal reporter signal. When RQC factors
are depleted, this will result in a failure to clear the nascent
peptides from the 60S subunit. This will result in accumula-
tion of stall products and their detection on denaturing gels as
observed here. However, reduction of these same RQC factors
will also slow the rate at which such stall events are recog-
nized and cleared. This delay should create a longer time win-
dow during which stalled ribosomes can resume elongation
through the repeat without engagement of the RQC machin-
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ery, resulting in more initiating ribosomes generating com-
plete products. This may also impact the rates of ribosomal
frameshifts on the repeat (133,139).

While past studies (97-99,132) and our data are largely
consistent with loss of RQC factors acting on translational
elongation, it is important to note that our data are consis-
tent with an alternative model where RQC factor depletion
reduces global 60S ribosomal turnover and the resultant ri-
bosomal stress then acts to enhance RAN translational ini-
tiation. There is a precedent for such an idea, as activation
of the integrated stress response augments RAN translation
in the face of global decreases in protein synthesis (44,45).
While RQC factor depletion did not trigger ISR induction
(Supplementary Figure S2F), it is intruiging that RAN trans-
lation is enhanced by multiple different processes that in-
hibit global protein translation- including low-dose treatment
with the protein synthesis elongation inhibitor cycloheximide
(141). To explain this, Kearse et al. proposed that ribosomal
pre-initiation complexes queue on 5’ leaders behind stalled ri-
bosomes to favor non-AUG initiation by allowing for greater
dwell times over near-AUG cognate codons (141). Further
work will be needed to assess if a similar process may be at
play with RQC factor depletion and RAN translation.

In summary, we find that RQC pathways inhibit accu-
mulation of RAN translation products generated from GC-
rich transcripts. Depletion of NEMF, LTN1 and ANKZF1 in-
creases the accumulation of proteins made via RAN transla-
tion from GC-rich transcripts while overexpression of NEME,
LTN1, and ANKZF1 decreases the production of these pro-
teins. These data suggest that augmenting RQC activity could
have therapeutic benefits in GC-rich nucleotide repeat expan-
sion diseases and that translational elongation needs to be
considered in studies of RAN translation and other initiation-
dependent processes.
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