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Abstract 

Repetitive elements comprise over half of the human genome. Expansion of a 

subtype within these repetitive elements known as short tandem repeats (STRs) causes 

over fifty human disorders. C9orf72-associated amyotrophic lateral sclerosis and 

frontotemporal dementia (C9ALS/FTD) and Fragile X-associated tremor/ataxia syndrome 

(FXTAS) represent two instances where an STR expansion results in neurodegenerative 

disease. C9ALS/FTD results from a GGGGCC (G4C2) hexanucleotide repeat expansion 

within the first intron of C9orf72 while FXTAS is caused by CGG repeat expansion in the 

5’UTR of FMR1. These repeat-containing RNAs elicit toxicity at least in part by triggering 

repeat-associated non-AUG (RAN) translation. RAN translation is a non-canonical 

process where repetitive regions within mRNAs initiate translation in the absence of a 

canonical AUG start codon. RAN translation can happen in multiple reading frames and 

can occur in transcriptional contexts (5’UTRs, introns, 3’UTRs, and antisense RNAs) that 

do not typically support mRNA translation. The protein products generated by RAN 

translation with these repeat expansions and are thought to contribute to disease 

pathogenesis. However, the mechanisms by which RAN translation occurs remain 

unclear. The goal of this thesis is to better define how RAN translation works and identify 

selective modifiers of RAN translation. To accomplish this goal, I have taken three 

approaches. 



 xii 

First, I analyzed DHX36 which directly interacts with repeat mRNA and influences 

its translational efficiency. G4C2 and CGG repeats form stable RNA secondary structures 

such as G-quadruplex and/or hairpin structures. DEAH-Box Helicase 36 (DHX36) plays 

an active role in RNA and DNA G-quadruplex resolution. Therefore, I evaluated whether 

altering the expression of DHX36 impacts repeat transcription and RAN translation. 

These studies revealed that DHX36 depletion suppresses RAN translation from reporter 

constructs in a repeat length-dependent manner. 

Second, performing a candidate-based target screen, I identified factors from the 

mRNA and protein surveillance pathways that affect the efficiency of translation through 

GC-rich repeat sequences. I identified three key factors - NEMF, LTN1, and ANKZF1 - 

from the ribosome-associated quality control (RQC) pathway that impact the generation 

of RAN products. Depletion of these RQC factors increases the accumulation of RAN 

proteins while overexpression of RQC factors decreases RAN protein accumulation. To 

assess this further, I used a dual tagging system to detect partially generated products 

from G4C2 and CGG repeats. These findings suggest that RQC factors play a critical role 

in both suppressing RAN translation and in maintaining protein and translational 

homeostasis in the face of toxic repeats. 

Third, we completed and analyzed a genome-wide high-throughput small-

interfering RNA (siRNA) screen for selective RAN translational modifiers. From gene 

ontology analysis, we surprisingly found that multiple siRNAs target genes encoding 20S 

proteasome subunits act as selective suppressors of RAN translation while a separate 

group of siRNAs targeting genes from the eIF5A hypusination pathway act as selective 



 xiii 

enhancers of RAN translation. These two are interesting novel pathways emerging as 

areas for future studies. 

Taken together, these studies provide insight into the factors and pathways 

required for RAN translation at two GC-rich nucleotide repeat expansions. These results 

suggest that repeat RNA structure, translational elongation, and protein homeostasis play 

active roles in regulating RAN translation. By coupling these newly identified pathways to 

assays of repeat-associated toxicity in mammalian cell-based reporter systems, 

Drosophila models of disease, and patient-derived human neurons will reveal novel 

targets for future therapeutic development. 
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Chapter 1: Introduction 

 

1.1. Abstract 

Microsatellite disorders are a class of neurological diseases caused by nucleotide-

repeat expansions within the human genome. Expanded repeats support repeat-

associated non-AUG (RAN) translation, a non-canonical mode of translational initiation 

whereby proteins are generated from repetitive RNA motifs in the absence of an AUG 

start codon. RAN translation generates toxic proteins which contribute to neuronal 

toxicity. The mechanisms underlying RAN translation are unclear, and no currently 

effective treatments for RAN translation-related repeat expansion disorders. This 

introduction will provide a background on microsatellite disorders in general, with 

additional details on two different repeat expansion diseases where RAN translation is 

thought to contribute to pathogenicity: CGG repeats in fragile X-associated tremor ataxia 

syndrome (FXTAS) and GGGGCC (G4C2) repeat in C9orf72-associated amyotrophic 

lateral sclerosis (ALS) and frontotemporal dementia (FTD). I will then focus on what we 

currently know about the RAN translation at a mechanistic level and what factors are 

known to act as modifiers of this process. I will close with a set of questions that provide 

a basis for my thesis research. 

 

1.2. Introduction 

Microsatellite disorders are a heterogeneous group of neurodegenerative diseases 
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and neuromuscular disorders that impact a large number of patients worldwide (Bañez-

Coronel et al. 2012; Gao and Richter 2017; Gusella and MacDonald 1996; He and Todd 

2011; James Kent et al. 2002; Lafrenière et al. 1997; Malik, Kelley, et al. 2021; Margolis 

et al. 1999; Mirkin 2007; Nagafuchi et al. 1994; Nelson, Orr, and Warren 2013; Orr and 

Zoghbi 2007; Paulson 2018; Rodriguez and Todd 2019; Sato et al. 2009; Stoyas and La 

Spada 2018; Swinnen, Robberecht, and Van Den Bosch 2020; Todd et al. 2013; 

Wenninger, Montagnese, and Schoser 2018). Microsatellite disorders are characterized 

by a sequence of tandemly repeated DNA motifs. These repetitive DNA motifs alter gene 

expression at all human genome stages, leading to neuronal disorders (Malik, Kelley, et 

al. 2021; Paulson 2018; Rodriguez and Todd 2019). There are three main mechanisms 

caused by the repeat that led to toxicity (Bañez-Coronel et al. 2012; Gao and Richter 

2017; Gitler and Tsuiji 2016; Ling, Polymenidou, and Cleveland 2013; Nishimura and 

Arias 2021). Repeat sequences can induce transcriptional silencing of genes harboring 

repeats, leading to a loss of protein expression from these loci. Transcription of repeats 

can also trigger DNA-RNA hybrids known as R-loops, which activate the DNA damage 

response and transcriptional silencing (Boivin et al. 2020; Coffee et al. 2002; Farg et al. 

2017; He et al. 2023; Lin et al. 2010; Liu et al. 2014; Russ et al. 2015; Sutcliffe et al. 1992; 

Usdin and Kumari 2015; Xi et al. 2013, 2015; Xu, Chong, and Wang 2021). Repeats as 

RNA can bind to RNA-binding proteins and sequester them into phase-separated 

compartments known as RNA foci. These condensates impede the normal functions of 

the RNA binding proteins, leading to alterations in splicing and RNA localization (Burguete 

et al. 2015; Conlon and Manley 2017; Cooper-Knock et al. 2015; Miller et al. 2000; 

Mizielinska et al. 2013; Kohji Mori et al. 2013; Taneja et al. 1995; Van Treeck and Parker 
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2018; White et al. 2010; Zhang and Ashizawa 2017). Third, when expanded repeats are 

translated into proteins, they can accumulate into aggregates that both evade and impair 

protein quality control pathways. This protein-mediated gain-of-function mechanism was 

originally thought to only be relevant to trineucleotide repeats that reside in open reading 

frames. However, in 2011 Laura Ranum's group discovered that a CAG-repeat expansion 

which causes human spinocerebellar ataxia type 8 (SCA8) can support translation in the 

absence of an AUG start codon. They termed this non-canonical initiation process repeat-

associated non-AUG (RAN) translation (Zu et al. 2011). Subsequently, it has become 

clear that RAN translation can occur in multiple reading frames from both sense and 

antisense generated transcripts to produce multiple different peptides- many of which 

accumulate in patient tissues. Moreover, RAN translation occurs on regions of RNA that 

typically do not engage with a ribosome, such as 5’ UTRs, introns and non-coding RNAs. 

In total, there are now more than 10 different disorders where RAN translation has been 

reported to occur with more emerging regularly (Figure1.1.) (Ash et al. 2013; Bañez-

Coronel et al. 2012, 2015; Cleary and Ranum 2013; Fujino, Mori, and Nagai 2023; Koob 

et al. 1999; Liquori et al. 2001; K. Mori et al. 2013; Sato et al. 2009; Todd et al. 2013; Zu, 

Pattamatta, and Ranum 2018). This literature suggests that RAN translation is both 

prevalent and important to the pathogenesis of a large set of human neurodegenerative 

disorders for which there are no effective treatments. 

  

1.3. Initiation of Global Translation 

Canonical translation initiation in eukaryotes starts with recognition of the 5' 

methyl-7- guanosine (m7G) on an mRNA by the eIF4F complex (Sonenberg et al. 1978, 
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1979), which is composed of eIF4E (the subunit that binds to the mRNA 5' cap directly); 

eIF4G (the scaffolding subunit); eIF4A (a DEAD-box RNA helicase); and eIF4B and 

eIF4H (stimulatory helicases that support eIF4A activity) (Jackson, Hellen, and Pestova 

2010; Koromilas, Lazaris-Karatzas, and Sonenberg 1992; Pyronnet et al. 1999). Within 

the eIF4F complex, eIF4G recognizes the polyadenosine-binding protein (PABP) 

associated with the 3' polyA tail to create a circular mRNA complex that is important in 

translational efficiency (Borman 2000; Gingras et al. 1999; Kessler and Sachs 1998; 

Pyronnet et al. 1999). Next, the 43S pre-initiation complex (PIC) joins the eIF4F complex 

at the m7G cap to form the 48S scanning competent complex (Çetin and O'Leary 2022; 

Coots et al. 2017; Izidoro et al. 2022; Pestova, Shatsky, and Hellen 1996). The 43S PIC 

is comprised of the 40S ribosomal subunit, eIF1, eIF1A, eIF3, eIF5, and the ternary 

complex (the methionine-conjugated tRNA (tRNAMet) bound to the multi-subunit GTPase 

initiation factor eIF2 in its GTP-bound state (Algire, Maag, and Lorsch 2005; Bogorad, 

Lin, and Marintchev 2017; Kedersha et al. 2002; Unbehaun 2004). Joining of the 43S PIC 

is mediated by interactions between eIF4G and eIF3 (Çetin and O'Leary 2022; Gradi et 

al. 1998; Pestova et al. 1996; Sha et al. 2009; Yang et al. 2003). In the ribosomal scanning 

model of translation initiation, the assembled 48S complex scans along the 5' UTR from 

the m7G cap in a 5' to 3' orientation (Hinnebusch 2014; Kozak 1978), sampling individual 

codons for an AUG initiation site in an appropriate (Kozak) sequence context. eIF4A acts 

to resolve RNA-RNA secondary structures during scanning (Jackson 1991; Zhang et al. 

2015). Once an AUG codon is recognized, eIF1 is ejected by the base-pairing between 

the AUG codon and CAU anti-codons from tRNAMet (Pestova 2002; Unbehaun 2004; 

Yoon and Donahue 1992). This allows eIF2 to hydrolyze its GTP with the assistance of 
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eIF5, the associated GTPase-activating protein (GAP) and recruit the 60S ribosomal 

subunit to join with the 40S ribosomal subunit (Algire et al. 2005; Asano 1999; Asano et 

al. 2000; Das, Ghosh, and Maitra 2001; Kimball 1999; Phan et al. 1998). Most eIFs are 

ejected at this stage and when eIF5B hydrolyzes its bound GTP, and translation 

elongation starts with formation of the first peptide bond in conjunction with a second 

tRNA entering and decoding the second codon in the A-site (Figure1.2.) (Dever and 

Green 2012; Pestova et al. 2000). 

 

1.4. Non-AUG and uORF Mediated RAN Translation Initiation 

In some contexts, RAN translational initiation has significant mechanistic overlap 

with many of the central features observed with global translation initiation. In Rabbit 

Reticulocyte Lysate (RRL) in vitro assays and transfected human cells at both CGG 

repeats in the context of the FMR1 5’UTR and at intronic G4C2 repeats embedded within 

linear reporters, RAN translation largely requires binding the m7G cap with the 43S PIC 

and eIF4F complex (Green et al. 2017; Michael G. Kearse et al. 2016; Sellier et al. 2017). 

However, without access to a canonical AUG start codon, RAN translation initiation 

occurs predominantly at near-cognate (one base off from AUG) codons located just 5' 

upstream to the repeat sequences (Schwab et al. 2004; Young, Baird, and Wek 2016). 

RAN translation at FMR1 5' UTR CGG repeats is cap-dependent, utilizing a ribosome 

scanning model to initiate translation from ACG or GUG (Kearse et al. 2016; Zhang et al. 

2022). RAN translation from linearized C9orf72 ALS/FTD repeats also shows 

dependence on the m7G cap and eIF4A, with the most robust initiation occurring at a 

specific near-cognate start codon, CUG, located 5' upstream of the G4C2 repeats 
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(Figure1.15.3. A) (Cheng et al. 2018; Green et al. 2017; Tabet et al. 2018). More details 

of this scanning model of RAN translation will be discussed later in this introduction. 

 

1.5. Internal Ribosome Entry Sites and Cap-independent Translational 

Initiation 

While the ribosomal scanning model described above applies to most eukaryotic mRNA 

transcripts, some alternative initiation mechanisms use specific RNA secondary 

structures to bypass the requirement of canonical translation. Internal ribosomal entry site 

(IRES)-mediated translational initiation is quite common in viral mRNA translation (JAN 

et al. 2001; Lozano and Martínez-Salas 2015; Stoneley and Willis 2004; J. E. Wilson et 

al. 2000). IRES elements in mRNAs are quite varied in their sequence and structure as 

well as in their requirements for specific initiation factors, but most are definitionally 

capable of bypassing the typical requirement of 5' m7G cap interactions with eIF4E, 

allowing for direct ribosomal recruitment (Fernández et al. 2014; Kieft et al. 2001; Komar 

and Hatzoglou 2011) within the middle of an mRNA. At their most extreme, IRESes can 

support initiation with just a 40S ribosomal subunit and an alanine-conjugated tRNA (JAN 

et al. 2001; Joan E Wilson et al. 2000). IRES elements such as the cricket paralysis virus 

(CrPV) can also bypass the need for an AUG start codon, instead utilizing CCU as an 

initiation codon to synthesize protein with an N-terminal alanine (Pestova, Lomakin, and 

Hellen 2004; J. E. Wilson et al. 2000). IRESes exist primarily in viruses but are also known 

to occur within some eukaryotic mRNAs including c-Myc, Apaf-1, Bcl-2, XIAP, and DAP5 

(Hellen and Sarnow 2001; Komar and Hatzoglou 2005). Viral and cellular IRESes seem 

to have evolved as a way of evading global translational initiation suppression that can 
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occur under specific cellular conditions, such as the integrated stress response 

(Figure1.3. B) (Chappell, Edelman, and Mauro 2006; Juszkiewicz et al. 2020; Kozak 

1978, 1986; Mechanism et al. 2010; Sendoel et al. 2017; Sonenberg and Hinnebusch 

2009). However, their activities have acquired additional roles outside of these 

pathological contexts in regulating spatial and temporal translational dynamics in complex 

cells such as muscle and neurons.  

 

1.6. Translational Elongation 

Incorporation of amino acids onto the elongating nascent peptide chain occurs 

through three critical steps: tRNA selection, peptide bond formation, and translocation of 

the tRNA-mRNA complex (Chu et al. 2014; Dever, Dinman, and Green 2019; Dever and 

Green 2012). The first step is loading and selection of the proper tRNA into the A site of 

the ribosome- a process that relies on matching the anti-codon from the aminoacyl-tRNA 

to the codon from mRNA (Inada 2019; Lyu et al. 2021; Saint-Léger and Ribas De 

Pouplana 2015; Wu et al. 2019; Yip et al. 2019; Yu et al. 2015). This process is supported 

by eEF1A (elongation factor Tu in bacteria, EFTu), which is a GTPase ternary complex 

that assists with delivery of aminoacyl-tRNAs into the A site (Carvalho, Carvalho, and 

Merrick 1984; Fischer et al. 2015; Negrutskii et al. 2023; Shao et al. 2016). When the anti-

codon from the tRNA and the codon from the mRNA are sensed and matched, eEF1A 

hydrolyzes GTP to fully load the tRNA at the ribosomal A site (Shao et al. 2016; Zaher 

and Green 2009). After aminoacyl-tRNA loading, the tRNAs from the P and A site form 

peptide bonds to grow the peptide chain (Behrmann et al. 2015; Budkevich et al. 2011; 

Djumagulov et al. 2021; Moazed and Noller 1989). Chemical catalysis occurs through a 
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concerted proton shuttle mechanism at the ester linkage of the peptidyl-transferase center 

to form the peptide bond (Beringer and Rodnina 2007; Moazed and Noller 1989). The 

amino group of the incoming amino acid from the A site nucleophilic attacks the ester 

linkage of the peptidyl-tRNA from the P site to transfer the elongating nascent peptide 

chain to the tRNA at the A site (Moazed and Noller 1989). After forming the peptide bond, 

tRNAs rotate in a hybrid state at the E/P and P/A sites (Shoji, Walker, and Fredrick 2009; 

Spahn et al. 2004; Taylor et al. 2007). In this transition state, eEF2 (elongation factor G 

in bacteria, EFG), with its GTPase activity, translocates and fully settles the loaded tRNAs 

into the E and P sites and empties the A site (Spahn et al. 2004; Taylor et al. 2007). This 

then allows for recruitment of a new aminoacyl-tRNA into the A site and continuation of 

this cycle. Elongation typically continues in this fashion until the translating ribosome 

reaches a stop codon, which recruits a special set of tRNAs without a paired amino acid, 

leading to chain termination (Jackson, Hellen, and Pestova 2012; Shcherbik et al. 2016). 

Finally, by reaching the end of the ORF, translation termination begins when ribosome 

senses a stop codon (UAA, UAG or UGA) (Dever and Green 2012). A single release 

factor, eRF1, promotes the releases to nascent peptide chain and together with a 

specialized GTPase, eRF3, which dissociate eRF1 following peptide release (Figure1.4.) 

(Alkalaeva et al. 2006; Frolova et al. 1996, 1999; Salas-Marco and Bedwell 2004). 

 

1.7. Slowing and Stalling During Translational Elongation 

Multiple circumstances during translation elongation can slow down the process, 

and temporary pausing or terminal stalling of ribosomes within an open reading frame 

can lead to ribosomal collisions. Inefficient translational elongation can result from 1) 
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Specific amino acid sequences, 2) RNA structural elements, 3) The charge of the nascent 

peptide chain, 4) Defects or modifications in the mRNA or tRNAs 5) Loss of a stop codon, 

leading to translation into a polyA tail, 6) Cellular or ribosomal stressors, including P-body 

formation, Ribosomopathies and tRNA synthetase deficiencies (Figure1.5) (Pop et al. 

2014; Schuller and Green 2018). 

During the elongation process of decoding amino acids, there are 400 

combinations of forming possible peptide bonds between two peptidyl-tRNAs. Not all 400 

peptide bonds are formed with the same efficiency (Dever et al. 2019; Pavlov et al. 2009; 

Riba et al. 2019; Shoemaker and Green 2011; Wohlgemuth et al. 2008). For example, 

proline is an amino acid with a more reactive cyclic structure of its N-alkyl group. This 

cyclic structure of the N-alkyl group from Pro-tRNAPro forms its peptide bond by reducing 

the nitrogen nucleophilicity and adding the secondary amine (Doerfel et al. 2015; Huter 

et al. 2017; Pavlov et al. 2009; Wohlgemuth et al. 2008). The formation of cyclic N-alkyl 

groups in polypeptides and proteins creates a poor peptidyl acceptor orientation to the A 

site, which slows down the rate of elongation (Doerfel et al. 2015; Pavlov et al. 2009; 

Wohlgemuth et al. 2008). This lack of entropy also makes Proline a poor donor at the P 

site. Therefore, the formation of poly-proline stretches within a protein is a challenge 

(Dever et al. 2019; Doerfel et al. 2013; Riba et al. 2019; Ude et al. 2013; Wohlgemuth et 

al. 2008; Woolstenhulme et al. 2013). Gutierrez et al. found that a specific translation 

factor, eIF5A, plays a crucial role in assisting peptide bond formation of Pro-Pro peptides 

(Gutierrez et al. 2013). eIF5A is highly abundant and essential in cells. A unique post-

translational modification called hypusination functionally activates eIF5A (Park et al. 

2022; Schmidt et al. 2015; Wątor et al. 2023). Hypusination is a polyamine biosynthetic 
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pathway that generates hypusine from spermidine and incorporates it into eIF5A. First, 

deoxyhypusine synthase (DHPS) cleaves the 4-aminobutyl moiety of spermidine and 

transfers it to the ε-amino group of a specific lysine residue on the eIF5A precursor protein 

to form an intermediate, deoxyhypusine [Nε-(4-aminobutyl)lysine]. Deoxyhypusine 

hydroxylase (DOHH) forms hypusine by hydroxylating thise eIF5A precursor into mature 

eIF5A (Landau et al. 2010; Miller-Fleming et al. 2015; Puleston et al. 2019; Schnier et al. 

1991; Tiburcio et al. 2014). Schmidt et al. used cryo-EM to solve the structure of eIF5A 

on the ribosome (Schmidt et al. 2015). They found that the hypusine modification 

integrates into the peptidyl-transferase center of the ribosome, where the hypusine moiety 

contacts A76 of the CCA-end of the P-site tRNA (Schmidt et al. 2015; Wątor et al. 2023). 

This helps stabilize the CCA-end of tRNAPro. In this fashion, eIF5A establishes 

interactions with the CCA-ends of both the A and P site tRNAs. This interaction stimulates 

peptide bond formation for Pro-Pro and other peptide motifs (Schuller et al. 2017). In cells 

lacking functional eIF5A, ribosomes redistribute toward the 5' end of transcripts with 

pausing of ribosomes specifically at P-P amino acids motifs (Schuller et al. 2017). 

RNA with GC-rich transcripts can form a stable secondary structure such as 

hairpins and g-quadruplexes. The efficiency of translation elongation through these 

structured mRNA regions is impaired and this can affect the expression of proteins 

generated from structure-harboring transcripts (Bao et al. 2020, 2022; Georgakopoulos-

Soares, Parada, and Hemberg 2022; Hanson et al. 2018; Mauger et al. 2019).  

Translating charged nascent peptides such as poly-arginine or poly-lysine can also 

elicit ribosomal stalling (Chandrasekaran et al. 2019; Juszkiewicz and Hegde 2017; 

Kriachkov et al. 2023; Park et al. 2021; Viera Ortiz et al. 2022; Wilson, Arenz, and 
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Beckmann 2016). Cryo-EM studies demonstrate that the serial translation of charged 

amino acids leads to interactions of the nascent peptide chain with negatively charged 

RNA elements within the ribosomal exit tunnel (Wątor et al. 2023). However, in some 

circumstances it appears that the amino acid charge effects on stalling are actually 

secondary to the mRNA sequence rather than exit tunnel interactions in isolation. 

Chandrasekaran et al. were able to detect both poly-lysine within the exit tunnel and a 

polyA stretch within the mRNA transcript within the decoding center of a stalled ribosome 

(Chandrasekaran et al. 2019). When they changed the sequence from which they 

translated poly-lysine to non-AAA codons, they discovered that the polyA transcript 

caused most of the ribosomal stalling. The polyA stretch transcript is not only in the coding 

region, when the transcript is lacking a termination codon, ribosomes may run through 

the polyA tail in the transcript which also cause ribosome stalling (Borman 2000; 

Juszkiewicz and Hegde 2017; Kahvejian 2005; Saito, Hosoda, and Hoshino 2013). 

Together with the occasion of encountering a premature termination codon, these are 

considered defective transcripts that slow down the translation elongation process 

causing stalling of the ribosome. 

If translational initiation occurs on a transcript where a leading ribosome has 

paused or stalled during elongation, it can lead to ribosome collisions (Ikeuchi et al. 2019; 

Joazeiro 2019; Lu 2023; Matsuo et al. 2020). When ribosomes collide, it triggers a series 

of protein and mRNA surveillance pathways that can lead to degradation of both the 

nascent peptide and the mRNA on which the collision occurs. This process allows for 

ribosomal recycling (Joazeiro 2019). These quality control pathways act to ensure protein 

fidelity in cells and maintain protein homeostasis. Traditionally, ZNF598 and RACK1 act 
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to first detect ribosome stalls and collisions. Then ABCE1, PELO, and HBS1L occupy the 

A site of the ribosome to terminate elongation (Garzia et al. 2017; Juszkiewicz et al. 2018; 

Pisarev et al. 2010; Pisareva et al. 2011; Sundaramoorthy et al. 2017; Wu et al. 2018). 

These factors then act to split the 80S ribosome into the 60S which contains a still-

associated partially made nascent peptide chain and 40S which still contains the mRNA. 

The RNA is then degraded by XRN1 and the exosome by RNA no-go decay, non-stop 

decay (lacking stop codon), or nonsense-mediated decay (presence of premature 

termination codon) (Becker et al. 2011; Chen et al. 2010; Doma and Parker 2006; 

Harigaya and Parker 2010; He et al. 2003; Inada 2019; Nagarajan et al. 2013; Orban and 

Izaurralde 2005; Preker et al. 2008; Saito et al. 2013; Shoemaker, Eyler, and Green 2010; 

Veltri et al. 2022). The 60S with the partially made nascent peptide chain then engages 

with the ribosome-associated quality control (RQC) pathway to target the partially made 

peptide for proteasome degradation (Duttler, Pechmann, and Frydman 2013; Kuroha et 

al. 2018; Matsuo et al. 2017; Matsuo, Uchihashi, and Inada 2023; Petrucelli and Dawson 

2004; Shao and Hegde 2014; Shao, Von der Malsburg, and Hegde 2013).  

 

1.8. RAN Translation in Nucleotide Repeat-expansion Disorders 

A novel translational initiation process, Repeat-Associated Non-AUG (RAN) translation, 

was first described in 2011 by Laura Ranum's group (Zu et al. 2011). An expansion of a 

CAG repeat from the gene Ataxin 8 (ATXN8os) causes the neurodegenerative disorder 

spinocerebellar ataxia type 8 (SCA8) (Koob et al. 1999). CAG repeat transcripts can form 

hairpin structures (De Mezer et al. 2011). To assess whether these RNA hairpins might 

contribute to disease, they removed an upstream AUG codon and expressed the repeat. 
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Surprisingly, in the absence of AUG start codon, the expanded CAG repeats still 

supported generation of homopolymeric polyG (glutamine), polyA (alanine), and polyS 

(serine) proteins from the sense reading frames (Bañez-Coronel et al. 2012, 2015; Davies 

and Rubinsztein 2006; Stoyas and La Spada 2018). The efficiency of RAN translation 

was dependent on repeat size, as shorter repeats produced either less or no proteins 

(Bañez-Coronel et al. 2015; Zu et al. 2011). Importantly, the structure of the repeat was 

important, as a CAA repeat of the same size (which cannot form a hairpin) did not support 

RAN translation in reporter assays (Zu et al, 2011). They then found that the antisense 

repeat (CUG repeats) could also support RAN translation of polyL (leucine), polyA 

(alanine), and polyC (cystine) (Zu et al. 2011). A pathogenic hallmark of 

neurodegenerative disease is the aggregation of toxic proteins accumulated within 

neurons. In an SCA8 mouse model and human patient cerebellum, they found that an 

antibody against SCA8-polyAla recognizes the protein in vivo (Zu et al. 2011).  

Since this initial discovery, other research groups have demonstrated RAN translation in 

different repeat-expansion diseases across different model organisms. RAN translation 

can occur on different repetitive elements: CGG repeats in the 5' UTR of the Fragile X 

Messenger Ribonuclearprotein 1 (FMR1) gene, as occurs in fragile X-associated 

tremor/ataxia syndrome (FXTAS); intronic G4C2 repeats in C9orf72-associated 

amyotrophic lateral sclerosis (C9 ALS) and frontotemporal dementia (FTD); CAG repeats 

in the protein-coding sequence of Huntingtin (HTT) in Huntington disease; intronic CCTG 

repeats in CNBP that cause Myotonic dystrophy type2 (DM2); and intronic CTG repeats 

in TCF4 that cause Fuchs endothelial corneal dystrophy 3 (Bañez-Coronel et al. 2015; 
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Soragni et al. 2018; Todd et al. 2013; Zu et al. 2013, 2017). This introduction will focus 

on some highlights of C9 ALS/FTD and FXTAS in RAN translation. 

1.9. RAN Translation at G4C2 Repeats in C9 ALS/FTD 

The most common genetic cause of amyotrophic lateral sclerosis (ALS) and 

frontotemporal dementia (FTD) is a G4C2 repeat expansion in the first intronic region of 

C9orf72 (DeJesus-Hernandez et al. 2011; Renton et al. 2011). ALS is also known as Lou 

Gehrig's disease or motor neuron disease (MND). This disease is a terminal illness that 

causes progressive death of motor neurons. With the increasing amount of dead motor 

neurons, the brain loses control of muscle movements. Hence, voluntary muscle action 

progressively fades in patients until muscles are completely paralyzed, typically leading 

to death within two to five years after onset (Boxer et al. 2011; Ringholz et al. 2005; Shi 

et al. 2018; Umoh et al. 2016). FTD is a progressive neurodegenerative disorder with 

progressive neuronal loss in the frontal and temporal lobes. Two major types of FTD are 

Behavior variant frontotemporal dementia (bvFTD), which features impairments in 

behavioral conduct, judgment, empathy, and foresight, and primary progressive aphasia 

(PPA), which presents with semantic or non-fluent/agrammatic language problems 

(Boxer et al. 2011; Ling et al. 2013; Neary et al. 1998).  

There are three transcript variants of the C9orf72 gene. For variants 1 and 3, the G4C2 

repeat resides in the first intron between two alternatively spliced exons. In Variant 2 the 

rrpeat resides within the promoter(DeJesus-Hernandez et al. 2011; Renton et al. 2011). 

The G4C2 repeat sizes in healthy individuals are around 2-25, while C9 ALS/FTD patients 

typically have more than 20 repeats, with increases to more than a thousand repeats 

(Boxer et al. 2011). Transcription of the C9orf72 gene is bidirectional, generating both 
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G4C2 and C4G2 repeat RNAs (Donnelly et al. 2013; Mizielinska et al. 2013; Xinmei et al. 

2014; Zu et al. 2013). Both sense and antisense transcripts can support translation in 

multiple frames to generate toxic dipeptide repeat (DPR) proteins. These DPR, which are 

polyGA (glycine-alanine, GA), polyGP (glycine-proline, GP), and polyGR (glycine-

arginine, GR) from the sense strand, and polyPA (proline-alanine, PA), polyPR (proline-

arginine, PR), and again, polyGP (glycine-proline, GP) from the antisense strand (Ash et 

al. 2013; Gendron et al. 2013; Zu et al. 2013) - although it is worth noting that translation 

of PA and PR may utilize AUG codons for initiation. The relative levels of RAN products 

generated from different reading frames of the same repeat are quite different, suggesting 

that they may exhibit different rates of initiation and elongation (Cheng et al. 2018; Green 

et al. 2017). C9 RAN from linear transcripts is largely cap-dependent and relies on eIF4E 

and the eIF4A helicase (Cheng et al. 2018; Green et al. 2017). A near-cognate CUG 

codon upstream of the G4C2 repeat initiates the GA frame, while without ribosomes 

initiate at this CUG codon, ribosome scanning may continue in the GP and GR frame 

(Green et al. 2017). On the other hand, a bi-cistronic reporter system suggests that RAN 

translation in from G4C2 repeat can also occur through a cap-independent process by 

utilizing an IRES-like initiation mechanism in all reading frames (Cheng et al. 2018).  

 

1.10. RAN Translation at CGG Repeats in FXTAS 

 Fragile X-associated tremor/ataxia syndrome (FXTAS) is an adult-onset 

neurodegenerative disease caused by an expansion of CGG repeats in the 5' UTR of the 

FMR1 gene (Verkerk et al. 1991). FXTAS individuals carrying between 55 to 200 repeats 

of CGG are "permutation carriers" (Buijsen et al. 2014; Jacquemont et al. 2004; Pembrey 
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et al. 1985; Tassone et al. 2007). These premutation sized CGG repeat expansions are 

transcribed as part of FMR1 RNA, which is toxic in model systems (Ajjugal, Kolimi, and 

Rathinavelan 2021; Todd et al. 2013). In contrast, in patients with more than 200 CGG 

repeats, the FMR1 locus is transcriptionally silenced, leading to the loss of FMR1 RNA 

and Fragile X protein (FMRP) (Pembrey et al. 1985). This causes Fragile X Syndrome- 

which is the most common monogenic cause of autism and intellectual disability. FXTAS 

patients are clinically characterized by intention tremor, ataxia, cognitive/intellectual 

decline, and inclusion of ubiquitinated aggregates in the cerebral cortex, brainstem, and 

cerebellum (Cronisteret al. 1991). Premutation women carriers are at risk of premature 

ovarian insufficiency (FXPOI) (Cronister et al. 1991). The CGG-expanded FMR1 5' UTR 

was found to support RAN translation initiation (Todd et al. 2013). In the absence of an 

AUG start codon, translation initiation from the 5' UTR generates FMRpolyG (glycine) and 

FMRpolyA (Alanine) from GGC (+1) and GCG (+2) reading frames respectively (Michael 

G. Kearse et al. 2016). FMRpolyG accumulates within ubiquitinated inclusions in neurons 

within patient tissues and animal models and in cultured human cells, including ovarian 

stromal cells in the FXTAS mouse model and FXPOI patients (Buijsen et al. 2016). RAN 

translation at CGG repeats is largely cap-dependent, utilizing both eIF4A and eIF4E in 

the scanning model but with different initiation codons across multiple reading frames in 

both in vitro assays and in transfected cells (Kearse et al. 2016). 

 

1.11. RNA Secondary Structure and RNA Binding Proteins in G4C2 and CGG 

Repeats 

 CGG and G4C2 repeat RNAs can form both hairpin and G-quadruplex structures. 
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Whether it is a hairpin, G-quadruplex, or both in vivo remains enigmatic. For G4C2 

repeats, Fratta et al. utilized biophysical approaches, including NMR and CD, and in silico 

computational analysis by QGRS mapper to show that G4C2 repeats readily form a G-

quadruplex structure in vitro (Fratta et al. 2012). Later, Reddy et al. and Haeusler et al. 

demonstrated the RNA structure of G4C2 repeats as parallel-stranded G-quadruplexes, 

with potassium but not lithium further stabilizing the secondary structure (Haeusler et al. 

2014; Reddy et al. 2013). These structured RNAs interact with RNA-binding proteins to 

form RNA foci. The RNA foci are mainly nuclear, but cytoplasmic foci are also observed 

in G4C2 repeat-expressing neurons. Conlon et al. showed that RNA foci containing 

hnRNPH colocalize with G-quadruplex RNA structures and found that this interaction is 

associated with disrupted splicing of the C9 transcript in the patient's brain (Conlon et al. 

2016). On the other hand, Wang et al. suggested that RAN translation occurs most avidly 

on hairpin structures of G4C2 repeats and has the most biological relevance (Wang et al. 

2019). Studies from both Reddy et al. and Haeusler et al. showed the antisense transcript 

CCCCGG (C4G2) forms hairpin structures by folding with K+ ions, by CD spectroscopy, 

and EMSA. For CGG repeats, Ajjugal et al. showed that G-quadruplexes can form from 

the sense transcript CGG repeat and hairpins can from the antisense transcript GCC 

repeat by CD, EMSA, and molecular dynamics (MD) simulations (Ajjugal et al. 2021; 

Haeusler et al. 2014; Reddy et al. 2013). Asamitsu et al. showed CGG repeat RNA has 

a higher potential to form G-quadruplex formation, which later causes dysfunction of 

neurons (Asamitsu et al. 2021). By knowing the GC-rich repeat form RNA structures, 

studies have shown RNA secondary structures play a critical role in biological processing. 

However, the role of RNA secondary structure in RAN translation is still unclear. 
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1.12. Secondary Structure and RNA Helicases 

DEAH-box helicase 36 (DHX36) is a DNA/RNA helicase known to bind and resolve 

the G-quadruplex structures. DHX36 resolves G-quadruplex structures mainly by its ATP 

hydrolase activity (Sauer et al. 2019; Tippana et al. 2019; Yangyuoru et al. 2018). Studies 

have shown the functions of DHX36 in post-transcriptional regulation including mRNA 

stability and translation. Sauer et al. found that DHX36 is recruited to stress granules to 

assist with the release of G-quadruplex containing mRNAs which are later targeted for 

degradation (Sauer et al. 2019). They also showed cells with complete deletion of DHX36 

are prone to form stress granules. These suggested that DHX36 plays a role in 

maintaining cellular homeostasis, predominantly when G-quadruplex RNA induces 

cellular stress. DHX36 can regulate mRNA translation of both AUG and non-AUG. Murat 

et al. and Vester et al. utilized transcriptome-wide ribosome profiling to determine what 

transcripts are regulated by DHX36 (Murat et al. 2018; Vester et al. 2019). Both studies 

suggested that DHX36 unwinds G-quadruplex structures in 5'UTRs to assist translation 

with an increased expression level from the downstream ORF. Perhaps not surprisingly 

there are multiple studies demonstrating a role for DHX36 in cancer-related changes in 

gene expression (Matsumura et al. 2017; Wang et al. 2023; Zeng et al. 2020). Thus, RNA 

helicases can influence RNA translation on a genome wide scale.  

Translation elongation through RNA secondary structures can cause ribosome 

stalling and/or ribosome collisions. Besides RNA structure, translating charged peptides, 

cellular stress, or damage is also known to cause ribosome stalling (Filbeck et al., 2022; 

Joazeiro 2017, 2019). When translation elongation slows down because of stalled or 
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collided ribosomes, it triggers splitting of the 80S ribosome into 60S and 40S subunits as 

sensed by ZNF598 and RACK1 (Garzia et al. 2017; Juszkiewicz et al. 2018; 

Sundaramoorthy et al. 2017). Subsequently, it induces mRNA and protein surveillance 

pathways that degrade aberrant mRNA and target partially made protein for proteasome 

degradation to maintain protein homeostasis in cells (Harigaya and Parker 2010; Matsuo 

et al. 2017, 2020; Orban and Izaurralde 2005). The ribosome-associate quality control 

(RQC) pathway is part of this mechanism that degrades the partially made nascent 

peptide and recycles the 60S subunit (Juszkiewicz and Hegde 2017; Matsuo et al. 2017; 

Shao and Hegde 2014; Shao et al. 2013). Formation of the RQC complex on the 60S 

subunit is one of the critical processes of this mechanism. When forming the RQC 

complex, it first recruits NEMF to the 60S (Mizuno et al. 2021; Shen et al. 2015; Yonashiro 

et al. 2016). It adds additional C-terminal Alanine and Threonine residues (CAT-tail) to 

the partially made nascent peptide and exposes it to the ribosome exit tunnel 

(Defenouillère et al. 2016; Howard and Frost 2021; Kostova et al. 2017; Lytvynenko et al. 

2019; Rimal et al. 2021; Sitron and Brandman n.d.; Thrun et al. 2021; Udagawa et al. 

2021). Listern (LTN1) is recruited to the RQC complex by NEMF to ubiquitinate the 

aberrant peptide outside of the ribosome exit tunnel for proteasome degradation (Choe 

et al. 2016; Chu et al. 2009; Shao et al. 2013). ANKZF1 assists downstream with peptidyl-

tRNA hydrolase and/or nucleases activity to release the aberrant peptide for degradation 

(Huang et al. 2023; Kuroha et al. 2018; Verma et al. 2018).  

RQC pathway dysfunction contributes to multiple neurodegenerative diseases 

(Ahmed et al. 2021; Chu et al. 2009; Martin et al. 2020) and CAT-tailing has been 

proposed as an important process that causes protein aggregation and neuronal death 
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(Lu et al. 2023; Udagawa et al. 2021). Previous studies have also shown that RQC plays 

an important role in regulating GR or PR DPR production due to translation of repetitive 

charged arginine that cause ribosome stalling (Park et al. 2021; Viera Ortiz et al. 2022). 

In these assays, depletion of RQC factors increases the production of GR protein 

generated from the peptide sequence (Figure1.6.). 

 

1.13. Modifiers of RAN Translation at C9orf72 and FMR1 Repeat Expansions 

Multiple groups have identified regulators of RAN translations in both G4C2 and 

CGG repeats. Targeted candidate-based and genome-wide screens are common 

approaches to discover modifiers of repeats transcripts and RAN product-associated 

toxicity. Jovičić et al. performed two unbiased genome-wide gain- and loss-of-function 

screens in yeast of PR toxicity (Jovičić et al. 2015). Results from the screen reveal genes 

involved in nuclear import and export proteins and ribosomal RNA processing. They 

demonstrated the critical roles of genes in nucleocytoplasmic transport, mediating C9-

related toxicity in yeast when overexpressed (Jovičić et al. 2015). Boeynaems et al. 

performed an unbiased screen in C9 ALS/FTD flies expressing 50 PR repeats (PR50) 

with results similar to those of Jovičić et al. (Boeynaems et al. 2016). DPR toxicity in these 

animals was enhanced upon knockdown of importins and exportins, Ran-GTP cycle 

regulators, nuclear pore components, and arginine methylases (Boeynaems et al. 2016). 

Kramer et al. performed a CRISPR-Cas9 screen in human cells and validated hits in 

primary neurons expressing PR20 and GR20 (Kramer et al. 2018). They discovered the 

endo-lysosomal trafficking gene, Rab7, and ER-resident transmembrane thioredoxin 

protein, Tmx2, as two of the top hits from the screen (Kramer et al. 2018). Knockout of 
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these genes protected against C9 DPR toxicity. Further, the depletion of Tmx2 in C9 

patient-derived induced pluripotent stem cell (iPSC) neurons showed increased neuron 

survival (Kramer et al. 2018). Goodman et al. performed an unbiased large-scale RNA 

interference (RNAi)-based screen in Drosophila melanogaster expressing toxic 49 

repeats of G4C2 (Goodman et al. 2019). From the screen, they discovered RNA 

polymerase II-associated factor 1 complex (PAF1C) as a regulator of RAN translation in 

G4C2 repeats 47 (Goodman et al. 2019). PAF1C is composed of Paf1, Leo1, CDC73, 

Ctr9, and Rtf1 (Chen et al. 2022; Krogan et al. 2002; Nene et al. 2018; Ng, Dole, and 

Struhl 2003; Rodrigues and Lydall 2018; Xu et al. 2017). Downregulation of PAF1C 

affects the elongation rate of RNAPII (Yang et al. 2016). In Drosophila, among the 

component of PAF1C, downregulation of dPAF1 and dLeo1 suppresses the toxicity from 

(G4C2)49 encoding-RNA, and is selective for transcription of long but not short G4C2 

repeats (Goodman et al. 2019). A similar effect has been shown in Saccharomyces 

cerevisiae where PAF1C knockdown disturbs the transcription of G4C2 RNA (Goodman 

et al. 2019). Furthermore, upregulation of PAF1C was detected In fly, mouse, C9 human 

patient-derived iPSC, and C9 FTD patient tissue carrying expanded C9orf72 repeats.  

Yamada et al. performed a screen in yeast harboring (G4C2)66 with a library of 

yeast mutants, including ribosomal subunit and other translation factors (Yamada et al. 

2019). They identified small ribosomal protein subunit 25 (RPS25) playing a role in 

regulating G4C2 RAN translation. RPS25 is involved in several unconventional translation 

events, including IRES-mediated pathways by direct recruitment of 40S subunit to the 

IRES RNA and ribosomal shunting (Hertz et al. 2013; Landry, Hertz, and Thompson 

2009). Compared to wild-type yeast, deletion of RPS25 decreases GP by 50% without 
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affecting GFP or the abundance of (G4C2)66 RNA (Yamada et al. 2019). Linsalata et al. 

reported findings of modifiers in FMR1 RAN translation by a targeted screen in flies 

(Linsalata et al. 2019). Downregulation of a DEAD-box RNA helicase, belle/DDX3X 

suppresses FMR1 RAN translation in Drosophila, cultured human cells and decreases 

protein toxicity in Drosophila and primary rodent neurons (Linsalata et al. 2019). The 

effect of DDX3X is repeat length-dependent and extends across different reading frames. 

Knockdown of eIF4B and eIF4H also rescues the rough-eye phenotype caused by the 

repeat-induced toxicity. However, eIF4B and eIF4H are more likely to affect not only RAN 

translation but also global translation. eIF1 and eIF5 are critical for start codon fidelity 

during translational initiation. Overexpression of eIF1 and eIF5 in cultured human cells 

modulates RAN translation by enhancing AUG start codon specificity. Overexpression of 

eIF1 decreases the expression of (CGG)100 in the +1 and +2 frames and decreases the 

expression of CUG-initiated transcripts. Interestingly, while inserting an AUG start codon 

into the transcript abolish the previous observation. These observations reveal that RNA 

secondary structure and start codon specificity mediate FMR1 RAN translation (Linsalata 

et al. 2019). Our lab has performed a genome-wide siRNA screen on G4C2 and CGG 

repeats. We utilized a C-terminal nano-luciferase fuse with a 3xFLAG tag with upstream 

C9 intronic G4C2 70 repeats in the GA reading frame and FMR1 5'UTR CGG 100 repeats 

in the ployG frame to express RAN products in the HEK293 cells. Malik et al. developed 

a CGG repeat RNA-tagging system to capture RNA binding proteins of the CGG repeats 

with mass spectrometry in mammalian cells (Malik, et al. 2021). The results show a group 

of SR proteins and SR protein kinases (SRPKs) as key regulators of CGG repeats RNA 

showing SRPK1 as a potential modifier of repeat toxicity and RAN translation in CGG 



23 
 

repeats (Malik, et al. 2021). We also performed a genome-wide siRNA screen which the 

results from the genome-wide siRNA screen reveal a group of genes as proteasome 

subunits showing depletion of proteasome subunits decrease the production of RAN 

product. Surprisingly, a screen performed by Kramer et al. also revealed a group of 

proteasome subunits, knockdown of which decreases PR and GR toxicity in cells (Kramer 

et al. 2018). Another interesting hit is DOHH which is involved in the hypusination of 

eIF5A. Depletion of DOHH increases the production of RAN products. Multiple screens 

discovered potential therapeutic targets for C9 ALS/FTD and other nucleotide repeat 

expansion diseases. However, more mechanistic studies are required to understand how 

these regulators specifically modulate RNA translation thoroughly. 

 

1.14. Conclusions and Open Questions 

Nucleotide-repeat expansions underlie multiple neurodegenerative disorders, which 

currently have no effective treatments. Proposed pathogenic mechanisms in these 

disorders include loss of downstream protein function, RNA sequestration, and RAN 

translation. RAN translation produces toxic homopolymeric or dipeptide proteins that 

accumulate and aggregate across model systems, including Drosophila, mice, cultured 

human cells, patient tissues, and patient-derived iPSC neurons. The production of these 

toxic RAN proteins differs from the canonical translation of the ribosomal scanning model. 

It bypasses the recognition of the AUG start codon to initiate translation. However, the 

detailed mechanisms by which RAN translation occurs is still unclear. Identifying 

modifiers of RAN translation can inform our understanding of this novel translational 

initiation process. With the hypothesis that GC-rich repeat regions will cause pausing and 
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stalling of the ribosome during translation elongation, I looked into factors involved in 

unwinding the repeat RNA secondary structures and protein and mRNA surveillance 

pathways. I also conducted and then re-analyzed a genome-wide siRNA screen of 

potential modifiers of CGG and G4C2 RAN translation in human cells and found novel 

roles for the proteasome and hypusination of eIF5A in RAN translational processes. In 

sum, these data suggest that translation elongation through GC-rich regions are not 

smooth. Instead, it can trigger RQC pathways and generate short and truncated products 

that could contribute to neurodegeneration. Of note, ribosome collisions also trigger the 

ribo-toxic stress response and activate the GCN2-mediated integrated stress response 

pathways. Whether those pathways are also involved in the RAN translation of GC-rich 

transcripts remained unknown. Kinetics studies of RAN translation elongation within the 

GC-rich transcript can also help reveal how different frames translate RAN products and 

how the translation rate is related to ribosome collision. Other than understanding the 

process of RAN translation elongation, studies of finding critical selective targets that 

modulate RAN translation without altering global translation could provide potential 

therapeutic design in clinical trials. 
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1.15. Figures 

 

Figure 1-1. Short tandem repeats, RAN translation, and diseases 

Short Tandem Repeat (STR) expansions cause more than 50 neurological disorders.  

Disease causing STRs can reside within gene coding exons, 5’ UTRs, 3’ UTRs, or introns. 

At least 10 STR expansions (marked with ***) trigger a non-canonical translational 

initiation process known as repeat-associated non-AUG (RAN) translation that generates 

toxic proteins from the STR region without an AUG-start codon and often in genomic 

contexts that are not normally associated with ribosomal engagement. 

  

Exon

5’ UTR:
FXTAS: CGG***
FRAXE: CCG***
FXPOI: CGG
SCA12: CAG
NIID: GGC
EPM1: CCCCGCCCCGCG
Glutaminase deficiency: GCA
Myotonic dystrophy type1 (DM1): CUG***
Glutaminase deficiency (GLS): CAG

Intron:
C9orf72 ALS/FTD: GGGGCC***
Myotonic dystrophy type2 (DM2): CCUG***
Friedreich’s Ataxia: GAA
SCA36: GGCCUG***
SCA31: UGGAA/UUCCA***
X-linked dystonia parkinsonism: CCCUCU
Familial adult myoclonic epilepsy 1-4, 6, 7: UUUCA
Fuchs endothelial corneal dystrophy 3: CUG***
Myotonic dystrophy type2 (DM2): CCUG ***
FRA2A/FRA7A: CGG

ORF:
Huntington’s disease: CAG***
SCA1, 2, 3, 6, 7, and 17: CAG
Hand-foot-genital syndrome, Holoprosencephaly 5, 
Synpolydactyly 1, OPMD, Cleidocranial dysplasia, BPES
Congenital central hypoventilation syndrome: GCN
DRPLA: CAG
SCA8: CUG/CAG***
Pseudoachondroplasia and multiple epiphyseal dysplasia: GAC
Spinobulbar muscular atrophy (SBMA)/ Kennedy’s disease: CAG

3’ UTR:
Myotonic dystrophy type1 (DM1): CUG***
SCA8: CUG/CAG***
Huntington disease-like 2: CUG

m7G
pAIntron5’UTR 3’UTR

SCA10: AUUCU
CANVAS: AAGGG
SCA37: UUUCA
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Figure 1-2. Canonical AUG-initiated translation 

RNA Translational initiation at AUG start codons classically follows a 5’ M7G cap-

dependent scanning model that comprises several steps. First, eIF4E, eIF4G, and eIF4A 

composed the eIF4F complex, which binds to the 5’ m7G (7 methyl-guanosine) cap with 

eIF4B and/or eIF4H. PABP (poly-adenosine binding protein) then associates with eIF4G 

to circularize the mRNA. Second, the eIF4F complex recruits the 43S PIC (preinitiation 

complex), which includes the 40S ribosomal subunit, eIF1, eIF1A, eIF3, eIF5, and the 

ternary complex, consisting of the initiator methionine-tRNA, eIF2, and GTP. Third, the 

43S PIC and the eIF4F complex scan through the 5’UTR from 5’ to 3’ until the complex 

finds an AUG start codon within an ideal Kozak context. Fourth, by encountering an AUG 

start codon, eIF1 dissociates from the PIC, and eIF2 hydrolyzes GTP with the assistance 
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of eIF5, where the 60S is recruited to the 40S by eIF5B-GTP. eIF5B-GTP recruits 60S 

ribosomal subunit and detaches most eIFs (eukaryotic initiation factor). Finally, eIF5B 

hydrolyzes its bound GTP and establishes the elongation-competent 80S ribosomal 

subunit at the AUG start codon. 
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Figure 1-3. Repeat associated non-AUG initiated translation at GC rich repeats 

RAN translation can proceed through two potentially distinct mechanisms. (A) In uORF-

like RAN translation initiation, RAN translation begins in a cap-dependent manner like 
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canonical translational initiation. It requires the scanning of the 43S PIC and ternary 

complex along the 5’UTR. However, the repeat sequence triggers stalling of the scanning 

PIC, allowing for an increased dwell time of the complex at specific near-cognate start 

codons just upstream of the repeat. For example, a CUG codon just 5’ to the G4C2 repeat 

is important for RAN translation of the GA DPR from this repeat in patients and reporters. 

This form of RAN translation is paradoxically activated by the integrated stress response 

(ISR), which triggers phosphorylation of eIF2⍺ and typically inhibits global translation. (B) 

In IRES-like RAN translation, initiation starts with the repeat acting as an internal 

ribosome entry site (IRES) to initiate in a cap-independent manner.  This form of 

translation is supported by the auxiliary 40S ribosomal subunit 25 (RPS25) and other 

IRES trans-acting factors (ITAFs) and initiation factors, including eIF3 and eIF5. The 

efficiency of this event is less than RAN translation from linear reporters. However, there 

is evidence that spliced lariats with repeats can evade degradation and escape to the 

cytoplasm. In these cases, an IRES-based mode of RAN translation is requisite as such 

mRNAs do not have an accessible 5’ end.   
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Figure 1-4. Translational elongation 

Translation elongation begins after recognizing the AUG start codon and assembling the 

80S ribosome at the AUG start codon. The first step of translation elongation is binding 

the methionyl-tRNA in the ribosomal P site with eIF5A at the E site and eEF1A at the A 

site. Aminoacyl-tRNA selection begins to find the match of their anticodon to the codon 

on mRNA. eEF1A assists matched aminoacyl-tRNA to load into the A site. Next, the 

peptide bond formation transfers the incoming amino acid to the growing peptide chain. 

This is the step in which that ribosome subunit rotates and tRNA transits into a “hybrid” 

state that crosses between the P/E and the A/P state. The rotated state of the ribosome 

recruits eEF2, another GTPase, to translocate the mRNA and tRNA complex back to the 

“classical” state with tRNAs in the E site and the P site. After releasing the empty tRNA 

from the E site, the elongation process repeats (pink block) until reaching a stop codon 

to terminate the process. 
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Figure 1-5. Triggers of ribosome stalling during translational elongation 

Multiple circumstances can cause a slowdown in translational elongation. Ribosome 

stalling can be a temporary pause or can trigger irreversible ribosome collisions that 

activate other downstream mechanisms to resolve the event. Stalling of ribosomes can 

be caused by (A) RNA secondary structures, (B) the charge of the nascent peptide chain, 

or a polyA tail sequence (which also encodes a poly-lysine peptide chain), (C) pre-mature 

stop codons, (D) formation of Proline-Proline peptide bond, (E) cellular stresses such as 

osmotic stress and amino-acid depletion/starvation, and (F) encountering other aberrant 

“slippery” RNA sequences.  
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Figure 1-6. Ribosome stalling by GC-rich repeats 

(A) GC-rich repeats form stable secondary structures, which cause ribosome stalling 

during translation elongation. Stalling of ribosomes during elongation can generate 

partially made products or full-length products by multiple downstream mechanisms. (B) 

Helicases such as DHX36, which binds and unwinds g-quadruplex structures, are 

proposed to resolve RNA secondary structures and facilitate translation elongation. (C) 

Stalling of ribosomes is sensed by RACK1 and ZNF598, which triggers mRNA and protein 
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surveillance pathways. These pathways include the ribosomal-associated quality control 

(RQC) pathway and RNA no-go decay pathway when RNA secondary structure is 

involved. The RQC pathway maintains protein homeostasis by degrading falsely made 

nascent chains by proteasome with key factors: NEMF, LTN1, ANKZF1, and VCP. While 

the no-go decay pathway degrades the aberrant RNA with Xrn1 and exosome. Both RQC 

and no-go decay pathways help recycle ribosomes to the translation machinery, which 

are surveillance pathways to rescue the stalling events. (D) Temporarily stalled ribosomes 

have also been proposed to self-resolve at certain conditions. However, the exact 

mechanism is still unknown. (E) When the ribosome stalls, it can cause a slippery moment 

that can shift the reading frame one or two nucleotides. This causes ribosomal 

frameshifting and results in generating of different chimeric peptides. (F) Stalling of 

ribosomes could trigger ribotoxic stress responses that activate ZAK⍺. Phosphorylated 

ZAK⍺ activates GCN2 to phosphorylate eIF2⍺, therefore, inhibiting global translation. On 

the other hand, phosphorylated ZAK⍺ also triggers the signaling pathway of 

phosphorylating MAPKKs and p38/JNK. However, whether stalling of RNA secondary 

structure is directly linked to ribotoxic stress response remains unclear. 
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Chapter 2: The RNA Helicase DHX36/G4R1 Modulates C9orf72 GGGGCC 

Hexanucleotide Repeat-associated Translation 

 

This chapter is published as: 
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Eric D. Routh, Melissa A. Smaldino, Yuh Hwa Wang, James P. Vaughn, Peter K. Todd, 

and Philip J. Smaldino. 2021. “The RNA Helicase DHX36–G4R1 Modulates C9orf72 

GGGGCC Hexanucleotide Repeat–Associated Translation.” Journal of Biological 

Chemistry 297(2):100914. doi: 10.1016/j.jbc.2021.100914. 

 

2.1. Abstract 

GGGGCC (G4C2) hexanucleotide repeat expansions (HRE) in the endosomal 

trafficking gene C9orf72 are the most common genetic cause of amyotrophic lateral 

sclerosis (ALS) and frontotemporal dementia (FTD). Repeat-associated non-AUG (RAN) 

translation of this expansion through near-cognate initiation codon usage and internal 

ribosomal entry generates toxic proteins that accumulate in patients' brains and contribute 

to disease pathogenesis. The helicase protein DEAH-Box Helicase 36 (DHX36/G4R1) 

plays active roles in RNA and DNA G-quadruplex (G4) resolution in cells. As G4C2 

repeats are known to form G4 structures in vitro, we sought to determine the impact of 
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manipulating DHX36 expression on repeat transcription and RAN translation. Using a 

series of luciferase reporter assays both in cells and in vitro, we found that DHX36 

depletion suppresses RAN translation in a repeat length-dependent manner, while 

overexpression of DHX36 enhances RAN translation from G4C2 reporter RNAs. 

Moreover, upregulation of RAN translation that is typically triggered by integrated stress 

response activation is prevented by loss of DHX36. These results suggest that DHX36 is 

active in regulating G4C2 repeat translation, providing potential implications for 

therapeutic development in nucleotide repeat expansion disorders. 

 

2.2. Introduction 

A G4C2 hexanucleotide repeat expansion (HRE) within the first intron of C9orf72 is a 

major genetic cause of amyotrophic lateral sclerosis and frontal temporal dementia (C9 

FTD/ALS) (DeJesus-Hernandez et al., 2011; Renton et al., 2011). Typically, humans have 

~2-28 repeats, while disease associated alleles have >30 and often hundreds to 

thousands repeats (Byrne et al., 2014; Van Mossevelde et al., 2017). C9 FTD/ALS 

represents over 40% of the familial cases and upwards of 10% of the sporadic cases of 

ALS in European populations (Umoh et al., 2016). Despite intense research efforts since 

its discovery in 2011, C9 FTD/ALS remains a progressive and fatal condition without 

effective treatment (DeJesus-Hernandez et al., 2011; Haeusler et al., 2014; Renton et al., 

2011).  

Both DNA and RNA G4C2 HRE sequences are prone to folding into G-quadruplex (G4) 

structures in vitro (Conlon et al., 2016; Donnelly et al., 2013; Fratta et al., 2012; Haeusler 

et al., 2014; Simone et al., 2018; Su et al., 2014; Zamiri et al., 2014; Zhou et al., 2015). 
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G4 structures are dynamic, nucleic acid secondary structures consisting of an assembly 

of vertically stacked guanine-tetrad building blocks. G4 structures are stabilized by 

Hoogsteen hydrogen bonding and monovalent cations, especially K+ (Maizels, 2015; 

Mendoza et al., 2016; Rhodes and Lipps, 2015). G4 structures have been directly 

observed in human cells (Biffi et al., 2013; Hänsel-Hertsch et al., 2016; Henderson et al., 

2014), with >700,000 G4 motifs residing throughout the human genome (Bedrat et al., 

2016; Chambers et al., 2015). G4 structures motifs are non-randomly distributed, with 

enrichment in gene promoters, untranslated regions, and origins of replication, suggesting 

functional roles in transcription, translation, and replication, respectively (Bedrat et al., 

2016; Chambers et al., 2015; Huppert and Balasubramanian, 2007, 2005; Maltby et al., 

2020). Taken together, G4 structures are linked to each of the major toxicities observed 

in C9 FTD/ALS patient neurons. 

The underlying pathogenesis of the G4C2 HRE involves at least three inter-related 

pathways, each of which is foundationally linked to aberrant G4 structures. The G4C2 HRE 

as DNA impairs mRNA transcription and alters the epigenetics of the C9orf72 locus, 

decreasing C9orf72 protein expression (Shi et al., 2018). Endogenous C9orf72 protein is 

important for endosomal trafficking and autophagy in neurons, and its loss is detrimental 

to neurons and impacts inflammatory pathways relevant to ALS (Shi et al., 2018). When 

transcribed, the resultant G4C2 mRNA species folds into G4 structures, which coalesce 

as RNA foci in complex with RNA binding proteins, impairing RNA processing (DeJesus-

Hernandez et al., 2011; Haeusler et al., 2014). If transcribed G4C2 HRE mRNAs reach 

the cytoplasm, they can serve as a template for repeat-associated non-AUG initiated 

(RAN) translation. RAN translation from G4C2 repeat RNA (C9RAN) produces dipeptide 
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repeat proteins (DPRs) that aggregate in proteinaceous inclusions. C9RAN DPRs 

proteins cause proteotoxic stress and disrupt nucleocytoplasmic transport (Shi et al., 

2017; Simone et al., 2018; Taylor, 2017).  

The mechanisms underlying C9RAN remains enigmatic(Rodriguez and Todd, 2019). 

Initiation can occur at either an upstream near-AUG codon (CUG) or within the repeat 

itself (Cheng et al., 2018; Green et al., 2017; Sonobe et al., 2018; Tabet et al., 2018). 

RNA helicases such as eIF4B, eIF4H and DDX3X play active and selective roles in the 

translation process, as do the ribosomal accessory protein RPS25 (Cheng et al., 2019; 

Goodman et al., 2019; Linsalata et al., 2019; Yamada et al., 2019). RAN translation also 

demonstrates a selective enhancement in response to cellular stress pathways which 

activate stress granule formation and suppress global translation through phosphorylation 

of eIF2a (Cheng et al., 2018; Green et al., 2017; Tabet et al., 2018; Westergard et al., 

2019; Zu et al., 2020). Consistent with this, modulation of the alternative ternary complex 

protein eIF2a or PKR expression can alter C9RAN translation (Sonobe et al., 2018; Zu et 

al., 2020). 

Given their potentially central role in G4C2 repeats in C9 FTD/ALS pathogenesis, we 

explored factors responsible for G4 resolution within cells. One such enzyme, DHX36 

(aliases: G4R1 and RHAU), is a member of the DExH-box family of helicases (Schult and 

Paeschke, 2020). DHX36 accounts for the majority of the tetramolecular G4 DNA and 

RNA helicase activity in HeLa cell lysates (Creacy et al., 2008; Vaughn et al., 2005). 

DHX36 binds to a diverse array of unimolecular DNA and RNA G4 structures with the 

tightest affinity of any known G4 structure binding protein and can catalytically unwind 

these structures in isolation (Booy et al., 2016, 2015, 2014, 2012; Giri et al., 2011; 
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Haeusler et al., 2014; Huang et al., 2012; Kim et al., 2011; McRae et al., 2017; Nie et al., 

2015; Sexton and Collins, 2011; Smaldino et al., 2015). DHX36 associates with 

thousands of G4-containing DNA and mRNA sequences, facilitating both their 

transcription and translation (Murat et al., 2018; Sauer et al., 2019; Vester et al., 2019). 

Moreover, DHX36 plays an active role in stress granule dynamics, where its loss can 

trigger spontaneous formation of stress granules and changes in their dissolution after a 

transient stress exposure (Sauer et al., 2019). Thus, DHX36 has the potential to influence 

C9orf72 transcription and G4C2-repeat RNA stability, localization, and RAN translation 

(Huang et al., 2012; Huppert and Balasubramanian, 2007).  

Here we find that DHX36 knockdown and knockout selectively suppresses C9RAN 

translation as well as RAN translation at CGG repeats from reporters in human cells. In 

contrast, overexpression of WT DHX36, but not a mutant form of DHX36 which lacks 

helicase activity, enhances RAN translation. These effects are largely translational as we 

observe suppression of C9RAN translation in an in vitro DHX36 KO cell lysate translation 

system while observing no significant alterations in reporter RNA in response to 

knockdown or overexpression of DHX36. Loss of DHX36 also precludes stress-

dependent upregulation of C9RAN translation consistent with its role in stress granule 

formation. Taken together, these results suggest modulation of G4 structures at the RNA 

level by candidate G4 helicases such as DHX36 impact G4C2 repeat expansion 

translation implicated in C9 FTD/ALS.  
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2.3. Materials and Methods 

2.3.1. Electrophoretic Mobility Shift Assays 

62.5 pg of 5’- IRDye 800 labeledC9 or scrambled oligonucleotides (Table 1) were 

synthesized (Integrated DNA Technologies, Inc.) were heated in nuclease-free water in 

the presence of KCl (100 mM) starting at 98°C and decreasing 10°C every two min, 

ending at 28°C. As a control, 62.5 pg of C9 oligonucleotides were heated and cooled as 

above in the absence of KCl, 3.75 pg of each oligonucleotide were incubated at 37°C for 

30 min in binding buffer (75 mM EDTA, 40.6 mM Tris-Acetate pH 7.8, 40.6 mM NaCl, 

1.21 mM MgCl2, 8.1% glycerol, 0.0065% lactalbumin, 2-mercaptoethanol, 0.16x protease 

inhibitor cocktail (Roche), 0.12 mg/mL leupeptin) with varying concentrations of rDHX36 

(7.4, 4.5, 1.7, 1.1, or 0 nM). Additional volumes of buffer were added to the 4.5, 1.7, 1.1, 

or 0 nM reactions so as to have equal buffer concentrations in all reactions. Glycerol (16% 

final) was added to the samples, and 3 pg of DNA were loaded per well onto a 10% non-

denaturing PAGE. The samples were electrophoresed for 5 hrs at 120 V in the dark. Each 

EMSA was performed in triplicate and analyzed using a Li-Cor Odyssey imager. Percent 

bound was determined by densitometry measurements in ImageStudio using the 

following equation: percent bound = (bound DNA / total DNA) x 100. Triplicate values 

were averaged and plotted with GraphPad Prism using a non-linear regression (curve fit) 

function.  

 

2.3.2. In vitro Transcription Assay 

A HiScribe™ T7 Quick High Yield RNA Synthesis Kit (New England Bio Labs, 

Cat.# E2050S) was used with 1 µg of a GA70 or AUG-NLuc linearized plasmid as 
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template(Green et al., 2017). The reactions were transcribed for 15 hrs at 37°C in the 

presence of absence of DHX36 (0 or 6 nM). An additional volume of DHX36 storage buffer 

was added to reactions without DHX36 so as to have equal buffer concentrations in all 

reactions. The resulting transcripts were treated with DNase for 20 min at room 

temperature and then isolated using Micro Bio-Spin™ 6 Columns (BioRad, Cat.# 732-

6221). 0.75 µg of RNA transcripts were mixed with 2X formamide buffer (95% deionized 

formamide, 0.025% bromophenol blue, 5 mM EDTA) and heated at 95°C for 5 min. The 

samples were resolved in a 7.5% denaturing-8M urea PAGE for 20 min at 2 W and then 

45 minutes at 20 W. The gels were subsequently soaked in SYBR Gold nucleic acid stains 

(ThermoFisher, Cat.# S11494) for 20 min at RT and imaged using a BIO-Rad Gel Docs™ 

XR+ and quantified using densitometry software. Densitometry values for the top third of 

the gel were divided by total value for each lane. Values for total densitometry readings 

for each lane were also taken. 

 

2.3.3. RNA Synthesis 

pcDNA3.1(+)/NLuc-3xF and pcDNA3.1(+)/FF were linearized by PspOMI and XbaI 

restriction enzymes respectively and recovered using DNA Clean and Concentrator-25 

kits (Zymo Research, Cat# D4033). m7G-capped and poly-adenylated RNAs were 

transcribed in vitro from these plasmids using HiScribe T7 ARCA mRNA Kit, with polyA 

tailing (NEB, Cat# E2065S) following the manufacturer’s instructions and recovered using 

RNA Clean and Concentrator-25 kits (Zymo Research, Cat# R1017). The integrity and 

size of all transcribed RNAs were confirmed by denaturing formaldehyde and formamide 

agarose gel electrophoresis. 
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2.3.4. Cell Culture, Transfection, qRT-PCR, and Drug Treatment 

Jurkat T1-28/11 and HeLa 15/25 cells were cultured and passaged at 37°C, 5% 

CO2. Jurkat T1-28/11 cells were maintained in Roswell Park Memorial Institute (RPMI) 

1640 Medium supplemented with 10% fetal bovine serum (FBS). HeLa 15/25 cells were 

maintained in Dulbecco’s modified Eagle Medium (DMEM) supplemented with 10% FBS, 

1% non-essential amino acids, 3 μg/ml blasticidine, and 250 ug/ml zeocin. To induce 

DHX36 knockdown, HeLa 15 and HeLa 25 were both treated with daily changed media 

contained 1 ug/ml doxycycline (doxy.) for 4 days. 

For transfection and luciferase assay in Jurkat cells, cells were plated in 24-well 

plates at 6x105 cells/well in 500 μl media. Reverse transfection by using TransIT-Jurkat 

transfection reagent (Mirus, Cat.# MIR 2124) was done after cells plating. Cells were co-

transfected with 250 ng/well of pcDNA(+)-NLuc-3xFLAG plasmids developed from 

Kearse et al. and Green et al. and 250 ng/well of pGL4.13 firefly luciferase plasmid as 

transfection control(Green et al., 2017; Kearse et al., 2016). Mixed plasmids and reagents 

were added drop-wise in cultured cells after 30 min incubation at room temperature, then 

the plate was gently shaken for 1 min. Luciferase assays were performed 48 hrs after 

plasmid transfection. Cells from each well were collected in microcentrifuge tube and 

media was removed after 400 rpm centrifuge for 5 min. Then cells from each tube were 

lysed with 60 μL of Glo Lysis Buffer 1X (Promega, Cat.# E2661) and were vortexed for 5 

sec. In opaque white 96-well plates, from 60 μL of cell lysate, 25 μL of cell lysate was 

distributed to mix with 25 μL of Nano-Glo Luciferase Assay System (Promega, Cat.# 

N1120), and another 25 μL of cell lysate was mixed with 25 μL of ONE-Glo Luciferase 
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Assay System (Promega, Cat.# E6130). The plate was placed on a shaker for 5 min in 

the dark. Luciferase activity in each well was obtained by luminescence measurements. 

All reagents and experiments are presented at room temperature. 

For transfection and luciferase assay in HeLa cells, cells were plated in 96-well 

plates at 2.5x105 cells/well in 100 μl media. 24 hrs after plating, cells were co-transfected 

with 50 ng/well of pcDNA(+)-NLuc-3xFLAG plasmids, and 50 ng/well of pGL4.13 firefly 

luciferase plasmid as transfection control. Transfection was done by adding Viafect 

transfection reagent (Promega, Cat# E4981) with mixed plasmids drop-wise in cultured 

cells after 10 min incubation at room temperature then gently shaking the plate for 1 min. 

Plasmid DNA and C9-repeat RNA co-transfection were done by forward transfection of 

published DNA plasmid expressing empty vector, WT, or E335A DHX36(Vaughn et al., 

2005) in HeLa cells seeded at 2.5x105 cells/well in 100 μl media. After 24 hrs, in vitro 

synthesized C9-RNA and pcDNA-FF RNA were co-transfected at 50 ng/well each into the 

well by Viafect transfection reagent (Promega, Cat# E4981) as described above. 

Following luciferase assays were performed 24 hrs after C9-repeat DNA plasmids or RNA 

transfection, as described by Kearse et al(Kearse et al., 2016). 

For qRT-PCR assays, after HeLa cells were plated and transfected as described 

above, experiments were performed as described by Linsalata et al(Linsalata et al., 

2019). 

For C9RAN reporter luciferase analysis following stress activation, after 4 days of doxy. 

treatment in HeLa 15/25 cells, cells were seeded and transfect for 19 hrs then followed 

by 5 hrs treatment of 2 μM Thapsigargin (Tg). 
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2.3.5. Immunoblot and Antibodies 

In a 12-well plate, HeLa 15/25 cells were rinsed with 500 μL cold 1X PBS twice 

then lysed in 300 μL RIPA buffer with protease inhibitor (120 μL for 24-well plates) for 30 

min at a 4°C shaker. Lysates were homogenized by passing through a 28G syringe 8 

times, mixed with 6X sample buffer with a final of 2% B-ME, denatured at 95°C for 10 

min, and stored at -20 °C. Protein samples were standardized by BCA assay for equal 

total protein loading. 20 μL of equal total protein sample was loaded in each well of a 10% 

SDS-PAGE. All primary antibodies applied for Western Blot were used at 1:1000 in 5% 

non-fat dairy milk (wt/vol) and 0.1% Tween-20 (vol/vol) in TBS except anti-puromycin at 

1:5000. Monoclonal mouse anti-DHX36 antibody was generated at 2.57 μg/μl(Vaughn et 

al., 2005), monoclonal mouse anti-FLAG antibody was from Sigma (clone M2, 

Cat#F1804), mouse anti-GFP was from Roche (Cat# 11814460001), monoclonal mouse 

anti-GAPDH was from Santa Cruz Biotechnology (clone 6C5, Cat# sc-32233), mouse 

anti-puromycin 12D10 was from Millipore (Cat# MABE434).  

 

2.3.6. Jurkat Cell Line Generation 

The DHX36 gRNAs (T1, T2, and T10) were designed to target exonic regions of 

DHX36/G4R1 (Gene ID: 170506) in order to disrupt all the gene products (Supplemental 

Figure 3). The gRNA T1 (AAGTACGATATGACTAACAC) was evaluated to be the most 

effective by nucleotide mismatching assay in the cell pool examination (31.2% cleavage 

efficiency) and was utilized for generation of single cell clones. Cleavage efficiency was 

determined by sequencing trace analysis with the online tool TIDE (https://tide-

calculator.nki.nl/). Clones were identified and confirmed using Sanger Sequencing of 
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PCR and RT-PCR productions (Supplemental Figure 3) and western blot analysis 

(Figure 3, A) 

 

2.3.7. In vitro Translation Assays 

Preparation of cell lysate, hypertonic lysis buffer, and translation buffer were followed by 

Linsalata et al (Linsalata et al., 2019). Jurkat cells were centrifuged, and rinsed 3 times 

with PBS (pH 7.4). Hypotonic lysis buffer that contained 10 mM HEPES-KOH (pH 7.6), 

10 mM KOAc, 0.5 mM Mg2OAc, 5 mM DTT, and EDTA-free protease inhibitor was added 

to cells pellet on ice to swollen the cells for 30 minutes. Then cells were mechanically 

lysed by 20 strokes in a 27G syringe and followed by another 30 minutes of incubation 

on ice. The supernatant from the cell lysate was collected by centrifuging the cell lysate 

at 10,000 g for 10 min at 4°C and further diluted in lysis buffer to 8.0 ug/ul using a modified 

Bradford protein quantification assay (Bio-Rad), flash-frozen in liquid N2, and stored at 

80°C. The lysates were added to the translation buffer that with final concentrations of  20 

mM HEPES-KOH (pH 7.6), 44 mM KOAc, 2.2 mM Mg2AOc, 2 mM DTT, 20 mM creatine 

phosphate (Roche), 0.1 ug/ul creatine kinase (Roche), 0.1 mM spermidine, and on 

average 0.1 mM of each amino acid.  

For in vitro translation assays, 40 fmol of RNA was added to lysate which protein 

concentration at 8 ug/ul of 10 ul per reaction. After incubation at 30°C for 120 min, 25 ul 

room temperature Glo Lysis Buffer (Promega) was added to the reaction to incubate for 

5 min at room temperature. With the Nano-Glo Dual-luciferase system, 25 ul of this 

mixture was added 25 ul of the ONE-Glo™ EX reagent following 25 ul of NanoDLR Stop 



88 
 

& Glo reagent (Promega). All mixtures were incubated in opaque white 96-well plates on 

a rocking shaker in the dark for 5 min before quantifying the luminescence. 

 

2.3.8. Measuring Protein Synthesis by Puromycin Incorporation 

Nascent Global translation was monitored by the surface sensing of translation 

(SUnSET) method(Schmidt et al., 2009). After seeding HeLa cells as described above in 

a 24-well plate format, 48 hrs later, cells were incubated with fresh media containing 10 

μg/ml of puromycin for 10 min at room temperature. Cells were then placed on ice and 

washed with ice-cold PBS, prior to lysis in 100 μL RIPA buffer containing protease 

inhibitor. 

 

2.3.9. Statistical Methods 

Statistical analysis was performed using GraphPad Prism8. For comparison of NLuc 

and FFLuc reporter luciferase activity, one-way ANOVAs were performed to confirm 

statistical difference between control and experimental groups. Two-way ANOVA was 

performed to confirm the statistical difference on FFLuc signal from the treatment of 

Thapsigargin between different groups of control and experimental conditions. Post-hoc 

Student’s t tests were then performed with Bonferroni correction for multiple comparisons 

and Welch’s correction for unequal variance. All studies represent at least three 

independently replicated experiments. All bar graphs include a standard deviation error 

bar and each independent replicate. Exact N for each sample and analysis performed are 

noted in the figure legend. 
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2.3.10. Data Availability 

All relevant data are available from the authors upon request. 

 

2.4. Results 

2.4.1. DHX36 Directly Binds C9-repeat G4 DNA in vitro 

To determine if DHX36 directly binds to C9 G4 DNA structures, we performed 

electrophoretic mobility shift assays (EMSAs) with a DNA oligonucleotide composed of 

five G4C2-repeats with a 3’ unstructured tail shown to be require for G4 binding (Chen et 

al., 2018; Smaldino et al., 2015) (referred to hereafter as “(G4C2)5-DNA”). (G4C2)5-DNA 

was folded into G4 structures by heating and cooling in the presence of KCl. As a negative 

control of non-G4 DNA, (G4C2)5-DNA was heated and cooled in the absence of KCl. G4 

(G4C2)5-DNA and non-G4 (G4C2)5-DNA was incubated with purified recombinant DHX36 

(rDHX36) under non-catalytic conditions (-ATP, +EDTA) so that binding could be 

visualized on a gel (Figure 2.1.A, C). As an additional control, this was repeated with 

scrambled C9-repeat DNA, where the C9-repeat sequence was rearranged as to prevent 

G4 structure formation. (Figure 2.1.B-C). Following incubation, the samples were 

subjected to non-denaturing polyacrylamide gel electrophoresis (PAGE). In the absence 

of KCl, a single band is observed for (G4C2)5-DNA. When KCl is added, slower migrating 

bands are observed, consistent with the formation of G4 structures. Incubation of (G4C2)5-

DNA with rDHX36 resulted in a shift of the DNA to the upper region of the gel indicating 

direct binding. Notably, some unstructured (G4C2)5-DNA is present in the KCl-containing 

reactions and is not bound by DHX36, further suggesting selective binding to G4 

structure. In the absence of KCl (i.e. non-G4 conditions), binding of rDHX36 to (G4C2)5-
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DNA is substantially reduced. Furthermore, scrambled (G4C2)5-DNA does not form KCl-

dependent higher-ordered structures and is not a strong binding substrate for rDHX36 

even in the presence of KCl. Taken together, these data suggest that DHX36 directly 

binds to C9 HRE DNA in a G4-dependent manner in vitro.  

 

2.4.2. DHX36 Enhances Transcription of C9-repeat DNA in vitro 

G4 DNA structures impede the transcription of C9-repeat RNA and T7 elongation 

(Haeusler et al., 2014). Given that DHX36 is a helicase that resolves G4 structures, we 

hypothesized that DHX36 might facilitate the transcription of C9-repeat RNA. To test this, 

we performed an in vitro transcription assay with a plasmid containing 70 G4C2 repeats 

(pCR8-(G4C2)70) driven by a T7 RNA polymerase reporter (Taylor, 2017). We incubated 

the plasmid with T7 polymerase in the presence and absence of rDHX36. A T7 plasmid 

containing a nano luciferase (NLuc) gene was used as a non-G4 control. The resulting 

RNA transcripts were subjected to denaturing urea gel electrophoresis. We found that 

rDHX36 significantly increased the length of RNA transcripts yielded from G4C2 repeat 

DNA, but not from NLuc (Figure 2.1. D-E). However, the total RNA generated from G4C2 

repeat DNA and NLuc DNA was not significantly different between rDHX36 and control 

reactions (Supplemental Figure 2.1.). These data suggest that rDHX36 facilitates 

efficient and complete in vitro transcription of G4 C9-repeat sequences by T7 RNA 

polymerase, but may not impact its overall production. 
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2.4.3. DHX36 Depletion Modifies C9RAN Translation 

We next evaluated the impact of altering DHX36 expression on C9RAN translation. 

To accomplish this, we utilized previously described C9RAN translation-specific 

nanoluciferase reporters (C9-NLuc) (Green et al., 2017). These reporters include 70 G4C2 

repeats in the context of the first C9orf72 intron. This sequence is inserted 5’ to a 

nanoluciferase (NLuc) whose start codon is mutated to GGG and with a 3x FLAG tag 

fused to its carboxyl terminus (Figure 2.2. A). Single base pair insertions between the 

repeat and NLuc allow for evaluation of translation in all three reading frames. An AUG-

initiated NLuc serves as a positive control for canonical translation. An AUG initiated firefly 

luciferase (AUG-FF) is included as a transfection control (Green et al., 2017).  

To study the effects of loss of DHX36, we used a previously described stable and 

inducible knockdown (DHX36 KD) HeLa cell line (Iwamoto et al., 2008; Vaughn et al., 

2005) (Figure 2.2. B, Supplemental Figure 2.2. A-E). Treatment of these cells with 

doxycycline for 96 hrs significantly reduced DHX36 expression as measured by 

immunoblot (Figure 2.2. C). Comparing between control and DHX36 KD cells with 

transiently transfected C9-NLuc reporters, DHX36 KD selectively decreased C9RAN 

translation in the GA (+0), GP (+1) and GR (+2) reading frames, relative to AUG-NLuc 

when normalized to AUG-FF as transfection control (Figure 2.2 D, Supplemental Figure 

2.2 F). C9RAN translation in the GA and GR reading frames was also selectively 

decreased in the DHX36 KD line with doxycycline induction when compared to the DMSO 

vehicle treated cells, suggesting that the effect was DHX36-specific (Supplemental 

Figure 2.3. A). Either no significant transcript bias or an opposite production bias favoring 

DHX36 KD was observed for AUG transcripts (Figure 2.2. D and F). To confirm these 
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findings using an orthogonal readout, we performed immunoblots to detect FLAG signal 

on lysates from both control and DHX36 KD cells. As we had observed in our luciferase 

assays, DHX36 KD led to a significant decrease in the GA C9RAN-NLuc protein without 

impairing AUG translation of NLuc from a separate reporter (Figure 2.2. E). 

To determine if loss of DHX36 might have broader effects on protein translation in 

these cells, we performed a SUnSET assay, which measures puromycin incorporation 

into nascent proteins(Schmidt et al., 2009). Treatment with puromycin for 10 minutes led 

to a smear of proteins detectible by puromycin immunoblot. There was no difference 

between DHX36 Ctrl and KD cells in this assay (Supplemental Figure 2.2. D-E), 

suggesting that rates of global translation is not demonstrably affected by knockdown of 

DHX36 in these cell lines.  

 

2.4.4. DHX36 Depletion Impairs RAN Translation from CGG Repeats 

RAN translation occurs at multiple different GC rich repeat sequences, some of which are 

capable of forming G4 structures and some of which are less likely to form such 

structures. We therefore evaluated whether DHX36 KD impacts RAN translation at these 

other repeats. Expansion of a transcribed CGG repeats in the 5’UTR of FMR1 causes 

Fragile X-associated Tremor/Ataxia Syndrome (FXTAS) (Krans et al., 2016; Todd et al., 

2013). RAN translation from this repeat in the +1 reading frame generates a polyglycine 

protein (FMRpolyG) that accumulates within inclusions in patient brains and model 

systems (Buijsen et al., 2016, 2014; Hukema et al., 2015; Sellier et al., 2017; Todd et al., 

2013). This repeat is capable of forming either a hairpin structure or a G4 structure in vitro 

(Asamitsu et al., 2021; Fry and Loeb, 1994; Kettani et al., 1995; Usdin and Woodford, 
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1995). Using a NLuc reporter with 100 repeats (+1CGG100) (Kearse et al., 2016), we 

observed that KD of DHX36 significantly suppressed CGG RAN translation of FMRpolyG 

on a scale comparable to that of C9RAN reporters (Figure 2.2. F). This decrease in CGG 

RAN translation was also evident by immunoblot (Figure 2.2. E). 

We next measured reporter mRNA levels in transfected Ctrl and DHX36 KD cells. 

Surprisingly, we observed only a small decrease in mRNA production that was not 

statistically significant (Figure 2.2. G). In parallel, we also evaluated the impact of DHX36 

overexpression on reporter expression. As with KD, overexpression of DHX36 did not 

significantly impact steady state reporter RNA expression in HeLa Cells (Supplemental 

Figure 2.5.). These data suggest that the suppression of RAN translation in DHX36 KD 

cells is most likely a post-transcriptional event.  

 

2.4.5. DHX36 KO Impairs in-cell and in vitro C9RAN Translation 

As a second assay system in which to study the effect of DHX36, we generated a 

DHX36 stable knockout (DHX36 KO) Jurkat cell line using a CRISPR/Cas9 targeting 

approach. Wildtype Jurkat cells (WT) had no mutations at the DHX36 locus (INDEL: 0/0) 

while DHX36 KO Jurkat cells (DHX36 KO) had single allele KO disruption on one allele 

and a 6bp insertion on the other allele at the target site (INDEL: +5/+6) (Supplemental 

Figure 2.4. A-B). Western blot analysis showed elimination of full length DHX36 protein 

in Jurkat DHX36 KO cell lines (Figure 2.3.A). Jurkat DHX36 KO cells exhibited impaired 

RAN translation across all three potential G4C2 reading frames, similar to what we 

observed in HeLa DHX36 KD cells (Figure 2.3.B).  
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The effects of DHX36KD on RAN translation product generation could theoretically 

be elicited by changes in RNA or protein stability or by actively impacting protein 

translation. To investigate this question, we utilized an in vitro translation assay using 

lysates derived from DHX36 WT or KO Jurkat cells. Previous studies in similar conditions 

demonstrated that we could accurately measure C9RAN translation in this context and 

that production from our RAN reporters is not dependent on mRNA or reporter stability 

(Green et al., 2017; Kearse et al., 2016). We harvested Jurkat DHX36 WT and KO cell 

lysates, added AUG or G4C2 repeat RNA in GA (+0) frame and in vitro translated for 2 hrs 

(Figure 2.4. C, Supplemental Figure 2.4. 2C). AUG-NLuc translation from DHX36 KO 

lysates was consistently lower than that from WT Jurkat lysates. However, this effect was 

much larger for GA-NLuc reporters, which exhibited 36% as efficient a translation in 

DHX36 KO lysates compared to WT lysates over >4 independent experiments 

(Supplemental Figure 2.4. C). Together, these results suggest that loss of DHX36 

suppresses RAN translation from G4C2-repeats in multiple reading frames of G4C2-

repeats and is mainly acting at the level of translation. 

 

2.4.6. The effect of DHX36 on C9RAN translation is dependent on repeat length 

Translation of C9RAN reporters in the GA reading frame initiates primarily from an 

upstream CUG start codon that supports translation even at small repeat sizes (Almeida 

et al., 2019; Green et al., 2017; Sonobe et al., 2018; Tabet et al., 2018). If DHX36 

contributes to RAN translation by resolving G4 structures, then we would predict that the 

loss of DHX36 would selectively reduce translation for transcripts with larger repeats. In 

HeLa cells, expression of C9 GA frame reporters with 3x, 35x, and 70x G4C2 repeats was 
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selectively suppressed by DHX36 loss at the larger repeat sizes (Figure 2.4. A-B, 

Supplemental Figure 2.3. B). Similar results were observed in Jurkat DHX36 stable KO 

cells (Figure 2.4. C). These results suggest that loss of DHX36 selectively acts to reduce 

C9RAN translation in a repeat length dependent manner.  

 

2.4.7. The Effect of DHX36 Overexpression on C9RAN DPRs Expression  

Since depletion of DHX36 results in a significant decrease in C9RAN translation, 

we wondered if overexpression of DHX36 enhances C9RAN. To address this, we 

expressed either a DHX36 WT or a DHX36-E335A mutant which lacks the helicase 

activity required to unwind G4 structures in parental HeLa cells. To ascertain the impact 

of DHX36 on translation in particular, we conducted studies using transfected in vitro 

transcribed C9RAN reporter mRNAs. In HeLa cells, overexpression of DHX36 

significantly increased C9RAN from transfected reporter RNAs in all three sense reading 

frames. This effect was specific to DHX36 WT, as DHX36-E335A has no effect on C9RAN 

DPRs production when normalized to the FFLuc mRNA reporters and western blot 

analysis confirmed this relationship (Figure 2.5.). These data suggest that DHX36 acts 

post-transcriptionally to enhance RAN translation. 

 

2.4.8. Knockdown of DHX36 Prevents Stress Dependent Upregulation of RAN 

Translation 

Activation of the integrated stress response (ISR), which triggers phosphorylation of 

eIF2α and formation of stress granules (SGs), suppresses global protein translation 

initiation by impairing ternary complex recycling (Hinnebusch et al., 2016; Jackson et al., 
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2010; Starck et al., 2016; Walter and Ron, 2011; Young et al., 2016). Paradoxically, ISR 

activation enhances RAN translation from both CGG and G4C2 repeats, and repeat 

expression in isolation can trigger SG formation (Cheng et al., 2018; Green et al., 2017; 

Sonobe et al., 2018; Westergard et al., 2019). Loss of DHX36 induces spontaneous 

stress granule formation, suggesting that DHX36 may play a role in G4 structure-induced 

cellular stress(Sauer et al., 2019). We therefore wondered what impact loss of DHX36 

would have on regulation of RAN translation in the setting of ISR activation. We co-

transfected C9-NLuc and FFLuc into DHX36 control or DHX36 KD HeLa cells and then 

treated them with 2 μm of the ER stress inducer Thapsigargin (Tg) for 5 hrs. Tg treatment 

decreased expression of FFLuc in both Ctrl cells and in DHX36 KD cells, which is 

consistent with appropriate activation of the ISR in these cells (Figure 2.6. A, right).  

Consistent with prior studies(Green et al., 2017; Westergard et al., 2019), Tg 

treatment in DHX36 control cells elevated C9RAN reporter levels compared to DMSO 

treatment. However, depletion of DHX36 precluded this upregulation in C9RAN by Tg 

(Figure 2.6. A). Similar findings were also observed by immunoblot in studies where we 

co-transfected the C9RAN reporters and GFP as a control for transfection and AUG 

initiated translation (Figure 2.6. B). These data suggest that DHX36 may play a role in 

regulating the stress induction of RAN translation induced by the ISR.  

 

2.5. Discussion 

DNA and RNA G-quadruplex (G4) structures strongly influence both gene 

transcription and mRNA stability, localization and translation. Moreover, G4 structures 

are implicated in a number of human disorders, including C9 FTD/ALS (Schofield et al., 
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2015; Simone et al., 2015). Here we find that a major human G4 helicase, DHX36, 

enhances C9RAN translation from expanded G4C2 repeat reporter RNAs in human cells. 

These effects on RAN translation require DHX36 helicase activity on G4 RNA. DHX36 is 

also required for efficient C9RAN and CGG RAN translation as knockdown or knockout 

of DHX36 in human cells suppressed RAN translation from both G4C2 and CGG repeats. 

We also observe a robust suppression of in vitro C9RAN translation in DHX36 KO cell 

derived lysates. Overall, these data are consistent with a model whereby DHX36 binds to 

and unwinds GC rich repeat RNA structures and enhances their non-AUG initiated 

translation with a potential secondary role in enhancing repeat transcription (Figure 2.7.). 

The observed effects on C9RAN reporter generation are largely post-transcriptional. 

While we do observe a stimulatory effect of DHX36 on T7 polymerase transcription from 

a C9-repeat in vitro (Figure 2.1. D-E), we do not observe changes in C9-repeat RNA 

levels in cells following DHX36 KD or overexpression (Figure 2.2. G, Supplemental 

Figure 2.5.). We also show that DHX36 directly binds to C9-repeat DNA with a binding 

affinity of ~10-100 less than previously reported for pure G4 DNAs (Creacy et al., 2008; 

Giri et al., 2011; Smaldino et al., 2015) (Figure 2.1. A-C). The relatively low affinity of 

DHX36 for C9-repeat G4 DNA might in part explain the lack of a robust effect on C9-

repeat transcript levels in cells following DHX36 KD or overexpression. In addition, T7 

polymerase in vitro is prone to early transcription termination (Brunelle and Green, 2013) 

and as such may be less efficient than RNA polymerase complexes at resolving RNA 

structures and generating complete transcripts in cells. Future work using patient-derived 

cells harboring greater repeat lengths (which DHX36 may have greater affinity for) will be 
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necessary to more fully characterize the potential for DHX36 to modulate C9-repeat 

transcription in patients.  

DHX36 binds to C9-repeat RNA in a G4 specific manner both in vitro and in studies 

using human cell and mouse spinal cord lysates (Haeusler et al., 2014),(McRae et al., 

2017)(Zu et al., 2013). Depletion of DHX36 decreases C9RAN translation and this 

decrease occurs across all reading frames and is dependent on the length of the repeats 

(Figures 2.2-4.). In addition, while this manuscript was in revision, a second study was 

published where similar effects of DHX36 were observed on C9RAN translation(Liu et al., 

2021). We further observe similar results for CGG repeats capable of supporting RAN 

translation and folding into G4 structures. This suggests that RAN translation initiation or 

elongation could be significantly influenced by both RNA binding protein recognition and 

resolution of repeat RNA secondary structures. This idea is supported by the finding that 

a helicase dead form of DHX36 failed to influence RAN translation of C9-repeat RNAs. It 

is also consistent with prior studies implicating RNA helicases such as DDX3X and the 

eIF4A helicase cofactors eIF4B and eIF4H as modifiers of RAN translation at both CGG 

and G4C2 repeats (Goodman et al., 2019; Linsalata et al., 2019).  

In addition, depletion of DHX36 precluded the augmentation of RAN translation 

typically observed in response to stress (Figure 2.6.) (Cheng et al., 2018; Green et al., 

2017; Westergard et al., 2016). DHX36 is a component of stress granules and plays an 

active role in regulating the cellular stress response (Byrd et al., 2016; Chalupníková et 

al., 2008; Yoo et al., 2014). Indeed, KD or KO of DHX36 is sufficient to trigger stress 

granule formation without application of an exogenous stressor (Sauer et al., 2019). How 

exactly loss of DHX36 precludes this upregulation is not clear. ISR activation augments 
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RAN translation at least in part by lowering initiation codon fidelity requirements (Green 

et al., 2017; Tabet et al., 2018). If DHX36 is specifically influencing elongation through 

the repeat, then its depletion may slow translation due to ribosomal stalling within the 

repeats despite continued enhanced initiation. Alternatively, G4C2 repeats also support a 

5’ M7G cap independent “IRES-like” RAN initiation mechanism that is enhanced by ISR 

activation (Cheng et al., 2018; Komar and Hatzoglou, 2011, 2005; Stoneley and Willis, 

2004). DHX36 could play an active role in generating this structure and allowing for 

internal ribosome entry. A deeper understanding of RNA structure/function relationships 

as they apply to RAN translation will be needed to determine which of these mechanisms 

(or both) is likely to explain how DHX36 loss impacts RAN translation at both CGG and 

G4C2 repeats.  

This study has some limitations. It largely relies on reporter assays using transiently 

transfected plasmids or in vitro transcribed linear RNA. RAN translation from the 

endogenous locus of C9 might involve very large RNA from longer repeats and the exact 

nature of the RAN translated transcripts in C9 patient neurons remains unclear. In 

particular, endogenous RNAs may form a combination of dynamic secondary structures 

including hairpins and G4s, which complicate the potential effects on both RNA mediated 

toxicity and RAN translation. Further studies using endogenous systems such as C9 

FTD/ALS patient iPSC derived neurons and rodent that harbor larger repeats will be 

needed to confirm the roles of DHX36 in endogenous repeat transcription, RAN 

translation, and toxicity derived from the endogenous repeat. 

In sum, this study provides evidence that DHX36 can influence RAN translation of 

G4C2 repeats both basally and in response to stress pathways. These studies suggest 
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that control of G4 formation at the DNA and RNA levels and modulation of G4 resolving 

helicases such as DHX36 are candidate therapeutic strategies and targets for G rich 

repeat-associated neurological diseases. 
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2.7. Figures 

 

 

 

Figure 2-1. DHX36 binds and enhances transcription of C9-DNA in vitro. 
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(A) Representative electrophoretic mobility shift assay (EMSA) image. C9 repeat DNA 

oligonucleotides were heated and cooled in the presence (lanes 1-5) and absence (lanes 

6-7) of KCl to induce or prevent G4 formation, respectively. DNA was incubated with 

increasing concentrations of recombinant DHX36, analyzed with non-denaturing PAGE, 

and imaged. (B) Representative EMSA image. Scrambled control DNA oligonucleotides 

were heated and cooled in the presence (lanes 1-5) and absence (lanes 6-7) of KCl. DNA 

was incubated with increasing concentrations of recombinant DHX36, analyzed with non-

denaturing PAGE, and imaged. (C) Densiometric quantification of panels A and B. The 

percent bound for each lane was graphed versus the concentration of DHX36. Data in 

are presented as mean ±SD, n=3. Multiple t-tests for each concentration of protein, 

*p=<0.05, **p<0.01, ***p<0.001. (D) T7 polymerase transcript products generated from 

equal amounts of linearized nanoLuciferase (lanes 1-2) or (G4C2)70  plasmids (lanes 3-4) 

resolved by denaturing PAGE. The gel was stained with SYBR gold nucleic acid stain 

and imaged. (E) Densiometric quantification of panel D. All signals were first subtracted 

by the background. Then signal from the top third of the gel was divided by the total signal 

per lane. Data are presented as ±SD, n=5(NLuc)-6(G4C2)70. Two-tailed pair t-test, N.S. = 

not-significant, *P < 0.05. 
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Figure 2-2. The effect of DHX36 knockdown on C9-RNA and C9RAN reporter 

expression.   

(A) Schematic of AUG-FF, AUG-NLuc control, C9-RAN and CGG-RAN luciferase 

reporters. (B) Experimental timeline for doxycycline treatment and reporter transfection. 
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(C) Immunoblots detecting DHX36 in parental, Ctrl and DHX36 KD HeLa cells with and 

without doxycycline treatment. (D) Relative expression of AUG and C9-RAN translation 

in GA (+0), GP (+1), and GR (+2) frames with 70 repeats between Ctrl and DHX36 KD 

HeLa cells. NLuc signal were normalized to AUG-FFluc translation. (E) Immunoblot of 

RAN translation products from 70 repeats of G4C2 in GA frame and 100 repeats of CGG 

in +1 reading frame in Ctrl and DHX36 KD HeLa cells. GFP was blotted as transfection 

control and GAPDH was blotted as loading control. (F) Expression of +1CGG100 RAN 

translation reporters measured by luciferase assay. NLuc signals were normalized to 

AUG-FFluc signals to compare between Ctrl and DHX36 KD HeLa cells. (G) Abundance 

of NLuc mRNA from AUG and GA70 in DHX36 Ctrl and KD HeLa cells. NLuc mRNA were 

normalized to FF mRNA and compared to DHX36 Ctrl. Data in (D) and (F) are 

represented as mean ±SD, n=9-12. Data in (G) are mean ±SD, n=3. Two-tailed Student’s 

t-test with Bonferroni and Welch’s correction, N.S. = not-significant, *P < 0.05; **P < 0.01; 

***P < 0.001; ****P < 0.0001. 
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Figure 2-3. C9RAN reporter expression in DHX36 knockout Jurkat cell lines and in 

vitro cell lysates.  

(A) Immunoblots to DHX36 from WT and DHX36 KO Jurkat cells. (B) Relative expression 

of AUG and C9-RAN translation from GA(+0), GP(+1), and GR(+2) reading frames in WT 

and DHX36 KO Jurkat cells. NLuc signal were normalized to AUG-FF and compared 

between WT and DHX36 KO Jurkat cells. Data are represented as mean ±SD, n=9. (C) 

In vitro translation using lysates derived from DHX36 WT and KO Jurkat cells for AUG-

NLuc RNA and C9-RAN in GA frame RNA. NLuc signals were normalized to signal from 
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DHX36 WT. Data are represented as mean ±SD, n=24. Two-tailed Student’s t-test with 

Bonferroni and Welch’s correction, *P < 0.05; ***P < 0.001; ****P < 0.0001. 
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Figure 2-4. The effect of decreased DHX36 on C9RAN reporter expression is G4C2 

repeat length dependent.  

(A) Schematic of previously published luciferase reporters of C9-RAN in GA frame 

harboring different repeat sizes. (B)-(C) Relative expression of AUG and C9-RAN 

translation from GA frames with 3, 35, and 70 repeats in Ctrl and DHX36 KD HeLa cells 

(B), and DHX36 WT and KO Jurkat cells. NLuc signal were normalized to AUG-FF. Data 

are represented as mean ±SD, n=9-12. One-way ANOVA were performed to compare 

the statistical differences between repeat length in DHX36 KD or KO cell lines. Two-tailed 

Student’s t-test with Bonferroni and Welch’s correction were then perform to confirm the 

differences between multiple comparison, *P < 0.05; **P < 0.01; ****P < 0.0001. 
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Figure 2-5. DHX36 overexpression enhances C9RAN reporter expression from 

G4C2 repeat RNA.  
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(A) Relative expression of AUG and C9-RAN translation when co-transfecting reporter 

RNA and overexpression of empty vector, WT or E335A DHX36 DNA plasmids in HeLa 

cells. Data are represented as mean ±SD, n=9. Two-tailed Student’s t-test with Bonferroni 

and Welch’s correction, *P < 0.05; ***P < 0.001; ****P < 0.0001. (B) Western blots analysis 

of co-transfected AUG and C9-RAN luciferase reporters in RNA and empty vector, 

DHX36 WT or DHX36 E335A DNA plasmids in HeLa cells. GAPDH was blotted as internal 

control. 
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Figure 2-6. Knockdown of DHX36 prevents stress dependent upregulation of 

C9RAN reporter expression.  

(A) Relative expression of RAN translation in G4C2 and CGG repeat treated with 2 µM 

thapsigargin or DMSO in Ctrl and DHX36 KD HeLa cells. NLuc (left) and FF (right) signal 

were represented as ratio of Thapsigargin treated cells to DMSO treated cells and  
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compared between Ctrl and DHX36 KD HeLa cells. (B) Immunoblots of G4C2 and CGG 

RAN luciferase reporters in Ctrl and DHX36 KD HeLa cells treated with 2 µM 

Thapsigargin. GFP was blotted as a transfection control and GAPDH was blotted as 

internal control. For panel A, data are represented as mean ±SD, n=6. two-way ANOVA 

was performed to discern effect of thapsigargin treatment across cell types. Two-tailed 

Student’s t-test with Bonferroni and Welch’s correction were performed to assess 

differences between individual groups. *P < 0.05; **P < 0.01; ****P < 0.0001. 
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Figure 2-7. Model of DHX36 modulation of C9 RAN translation 

DHX36 binds to G-quadruplex DNA and RNA structures. DHX36 aids transcription 

through large stretches of G4C2 repeat RNA in vitro but its effects in human cells with 

large repeats are unclear. Depletion of DHX36 decreases RAN translation from both CGG 

and C9-repeat reporters- both of which are capable of forming G-quadruplex structures- 

while increased DHX36 expression enhances C9RAN translation. These findings suggest 

a direct role for DHX36 in RAN translation of GC rich repeats. 
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Supplemental Figure 2-8. Total RNA quantification of in vitro transcription.  

The total density of each lane were quantified after subtraction to the background signal. 

Data are presented as ±SD, n=5(NLuc) - 6 (G4C2)70. Two-tailed pair t-test was performed 

to compared between with or without rDHX36, N.S. = not-significant. Two-way ANOVA 

was performed to compare differences between NLuc and (G4C2)70 experimental groups, 

**P < 0.005 

  

Supplemental Figure 1
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Supplemental Figure 2-9. Characterization of Control and DHX36 KD in HeLa 

cells. 

(A) Relative abundance of DHX36 mRNA in Ctrl and DHX36 KD HeLa cells as measured 

by qRT-PCR (normalized to GAPDH mRNA). Data are represented as mean ±SD, n=3. 

Two-tailed Student’s t-test with Bonferroni and Welch’s correction, **P < 0.01 (B) Western 

blots of DHX36 in Ctrl and DHX36 KD HeLa cells. GAPDH was blotted as internal control. 

(C) Immuno-fluorescent images of Ctrl and DHX36 KD HeLa cells expressing DHX36, 

scale bar = 10 µm. (D&E) Translation was monitored by puromycin incorporation and 

quantification was performed by normalizing puromycin to actin. Data are represented as 

mean ±SD, n=3. (F) Relative NLuc or FF signal normalized to DHX36 WT. One-way 

ANOVA comparing FF signal between DHX36 control and KD groups in different 

treatment conditions. Then two-tailed Student’s t-test with Bonferroni and Welch’s 

correction was further performed to test for statistical difference between AUG and C9-

RAN translation groups, N.S. = not-significant; *P < 0.05; ***P < 0.001; ****P < 0.0001. 
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Supplemental Figure 2-1. C9RAN reporter expression in DHX36 KD inducible 

HeLa cells. treated with DMSO or Doxycycline.  

Inducible DHX36 KD HeLa cells were treated with DMSO or Doxy prior plasmids 

transfection. (A) Relative expression of AUG and C9-RAN translation in GA (+0), GP (+1), 

and GR (+2) frames with 70 repeats. (B) Relative expression of AUG and C9-RAN 

translation from GA frames with 3, 35, and 70 repeats. NLuc signal were normalized to 

AUG-FF translation. Data are represented as mean ±SD, n=6. One-way ANOVA was 

performed to compare the statistical differences between repeat length in treatment of 

Doxycycline. Two-tailed Student’s t-test with Bonferroni and Welch’s correction, *P < 

0.05; ***P < 0.001; ****P < 0.0001. 
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Supplemental Figure 2-2. Generation of DHX36 Knockout Jurkat cell lines.   
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(A) PCR (top) and RT-PCR products (bottom) from primers flanking the DHX36 gRNA 

site (B) Alignment of Sanger sequencing data from PCR (top) and RT-PCR (bottom) 

products. gRNA targeting site was shaded in black. Arrow indicates the site of INDEL 

mutation. The DHX36 WT clone was identified and confirmed as a negative KO clone 

with genotype of the target gene identical to the parental cell line (INDEL:0/0). The DHX36 

KO clone was identified and confirmed with a 5 bp insertion on one allele and 6 bp 

insertion on the other allele at the targeted site (INDEL: +5/+6). (C) In vitro translation 

assay demonstrates knockout of DHX36 preferentially decreases C9-RAN translation 

compared to AUG-NLUC control. NLuc signal were normalized to DHX36 WT. Data are 

represented as mean ±SD, n=24. Two-tailed Student’s t-test with Bonferroni and Welch’s 

correction, **P < 0.01; ****P < 0.0001. 
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Supplemental Figure 2-3. DHX36 overexpression effect on C9RAN mRNA 

abundance from transfected plasmids.  

Relative expression of AUG and C9-RAN translation when co-transfecting reporter DNA 

and overexpression of empty vector, DHX36 WT or DHX36 E335A DNA plasmids in 

HeLa cells. Data are represented as mean ±SD, n=9. Two-tailed Student’s t-test with 

Bonferroni and Welch’s correction, *P < 0.05; **P < 0.01; ***P < 0.001. (B) qRT-PCR 

detecting NLuc mRNA from cells transfected with empty vector or DHX36 

overexpression in HeLa cells. Data are represented as mean ±SD, n=3. Two-tailed 

Student’s t-test with Bonferroni and Welch’s correction, not significant.   
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Supplemental Figure 2-4. Global protein translation in DHX36 KD HeLa cells 

under Thapsigargin stress.  

(A-B) Effect on protein synthesis under Tg stress was monitored by puromycin 

incorporation and quantification was performed by normalizing puromycin to actin. With 

treatment of Tg, there is a decrease on global translation. Data are represented as 

mean ±SD, n=3. One-way ANOVA compared between DMSO and Tg treated groups, 

**P < 0.01. 
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Chapter 3: Ribosomal Quality Control Factors Inhibit Repeat-Associated Non-

AUG Translation from GC-Rich Repeats 

 

This chapter is published as:  

Tseng, Yi-Ju, Indranil Malik, Xiexiong Deng, Amy Krans, Karen Jansen-West, Elizabeth 

M. H. Tank, Nicolas B. Gomez, Roger Sher, Leonard Petrucelli, Sami J. Barmada, and 

Peter Todd. 2023. “Ribosomal Quality Control Factors Inhibit Repeat-Associated Non-

AUG Translation from GC-Rich Repeats.” BioRxiv 2023.06.07.544135. doi: 

10.1101/2023.06.07.544135. 

 

3.1. 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 translational 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 
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CGG repeats while overexpression of these factors reduces RAN production in both 

reporter cell lines 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 elongation inhibits 

the generation of toxic RAN products. We propose augmenting RQC activity as a 

therapeutic strategy in GC-rich repeat expansion disorders. 

 

3.2. Introduction 

Short Tandem Repeat (STR) expansions cause more than 50 human 

neurodegenerative, neurodevelopmental, and neuromuscular disorders (Koob et al., 

1999; Lander et al., 2001; Liquori et al., 2001; Malik et al., 2021a; Nelson et al., 2013; 

Verkerk et al., 1991). Several STR expansions trigger a process known as repeat-

associated non-AUG (RAN) translation, which is a non-canonical initiation process 

whereby proteins are generated from repeats without an AUG start codon (Bañez-

Coronel et al., 2015; Cleary and Ranum, 2014, 2013; Gao and Richter, 2017; Green et 

al., 2016; Kohji Mori et al., 2013; Zu et al., 2018, 2011). RAN translation-generated 

proteins accumulate within neurons and in patient tissues and elicit toxicity in both cellular 

and animal disease models (Buijsen et al., 2016, 2014; Cleary and Ranum, 2013; 

Freibaum et al., 2015; Sellier et al., 2017; Todd et al., 2013; Xinmei et al., 2014). As at 

least 10 different neurodegenerative disease-associated STRs support RAN translation, 
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there is significant interest in identifying selective inhibitors and regulators of this non-

canonical translation process (Ash et al., 2013; Bañez-Coronel et al., 2015; Fujino et al., 

2023; Goodman et al., 2019; Ishiguro et al., 2017; Jovičić et al., 2015; Kong et al., 2022; 

Malik et al., 2021a; K. Mori et al., 2013; Soragni et al., 2018; Todd et al., 2013; Yamada 

et al., 2019; Zu et al., 2017). However, to date, the precise mechanisms that regulate 

RAN translation remain largely unknown. 

Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are inexorably 

progressive and fatal neurodegenerative disorders. The most common genetic cause of 

FTD and ALS is an expanded GGGGCC (G4C2) hexanucleotide repeat within the first 

intron of C9ORF72 (C9FTD.ALS)(DeJesus-Hernandez et al., 2011; Majounie et al., 2012; 

van der Zee et al., 2013). Fragile X-associated tremor/ataxia syndrome (FXTAS) 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 (F et al., 2012; Hagerman and 

Hagerman, 2021; Hagerman et al., 2001; Jacquemont et al., 2004). The repeats 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 (Asamitsu et 

al., 2021; Conlon et al., 2016; Fratta et al., 2012; Haeusler et al., 2014; Wang et al., 2019; 

Zamiri et al., 2014). Moreover, both repeat sequences support RAN translation (Ash et 

al., 2013; Cheng et al., 2018; Gendron et al., 2013; Green et al., 2017; Kohji Mori et al., 

2013; Sellier et al., 2017; Todd et al., 2013; Zu et al., 2013). Without an AUG start codon, 

RAN translation can occur in all possible reading frames from both sense and antisense 

transcripts (Krans et al., 2016; Zu et al., 2013). For example, G4C2 repeats in C9ORF72 
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generate GA (glycine-alanine, GA; +0 frame), GP (glycine-proline, GP; +1 frame), and 

GR (glycine arginine, GR; +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 (Kearse et al., 

2016; Zu et al., 2013). However, the efficiency 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 (Cheng et al., 2018; Green et al., 2017; Kearse 

et al., 2016; Sellier et al., 2017; Todd et al., 2013). While initial studies suggested that 

these differences might be due solely to near-cognate initiation 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 (Green et al., 2017; Kearse et al., 2016; Schwab et al., 2004; Tabet et al., 

2018; Zhang et al., 2022). 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 (Brandman and Hegde, 2016; Buskirk and Green, 2017; Ikeuchi et al., 

2019a; Inada, 2020; Matsuo et al., 2023; Wolin and Walter, 1988). Stalled ribosomes 

trigger a series of mRNA and protein surveillance pathways known collectively as 

ribosome-associated protein quality control (RQC) (Filbeck et al., 2022; Ikeuchi et al., 

2019b; Joazeiro, 2019; Lyumkis et al., 2014; Matsuo et al., 2017; Shao et al., 2015; 
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Shoemaker and Green, 2012). These quality control pathways ensure the fidelity of 

protein synthesis and degrade incompletely generated polypeptides 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 receptor for activated C kinase 

1 (RACK1, yeast Asc1) to dissociate the 80S ribosome (Garzia et al., 2017; Sitron et al., 

2017; Sundaramoorthy et al., 2017). 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) (Guydosh and Green, 

2014; Saito et al., 2013; Shoemaker et al., 2010). The PELO:HBS1L complex 

subsequently recruits ATP binding cassette subfamily E member 1 (ABCE1, yeast Rli1) 

to disassemble the ribosome (Pisarev et al., 2010; Pisareva et al., 2011). Separation of 

80S subunits releases 40S and 60S subunits. The 40S subunits contain the truncated 

mRNA, which is degraded by 5’ - 3’ exoribonuclease (XRN1) and the exosome complex 

(Orban and Izaurralde, 2005). 60S subunits entrapped with tRNA-bound nascent 

polypeptide leads are engaged by the ribosomal quality control (RQC) complex, which 

targets partially made nascent polypeptides for proteasomal degradation (Brandman et 

al., 2012; Defenouillère and Fromont-Racine, 2017; Hashimoto et al., 2020; Lyumkis et 

al., 2014; Matsuo et al., 2020; Shao et al., 2015; Yonashiro et al., 2016). Assembly of the 

RQC complex is initiated by the binding of nuclear export mediated factor (NEMF, yeast 

Rqc2), which recruits and stabilizes binding by the E3 ligase listerin (LTN1, yeast Ltn1) 

(Bengtson and Joazeiro, 2010; Doamekpor et al., 2016; Mizuno et al., 2021; Shen et al., 

2015; Yonashiro et al., 2016). NEMF also synthesizes carboxy-terminal alanine and 

threonine tails (CAT-tails) on partially made polypeptide chains (Kostova et al., 2017; 
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Lytvynenko et al., 2019; Sitron and Brandman, n.d.; Thrun et al., 2021). This pushes 

amino acids on the nascent chain out from the ribosomal exit tunnel and triggers their 

ubiquitination by LTN1 (Brandman et al., 2012; Juszkiewicz and Hegde, 2017; Shao et 

al., 2013; Shao and Hegde, 2014; Udagawa et al., 2021). The ubiquitin chains signal for 

recruitment of the valosin-containing protein (VCP, yeast Cdc48) (Defenouillère et al., 

2013; Verma et al., 2013). 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 (Su et al., 2019; Verma 

et al., 2018; Zurita Rendón et al., 2018).  

Previous studies demonstrated that ribosomes stall during the synthesis of C9 

ALS/FTD-associated GR and PR dipeptide proteins (Kriachkov et al., 2023; Park et al., 

2021; Radwan et al., 2020). 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 suggest that 

the GR protein may also interact with protein surveillance pathways through other means 

than its directed translation (Li et al., 2020; Park et al., 2021; Viera Ortiz et al., 2022). 

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 NEMF, LTN1, and ANKZF1 from the RQC pathway all act as 
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significant modifiers of RAN translation from GC-rich repeat RNAs. This is true for the 

generation of both GA and polyG polypeptides, even though both products contain no 

runs of charged amino acids. Consistent with translational stalling in these reading 

frames, we detected partially 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 repeat peptides. We see a similar effect that the RQC 

factor impacts 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 together, our results suggest that RQC factor engagement during 

translational elongation through GC-rich short tandem repeats directly impacts both RAN 

translation efficiency and product generation through a repeat RNA structure-dependent 

mechanism. Moreover, as modulating RQC factor abundance modulates RAN product 

abundance, targeted augmentation of RQC activity is an intriguing target for further 

therapeutic evaluation.  

 

3.3. Materials and methods 

3.3.1. Plasmids 

Plasmids and cloning primers used in this study and their sources are listed in 

Table 1. Primers and synthesized fragments used for cloning are listed in Table 2. ATG-

V5-GA69-NLuc-3xFLAG was generated by the insertion of an ATG-V5 fragment flanked 

with NheI/EcoRV upstream of Intron-(GGGGCC)70-NLuc-3xFLAG (GA frame). ATG-V5-

+1(CGG)101-NLuc-3xFLAG was generated by the insertion of an ATG-V5 sequence 

flanked by EcoRI and NarI upstream of +1(CGG)100-NLuc-3xFLAG (polyG frame). ATG-
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V5-(GGN)103 sequence was synthesized by GeneWiz with flanking restriction enzymes of 

EcoRI (5') and XhoI (3'). The synthesized sequence was inserted into the ATG-V5-

+1(CGG)101-NLuc-3xFLAG plasmid with EcoRI/XhoI to replace the ATG-V5-+1(CGG)101 

sequence. pBI-dsRED/hNEMF R86S was a gift from Roger Sher. WT hNEMF was 

generated by mutating the serine at site 86 to an arginine using Q5 site-directed 

mutagenesis (NEB, E0554S). pBI-dsRED empty vector was cloned using annealing 

primers flanked by NheI and EcoRV. pCMV3TAG8li-hRNF160-3FLAG was a gift from 

Martin Dorf (Addgene plasmid #159138). pCMV6-hANKZF1-Myc-FLAG was purchased 

from Origene, RC201054. All other reporter sequences have been previously published 

(Green et al., 2017; Kearse et al., 2016). 

 

Table 1. Plasmids information 

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)70-NLuc-3xFLAG 

(+0 polyGA frame) 
Green et al., 2017 N/A 

pcDNA3.1-Intron-(GGGGCC)70-NLuc-3xFLAG 

(+1 polyGP frame) 
Green et al., 2017 N/A 
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pcDNA3.1-Intron-(GGGGCC)70-NLuc-3xFLAG 

(+2 polyGR frame) 
Green et al., 2017 N/A 

pcDNA3.1-(CGG)100-NLuc-3xFLAG (+0 polyR 

frame) 
Kearse et al., 2016 N/A 

pcDNA3.1-(CGG)100-NLuc-3xFLAG (+1 polyG 

frame) 
Kearse et al., 2016 N/A 

pcDNA3.1-(CGG)100-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)69-NLuc-3xFLAG  

(polyGA frame) 
This paper N/A 

pcDNA3.1-ATG-V5-(CGG)101-NLuc-3xFLAG  

(polyG frame) 
This paper N/A 

pcDNA3.1-ATG-V5-(GGN)103-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-3TAG8li-hRNF160-3xFLAG (hLTN1) Addgene 159138 

pCMV6-hANKZF1-Myc-FLAG Origene RC201054 

 

Table 2. Primers and fragments for cloning 
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Plasmid Forward Reverse 

ATG-V5-GA69-

NLuc-3xFLAG 

5’-

ctagctagctagtagatgggtaagcctatcc

ctaaccctctcctcggtctcgattctacggat-

3’ 

5’-

cgtagaatcgagaccgaggagagggttag

ggataggcttacccatctactagctag-3’ 

ATG-V5-

+1(CGG)101-

NLuc-3xFLAG 

5’-

aattcgtagtatgggtaagcctatccctaac

cctctcctcggtctcgattctacgg-3’ 

5’-

cgccgtagaatcgagaccgaggagaggg

ttagggataggcttacccatactacg-3’ 

ATG-V5-

(GGN)103-

NLuc-3xFLAG 

5’-

aattcgtagtatgggtaagcctatccctaaccctctcctcggtctcgattctacggcgccgctgcc

agggggcgtgcggcagcgcggtggcggaggaggtgggggtggtggaggaggaggcggt

ggtggaggtggtgggggaggaggcggaggagggggtggtggtggcggcggtggaggag

gaggcggtggtggtggaggaggcggaggaggagggggtggaggaggaggtggcggtgg

tggtggaggaggcggaggaggaggtggcggtggtggaggtggcggtggagggggcggtg

gtggtggaggtgggggaggtggtggaggaggtggtggcggtggaggtggaggcggtggag

gaggaggtggcggaggcggtggtggaggaggaggttgggcc-3’ 

pBI-dsRED 5’-taggcggccgcatcgata-3’ 5’-ggtggctggatccctagc-3’ 

pBI-

dsRED/hNEM

F 

5’-gaagagtcggagattagtcagtg-3’ 5’-aaatgttttcggcacttc-3’ 

 



149 
 

3.3.2. 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. Transcribed RNA 

sequences are shown in Table 3. 

 

Table 3. DNA plasmid sequence used to synthesize RNA transcript 

Reporter 

name 
Sequence from T7 to PspOMI cut site 

ATG-V5-

NLuc-3xFLAG 

GGAGACCCAAGCTGGCTAGCGTTTAAACTTAAGCTTGGCAATC

CGGTACTGTTGGTAAAGCCACCATGGGTAAGCCTATCCCTAAC

CCTCTCCTCGGTCTCGATTCTACGGTCTTCACACTCGAAGATTT

CGTTGGGGACTGGCGACAGACAGCCGGCTACAACCTGGACCA

AGTCCTTGAACAGGGAGGTGTGTCCAGTTTGTTTCAGAATCTCG

GGGTGTCCGTAACTCCGATCCAAAGGATTGTCCTGAGCGGTGA

AAATGGGCTGAAGATCGACATCCATGTCATCATCCCGTATGAAG

GTCTGAGCGGCGACCAAATGGGCCAGATCGAAAAAATTTTTAA

GGTGGTGTACCCTGTGGATGATCATCACTTTAAGGTGATCCTGC
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ACTATGGCACACTGGTAATCGACGGGGTTACGCCGAACATGAT

CGACTATTTCGGACGGCCGTATGAAGGCATCGCCGTGTTCGAC

GGCAAAAAGATCACTGTAACAGGGACCCTGTGGAACGGCAACA

AAATTATCGACGAGCGCCTGATCAACCCCGACGGCTCCCTGCT

GTTCCGAGTAACCATCAACGGAGTGACCGGCTGGCGGCTGTGC

GAACGCATTCTGGCGGACTACAAAGACCATGACGGTGATTATAA

AGATCATGACATCGATTACAAGGATGACGATGACAAGTAAGGCC

GCGACTCTAGAG 

ATG-V5-GA69-

NLuc-3xFLAG 

GGGAGACCCAAGCTGGCTAGCTAGCTAGTAGATGGGTAAGCCT

ATCCCTAACCCTCTCCTCGGTCTCGATTCTACGGGATATCAAGA

TAGCGCCGGGGCCGGGGCCGGGGCCGGGGCCGGGGCCGGG

GCCGGGGCCGGGGCCGGGGCCGGGGCCGGGGCCGGGGCCG

GGGCAGGGGCCGGGGCCGGGGCCGGGGCCGGGGCCGGGGC

CGGGGCCGGGGCCGGGGCCGGGGCCGGGGCCGGGGCCGGG

GCCGGGGCCGGGGCCGGGGCCGGGGCCGGGGCCGGGGCCG

GGGCCGGGGCCGGGGCCGGGGCCGGGGCCGGGGCCGGGGC

CGGGGCCGGGGCCGGGGCCGGGGCCGGGGCCGGGGCCGGG

GCCGGGGCCGGGGCCGGGGCCGGGGCCGGGGCCGGGGCCG

GGGCCGGGGCCGGGGCCGGGGCCGGGGCCGGGGCCGGGGC

CGGGGCCGGGGCCGGGGCCGGGGCCGGGGCCGGGGCCGGG

GCCGGGGCCGGGGCCGGGGCCGGGCTGGAAGCTTGGCAATC

CGGTACTGTTGGTAAAGCCACCGGGGTCTTCACACTCGAAGAT

TTCGTTGGGGACTGGCGACAGACAGCCGGCTACAACCTGGACC
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AAGTCCTTGAACAGGGAGGTGTGTCCAGTTTGTTTCAGAATCTC

GGGGTGTCCGTAACTCCGATCCAAAGGATTGTCCTGAGCGGTG

AAAATGGGCTGAAGATCGACATCCATGTCATCATCCCGTATGAA

GGTCTGAGCGGCGACCAAATGGGCCAGATCGAAAAAATTTTTA

AGGTGGTGTACCCTGTGGATGATCATCACTTTAAGGTGATCCTG

CACTATGGCACACTGGTAATCGACGGGGTTACGCCGAACATGA

TCGACTATTTCGGACGGCCGTATGAAGGCATCGCCGTGTTCGA

CGGCAAAAAGATCACTGTAACAGGGACCCTGTGGAACGGCAAC

AAAATTATCGACGAGCGCCTGATCAACCCCGACGGCTCCCTGC

TGTTCCGAGTAACCATCAACGGAGTGACCGGCTGGCGGCTGTG

CGAACGCATTCTGGCGGACTACAAAGACCATGACGGTGATTAT

AAAGATCATGACATCGATTACAAGGATGACGATGACAAGTAAGG

CCGCGACTCGAGAG 

ATG-V5-

+1(CGG)101-

NLuc-3xFLAG 

GGAGACCCAAGCTGGCTAGCGTTTAAACTTAAGCTTGGTACCG

AGCTCGGATCCACTAGTCCAGTGTGGTGGAATTCGTAGTATGG

GTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACGGCG

CCGCTGCCAGGGGGCGTGCGGCAGCGCGGCGGCGGCGGCGG

CGGCGGCGGAGGCGGCGGCGGCGGCGGCGGCGGCGGCGGC

GGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCG

GCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGG

CGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGC

GGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCG

GCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGG
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CGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGC

GGCGGCGGCTGGGCCTCGAGGATATCAAGATCTGGCCTCGGC

GGCCAAGCTTGGCAATCCGGTACTGTTGGTAAAGCCACCGGGG

TCTTCACACTCGAAGATTTCGTTGGGGACTGGCGACAGACAGC

CGGCTACAACCTGGACCAAGTCCTTGAACAGGGAGGTGTGTCC

AGTTTGTTTCAGAATCTCGGGGTGTCCGTAACTCCGATCCAAAG

GATTGTCCTGAGCGGTGAAAATGGGCTGAAGATCGACATCCAT

GTCATCATCCCGTATGAAGGTCTGAGCGGCGACCAAATGGGCC

AGATCGAAAAAATTTTTAAGGTGGTGTACCCTGTGGATGATCAT

CACTTTAAGGTGATCCTGCACTATGGCACACTGGTAATCGACGG

GGTTACGCCGAACATGATCGACTATTTCGGACGGCCGTATGAA

GGCATCGCCGTGTTCGACGGCAAAAAGATCACTGTAACAGGGA

CCCTGTGGAACGGCAACAAAATTATCGACGAGCGCCTGATCAA

CCCCGACGGCTCCCTGCTGTTCCGAGTAACCATCAACGGAGTG

ACCGGCTGGCGGCTGTGCGAACGCATTCTGGCGGACTACAAA

GACCATGACGGTGATTATAAAGATCATGACATCGATTACAAGGA

TGACGATGACAAGTAAGGCCGCGACTCTAGAG 

ATG-V5-

(GGN)103-

NLuc-3xFLAG 

GGAGACCCAAGCTGGCTAGCGTTTAAACTTAAGCTTGGTACCG

AGCTCGGATCCACTAGTCCAGTGTGGTGGAATTCGTAGTATGG

GTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACGGCG

CCGCTGCCAGGGGGCGTGCGGCAGCGCGGTGGCGGAGGAGG

TGGGGGTGGTGGAGGAGGAGGCGGTGGTGGAGGTGGTGGGG

GAGGAGGCGGAGGAGGGGGTGGTGGTGGCGGCGGTGGAGGA
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GGAGGCGGTGGTGGTGGAGGAGGCGGAGGAGGAGGGGGTGG

AGGAGGAGGTGGCGGTGGTGGTGGAGGAGGCGGAGGAGGAG

GTGGCGGTGGTGGAGGTGGCGGTGGAGGGGGCGGTGGTGGT

GGAGGTGGGGGAGGTGGTGGAGGAGGTGGTGGCGGTGGAGG

TGGAGGCGGTGGAGGAGGAGGTGGCGGAGGCGGTGGTGGAG

GAGGAGGTTGGGCCTCGAGGATATCAAGATCTGGCCTCGGCG

GCCAAGCTTGGCAATCCGGTACTGTTGGTAAAGCCACCGGGGT

CTTCACACTCGAAGATTTCGTTGGGGACTGGCGACAGACAGCC

GGCTACAACCTGGACCAAGTCCTTGAACAGGGAGGTGTGTCCA

GTTTGTTTCAGAATCTCGGGGTGTCCGTAACTCCGATCCAAAGG

ATTGTCCTGAGCGGTGAAAATGGGCTGAAGATCGACATCCATG

TCATCATCCCGTATGAAGGTCTGAGCGGCGACCAAATGGGCCA

GATCGAAAAAATTTTTAAGGTGGTGTACCCTGTGGATGATCATC

ACTTTAAGGTGATCCTGCACTATGGCACACTGGTAATCGACGG

GGTTACGCCGAACATGATCGACTATTTCGGACGGCCGTATGAA

GGCATCGCCGTGTTCGACGGCAAAAAGATCACTGTAACAGGGA

CCCTGTGGAACGGCAACAAAATTATCGACGAGCGCCTGATCAA

CCCCGACGGCTCCCTGCTGTTCCGAGTAACCATCAACGGAGTG

ACCGGCTGGCGGCTGTGCGAACGCATTCTGGCGGACTACAAA

GACCATGACGGTGATTATAAAGATCATGACATCGATTACAAGGA

TGACGATGACAAGTAAGGCCGCGACTCTAGAG 
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3.3.3. Cell Culture and Transfections 

HEK293 cells were maintained at 37°C, 5% CO2 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 

2x105 cells/mL with 100 μL in 96-well or 500 μL 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 recommended protocol on the same day 

while seeding the cells. siRNA used for this paper are listed in Table 4. For effector 

plasmid transfection, 24 hr after seeding the cells at 50-60% confluency, 100 ng and 500 

ng of effectors were transfected in each well of 96-well and 24-well plate, respectively, 

with FuGeneHD (Promega, E2312), at a 3:1 ratio of FuGeneHD to DNA. Plasmid 

reporters were transfected into 70-80% confluent cells 48 hr 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 described above. Cells were harvested 24 hr 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. 

 

Table 4. siRNA Information 

siRNA target Source Sequence/ Cat#/ siRNA ID 

NanoLuc #2 Custom 

(NLuc) 
Horizon F: 5’-gguuacgccgaacaugaucgacuuu-3’ 
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R: 5’-Pagucgaucauguucggcguaaccuu-

3’ 

Negative Control No. 1 

Thermo silencer 

select 

4390843 

PELO s28807 

HBS1L s21151 

ABCE1 s12088 

XRN1 s29016 

RACK1 s20340 

ZNF598 s40509 

NEMF #1 s17483 

NEMF #2 s17484 

LTN1 #1 s25003 

LTN1 #2 s25002 

VCP s14765 

ANKZF1 #1 s30259 

ANKZF1 #2 s30260 

 

3.3.4. Luminescent Assays 

From a 96-well plate, cells were lysed with 60 μL 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 μL of the diluted NanoGlo substrate was added to 25 μL of cell 

lysate. To test cell viability, 25 μL of CellTiter-Glo (Promega, G7573) was added to 
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another 25 μL 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. 

 

3.3.5. Immunoblotting 

For HEK293, each well of cells from 24-well plates was lysed with 120 μL of RIPA buffer 

with protease inhibitor (Roche, 11836153001). All protein lysates were denatured with 

12% β-mercapto-ethanol in 6x SDS-loading dye, boiled at 95°C for 5 min. 20 μL 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 

probing 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 hr at room temperature. Bands were then visualized on film. Mild stripping (1.5% 

Glycine, 0.1% SDS, 1% Tween 20, pH to 2.2 with HCl) was performed with two 10 min 

incubations at room temperature. 

 

Table 5. Antibody Information 

Item WB Conc. Species Company 
Catalog 

number 
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FLAG M2 1:1000 mouse Sigma F1804 

V5 1:2000 mouse Abcam ab27671 

Tubulin 1:1000 mouse DSHB E7 

PELO 1:1000 rabbit Abcam ab154335 

HBS1L 1:1000 rabbit Thermo Fisher PIPA556241 

ABCE1 1:1000 rabbit Abcam ab32270 

XRN1 1:1000 rabbit Thermo Fisher PA5-41888 

RACK1 1:1000 rabbit Thermo Fisher MA5-34809 

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 

 

3.3.6. Immunoprecipitation 

Cells were lysed with NP40 lysis buffer (50 mM HEPES-KOH, 150 mM KCl, 0.5% 

NP40, 0.5 mM DTT, 2 mM EDTA, 1 mM PMSF, protease inhibitors) on ice and incubated 

at 4°C for 30 min. Lysates were cleared by centrifugation at 20,000 xg for 10 min at 4°C, 

and the supernatant was transferred into a new tube. Protein concentration for each 

sample was measured by BCA assay (Thermo Fisher, 23227). 1 mg of total protein was 

used for each immunoprecipitation. Each lysate was first incubated with 20 μL pre-

washed FLAG M2magnetic beads (Sigma, M8823), rotating at 4°C for 2 hr. Next, flow-

through was collected and incubated with pre-washed 20 μL of V5-Trap magnetic beads 
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(Proteintech, v5tma) rotating at 4°C for 2 hr. 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 absorbance 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. 

 

3.3.7. 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 previously 

characterized GMR-GAL4-driven UAS-(GGGGCC)28-EGFP reporter containing fly was 

used (He et al., 2020). NEMF knockdown 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 (Malik et al., 2021b). In brief, 

5-6 virgin female flies expressing the GMR-GAL4-driven UAS-(GGGGCC)28-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: orientation of bristles, presence of 

supernumerary bristles, ommatidial fusion, and disarray, presence of necrosis, and 

shrinkage 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 ImageJ in a blinded manner.  
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3.3.8. Maintenance of iPSCs and Differentiation into Forebrain-like Neurons (iNs) 

C9 patient-derived induced pluripotent stem cells (iPSCs; 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 passaged every 4-5 days using EDTA as described in 

Weskamp et al. (Weskamp et al., 2020). A doxycycline-inducible cassette for induced 

expression of Ngn1/2 was integrated into the CLYBL safe harbor locus of each line, as 

per Weskamp et al, enabling directed differentiation into forebrain-like glutamatergic 

iNeurons (iNs) (Busskamp et al., 2014; Cerbini et al., 2015; Habibey et al., 2022; 

Weskamp et al., 2020). Neural progenitor cells (NPCs) were frozen on day 2 of 

differentiation and stored in liquid N2 until needed. One day before plating NPCs (1x106 

cells/well in a 6-well plate), each well was coated overnight at 37°C with 1 mL of 100 

μg/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 hr. The remainder of the iNs differentiation 

procedure was as described in Weskamp et al. (Weskamp et al., 2020). 

 

3.3.9. Lentivirus Transduction 

Lentiviral shRNA plasmids against NEMF, LTN1, and ANKZF1 were purchased 

from Horizon Discovery. Lentiviral overexpression of NEMF and ANKZF1 was purchased 

from VectorBuilder (Table 6). Lentiviral overexpression of LTN1 was cloned with 

NEBuilder Gibson Assembly. In brief, the RPL22 sequence from the plasmid pLV-Ef1a-
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RPL22-3XHA-P2A-EGFP-T2A-Puro (gift from Hemali Phatnani, Addgene plasmid # 

170317) was removed by restriction enzymes digestion with EcoRI-HF and AgeI-HF. The 

human LTN1 was amplified from pCMV-3TAG8li-hRNF160-3xFLAG with primers 

(forward: 5’- tttgccgccagaacacaggaccggttaatctgcgctgccaccatgggcggz-3’, Reverse 5’-

aattcgtggcgccagatccgggctcgacatcgatgaaaaacg-3’) designed using NEBuilder Assembly 

Tool v2.7.1. pLV-Ef1a-hLTN1-3XHA-P2A-EGFP-T2A-Puro was generated by Gibson 

cloning with the hLTN1 fragment generated as described above. Lentiviruses were 

packed at the University of Michigan Vector Core with HIV lentivirus and then 10x 

concentrated in 10 mL of DMEM. A GFP vector control was purchased from the University 

of Michigan Vector Core. Transduction efficiencies as measured by GFP fluorescence 

were tested in HEK293 cells with 10 μg/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. 

 

Table 6. Lentiviral Constructs 

Plasmid Source Cat# 

Lenti-EV-GFP-VSVG UM Vector Core UMICHVC-YT-4612 

SMARTvector Lentiviral Human NEMF 

hEF1a-TurboGFP shRNA 
Horizon 

V3SH11240-

224809840 

SMARTvector Lentiviral Human LTN1 

hEF1a-TurboGFP shRNA 
Horizon 

V3SH11240-

226558312 
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SMARTvector Lentiviral Human ANKZF1 

hEF1a-TurboGFP shRNA 
Horizon 

V3SH11240-

224939332 

pLV-EGFP-EF1A-hNEMF [NM_004713.6] VectorBuilder VB221216-1307gkc 

pLV-EF1A-hLTN1-3XHA-P2A-EGFP-

T2A-Puro 
This paper N/A 

pLV-EGFP-EF1A-hANKZF1 

[NM_001042410.2] 
VectorBuilder VB900124-1663tuj 

 

3.3.10. GP MSD 

From a 6-well plate, cells were washed with 1x PBS on ice and then harvested by 

scraping with 200 μL of Co-IP buffer (50 mM Tris-HCl, 300 mM NaCl, 5 mM EDTA, 0.1% 

triton-X 100, 2% SDS, protease inhibitors, phosphoSTOP) on ice. Lysates were passed 

through a 28.5G syringe 10 times, spun at 16,000 xg for 20 min at 15°C, and then the 

supernatant was collected. Levels of polyGP proteins in cell lysates were measured using 

the Meso Scale Discovery (MSD) electrochemiluminescence detection technology as 

previously described (Andrade et al., 2020). Briefly, a purified mouse monoclonal polyGP 

antibody was used as both the capture and detection antibody (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 duplicate 

in a blinded fashion. For each well, the intensity of emitted light, which is reflective of GP 
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abundance and presented as arbitrary units, was acquired upon electrochemical 

stimulation of the plate. 

 

3.3.11. Quantitative Real-time Reverse Transcription PCR (qRT-PCR) 

RNA from iN lysates was isolated and collected using Quick-RNA MiniPrep Kit 

(Zymo Research, R1054). 2 μg of RNA per sample was treated with 2 U of TURBO DNase 

(Thermo Fisher Scientific, AM2238) for 30 min at 37°C twice to remove contaminating 

genomic and plasmid DNA, and then recovered 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 mixture 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 iQ5 qPCR system (Bio-

Rad), and the appropriate primers at 100 nM. Primer information is listed in Table 7. 

cDNA abundance was quantified using a modified ΔΔCt method recommended by the 

manufacturer. 

 

Table 7. Primer sets for qRT-PCR 

Primer name Sequence Source 

C9 Intron-F 5’-ctccccactacttgctctcacagta-3’ Rodriguez et al., 2021 

C9 Intron-R 5’-tagcgcgcgactcctgagttcca-3’ Rodriguez et al., 2021 

NEMF-F 5’-aacttgcggtagtgaccctc-3’ This paper 

NEMF-R 5’-attcagctccgcgagtacg-3’ This paper 
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LTN1-F 5’-tgtccaagccaaacctcttga-3’ This paper 

LTN1-R 5’-ggacatgccttggttaga-3’ This paper 

ANKZF1-F 5’-gcagaaatccggcaatcgac-3’ This paper 

ANKZF1-R 5’-gcccttagaagacgcaccaa-3’ This paper 

GAPDH-F 5’-aaggtgaaggtcggagtcaa-3’ Tseng et al., 2021 

GAPDH-R 5’-ggaagatggtgatgggattt-3’ Tseng et al., 2021 

 

3.3.12. Polysome Profiling 

HEK293 cells at 85-95% confluency in a 15 cm culture dish were treated with 100 

μg/mL cycloheximide (CHX) for 5 min at 37°C. The culture dish was placed on ice, 

washed with 5 mL ice-cold PBS containing 100 μg/mL CHX, harvested by scraping with 

another 5 mL cold PBS + CHX, and centrifuged at 1200 xg 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 μg/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 sec, passed through a 21G needle 10 times, and incubated on ice 

for 5 min. Cellular debris was pelleted at 14,000 xg 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-HCl (pH 7.5), 150 mM NaCl, 



164 
 

15 mM MgCl2, 10 U/mL SUPERase, 20 U/mL murine RNase inhibitor, 100 μg/mL CHX, 

and 1 mM DTT. Before use, gradients were thawed and linearized overnight at 4°C. For 

fractionation, approximately 50 μg total RNA was applied to the top of the sucrose 

gradient. Gradients were spun at 35,000 rpm at 4°C for 3 hr using a Beckman Coulter 

Optima L-90 K ultracentrifuge and SW 41 Ti swinging-bucket rotor. Gradients were 

fractionated with Brandel’s Gradient Fractionation System, measuring absorbance at 254 

nm. The detector was baselined with 60% sucrose chase solution 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. 

 

3.3.13. Data Analysis 

Prediction of RNA structure and calculation of the minimum free energy was 

computed by The Vienna RNA Websuite, RNAfold 2.5.1. (Gruber et al., 2008). Statistical 

analyses were performed with GraphPad Prism9.5.1. All luciferase activity was calculated 

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-tests with Welch's correction for multiple 

comparisons to confirm the statistical difference between control and multiple 

experimental groups within each sample. To assess group effects, we used a two-way 

ANOVA with Sidak’s multiple comparison tests to compare the differences between 

groups within different samples. Fly eye necrosis and width measurements were done 

with reviewer genotype- blinded analysis by at least two independent investigators to 

avoid subjective bias. Fly eye width measurement was performed with ImageJ 
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(www.imagej.nih.gov/ij/). Experiments were performed with a minimum of three 

independent biological samples (n > 3) with technical replication 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 included in figure 

legends including the numbers of analyzed samples, statistical tests, and P values.  

3.3.14. Data Availability 

All data points are included in the main figures or supplementary data. Raw data 

used for figure generation are available upon request. 

 

3.4. Results 

3.4.1. RQC Pathway Factor Depletion Enhances RAN Translation from GC-Rich 

Repeat Sequences 

Slowing or stalling of translational elongation can result in ribosomal collisions and 

engagement of ribosomal quality control pathways. He hypothesized that GC-rich 

repetitive elements would be prone to such events. We therefore performed a targeted 

modifier screen at two disease-associated repetitive elements (G4C2 hexanucleotide or 

CGG trinucleotide repeats) for factors involved in mRNA and protein surveillance 

pathways to evaluate their role in regulating RAN translation (Figure 3.1A). Specifically, 

we assessed the impact of lowering expression of RNA degradation pathway factors 

PELO, HBS1L, ABCE1, and XRN1; ribosome stalling sensing factors RACK1 and 

ZNF598, or RQC pathway factors NEMF, LTN1, VCP, and ANKZF1. Our group previously 

generated a series of RAN translation-specific nano-luciferase reporters for both G4C2 
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repeats and CGG repeats (Figure 3.1B) (Green et al., 2017; Kearse et al., 2016). We 

used those well-characterized reporters for the screen. Validation of gene knockdown for 

each factor was confirmed by immunoblotting (Figure S3.1). For factors involved in 

Ribosome associated RNA degradation, depletion of XRN1 increased RAN translation at 

both G4C2 and CGG repeats, while depletion of HSB1L selectively increased RAN 

translation from CGG repeats (Figure 3.1C). However, the largest effect was observed 

for factors involved in the RQC pathway that classically engages the ribosomes after stall 

detection and ribosome splitting. Depletion of NEMF, LTN1, or ANKZF1 markedly and 

selectively increased the accumulation of RAN translation products from both G4C2 and 

CGG repeats, with increases between 2 and 5-fold compared to a non-targeting siRNA 

control. We, therefore, focused our attention on these RQC pathway factors and their 

effect on RAN translation. 

3.4.2. NEMF, LTN1, and ANKZF1 Effects on RAN Translation are Repeat Length-

dependent 

Previous studies found that knockdown of NEMF and LTN1 can increase the 

production of GR and PR DPRs from non-GC-rich sequences (Park et al., 2021; Viera 

Ortiz et al., 2022). This difference was thought to result from the positively charged 

arginine residues in PR and GR DPR tracks, which can interact with the ribosome exit 

tunnel to elicit ribosomal stalling (Kriachkov et al., 2023; Loveland et al., 2022; Radwan 

et al., 2020). However, RNA secondary structures can also elicit ribosomal stalling 

(Kumari et al., 2007; Schaeffer et al., 2001; Wieland and Hartig, 2007). As GC-rich 

repeats form stable secondary structures and the RNA helicases that resolve these 

structures are implicated in RAN translation (Cheng et al., 2019; Linsalata et al., 2019; 
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Liu et al., 2021; Tseng et al., 2021), we hypothesized that ribosome stalling would occur 

during RAN translation from GC-rich repeats, leading to RQC pathway activation. To 

assess this, we first validated the effects of NEMF, 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 similar increases in GA DPR RAN production from 

G4C2 and CGG repeats (Figure 3.2, Figure S3.2A-C). We next assessed whether this 

impact by RQC factors was dependent on the length of the G4C2 repeat. At 35 G4C2 

repeats, we did not see any effect of NEMF knockdown on GA frame RAN translation, 

suggesting repeat-length dependence (Figure 3.2A, 2B). Similarly, the depletion of LTN1 

significantly increased RAN translation from both GA35 and GA70 repeat reporters, but 

the effect on the larger repeat was greater (Figure 3.2C). As NEMF helps recruit LTN1 

to assemble the RQC complex, 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 LTN1 together, we observed a mild additive effect, with slightly more RAN translation 

production from GA35, GA70, GP70, and GR70 reporters (Figure 3.2D). Similarly, the 

depletion of ANKZF1 had a modest effect on translation from an AUG reporter with no 

repeat and from our GA35 reporter, but a larger effect on product generation from the 

GA70 reporter (Figure 3.2E). 

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 

3.2A). Knockdown of NEMF increased RAN from (G4C2)70 sequences in all 3 reading 
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frames (Figure 3.2B). Similarly, the knockdown of LTN1 increased RAN product 

accumulation from (G4C2)70 sequences in GA, GP, and GR frames (Figure 3.2C). When 

we knocked down both NEMF and LTN1 together, we observed a mild additive effect, 

with more production from GA35, GA70, GP70, and GR70 RAN reporters compared to 

controls (Figure 3.2D). This suggests that NEMF and LTN1 are functioning on the same 

pathway in RAN translation. Knockdown of ANKZF1 significantly increased RAN 

production from (G4C2)70 sequences in all three reading frames, with greater effects on 

the GR frame (Figure 3.2E). Taken together, these data suggest that depleting RQC 

factors increase RAN translation in a repeat length-dependent but repeat reading-frame 

independent fashion.  

3.4.3. 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 (Juszkiewicz 

and Hegde, 2017). In this set up ‘stalling’ events are measured by detecting the signal of 

one (stalled/truncated) or both reporters (full-length). However, such truncated products 

would not be detectable by either carboxyl-terminal nano-luciferase (NLuc) signal or 

FLAG tag western blots. We, therefore, generated a new set of reporter constructs with 

an AUG-initiated V5 tag at the amino-terminus of 69 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 3.3A). To avoid the generation of potentially 
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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 3.3B). We detected partially made products, 

approximately 10-15 kDa in size, only with the V5 antibody for both GA (Figure 3.3C) and 

polyG (Figure 3.3D). In contrast, constructs lacking the GC-rich repeats did not generate 

any partially made products (Figure S3.3A-C). These data suggest that ribosome stalling 

presumably occurs during translational elongation from GC-rich repeats - even when the 

protein products from those repeats lack arginine or similarly charged amino acids. 

To assess whether NEMF, LTN1, or ANKZF1 might affect the generation 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 

increase in both the abundance of the full-length products and the truncated products 

after double knockdown of NEMF + LTN1 or after knockdown of ANKZF1 from both 

(G4C2)69 and (CGG)100 repeats (Figure 3.4A-D). However, we do not see any change 

in the expression or generation of products from a no-repeat control (Figure S3.3B-C). 

These observations suggest that short/stalled products are generated normally during 

translation through GC-rich repeats and that their abundance is impacted by RQC factor 

abundance. 
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3.4.4. Repeat RNA Sequence Determines the Impact of RQC Factor Depletion. 

Prior studies are conflicted as to whether GA DPRs generated from non-repetitive 

mRNA sequences induce ribosomal stalls (Park et al., 2021; Viera Ortiz et al., 2022). Our 

data suggests that the repeat RNA sequence and structure may be sufficient to elicit 

ribosomal stalling and RQC activation (Figure 3.3, 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 3.5A-B). Glycine 

is encoded by GGN, where N is any nucleotide. Therefore, we generated constructs with 

identical AUG initiation codons above either a GGC repeat or a GGN repeat that should 

not form a strong hairpin structure (Figures 3 5A-C). Both constructs will generate the 

same polyG-containing protein that we can measure using NLuc (Figure 3.5C). 

Compared to a non-targeting siRNA control, depletion of NEMF, LTN1, or ANKZF1 

significantly enhanced the production of the polyG protein from the AUG-V5-(CGG)101 

reporter, which suggests that the modulation of these factors is acting primarily at the 

stage of translational elongation rather than RAN translational initiation. In contrast, 

depletion of either NEMF or LTN1 had no impact on polyG protein generation from the 

AUG-V5-(GGN)103 construct or an AUG-V5-NLuc no-repeat control (Figure 3.5D). 

Depletion of ANKZF1 did modestly enhance polyG production from the AUG-V5-

(GGN)103 construct, but the effect was significantly weaker than that seen for polyG 

protein production from the AUG-V5-(CGG)101 reporter (Figure 3.5D). Together, these 

results suggest that the repeat sequence plays a key role in eliciting ribosomal stalling 

and the interplay of RQC factors with CGG repeat translation. 
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3.4.5. Depletion of NEMF and ANKZF1 Aggravates Toxicity in Drosophila Model of 

C9 FTD/ALS. 

A prior study demonstrated a worsening of rough eye phenotypes with depletion of NEMF 

in Drosophila expressing dipeptide GR or PR from constructs lacking a G4C2 repeat, 

which again suggested a direct role for serial arginine translation in RQC pathway 

activation (Li et al., 2020; Park et al., 2021). To assess the impact of modulating RQC 

factor expression on G4C2 repeat-associated phenotypes in vivo, we utilized an 

established Drosophila model of C9ALS/FTD that supports RAN translation from G4C2 

repeats and elicits significant toxicity resulting in a rough eye phenotype when expressed 

using a GMR-GAL4 driver (He et al., 2020). Genetic ablation of NEMF led to a more 

severe rough eye phenotype compared to the control cross in both NEMF depletion lines 

(Figure 3.6A). 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 

(Green et al., 2022; Malik et al., 2021b). Depletion of NEMF mitigated this decrease in 

eye width (Figure 3.6B). Together these data suggest that depletion of NEMF enhances 

G4C2 repeat elicited toxicity in Drosophila.  

3.4.6. Depletion of NEMF and ANKZF1 Enhances RAN Translation in C9ORF72 

Human Neurons 

We next assessed whether modulating RQC factors also influence RAN translation 

product accumulation from the endogenous repeat locus in C9ORF72 ALS patient-

derived neurons. To this end, we utilized a well-characterized pair of C9 patient iPSC-

derived iNeurons (iN) with an accompanied isogenic control line (Sareen et al., 2013). 

These iN lines contain a doxycycline-inducible Ngn1/2 cassette that allows for rapid 
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neuronal differentiation (Busskamp et al., 2014). After two weeks of differentiation, we 

harvested cell lysates and performed an MSD assay to measure GP DPR product 

abundance (Figure 3.6C). In parallel, we performed 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 compared to isogenic controls 

differentiated in parallel, suggesting that there could be a compensatory upregulation of 

RQC machinery elicited by the repeat expansion (Figure 3.6D, E). There was no change 

in LTN1 transcript abundance between these C9ALS iNeurons and their isogenic control 

(Figure 3.6F).  

As expected, we were able to reliably measure GP DPR abundance in C9ALS 

iNeurons but not in isogenic control neurons across multiple differentiations (Figure 3.6G-

I). To assess whether altering RQC factor abundance could impact endogenous RAN 

product abundance, we utilized lentiviral delivery of shRNAs against each factor. In line 

with our reporter 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 3.6G, H). However, the depletion of LTN1 did not significantly 

impact GP DPR abundance (Figure 3.6I). The RQC pathway typically pairs with the 

mRNA surveillance pathway after the separation of 80S ribosomes into 40S and 60S 

subunits to degrade the template mRNA. Therefore, 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 C9RNA that contains the repeat, 

we observed a modest increase of C9 transcript abundance with depletion of NEMF or 

LTN1 (Figure S3.4A-B). However, we observed no effect on the depletion of ANKZF1 
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compared to a lentiviral control (Figure S3.4C). Taking our data together with the 

previous study, whether the activation of RQC degraded the C9 RNA is still unclear (Park 

et al., 2021).   

3.4.7. 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 wondered if boosting NEMF, LTN1, or ANKZF1 

expression in cells might suppress RAN translation or lower RAN product accumulation. 

To assess this, we overexpressed each of the RQC factors (NEMF, LTN1, and ANKZF1) 

in conjunction with the AUG-driven no repeat control, G4C2 GA reporter, or the CGG 

polyG reporter. Overexpression of NEMF and LTN1 decreased both GA and polyG RAN 

product accumulations (Figure 3.7A-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 3.7C). In 

contrast, overexpression of ANKZF1 did not significantly decrease polyG RAN product 

abundance (Figure 3.7D). Next, we transduced C9 patient iPSC-derived iNeurons (iN) 

with lentivirus expressing hNEMF, hLTN1, or hANKZF1 and subsequently measured the 

GP DPR abundance (Figure 3.6C). 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 

expression (Figure 3.7G). Notably, overexpression of NEMF, LTN1, or ANKZF1 did not 

affect C9 intronic transcript abundance (Figure S3.4D-F). Taken together, these data 
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suggest modulation of RQC factors can directly impact RAN product accumulation from 

both reporters and endogenous loci in patient-derived neurons.  

 

3.5. Discussion 

Transcribed GC-rich short tandem repeat expansions in C9ORF72 and FMR1 form 

strong RNA secondary structures as either RNA hairpins or G-quadruplexes (Asamitsu 

et al., 2021; Fratta et al., 2012; Fry and Loeb, 1994; Haeusler et al., 2014; Wang et al., 

2019). These structures are critical for repeat-associated non-AUG (RAN) translation 

(Cheng et al., 2018; Chiang et al., 2001; Green et al., 2017; Kearse and Todd, 2014; 

Sonobe et al., 2018; Todd et al., 2013; Zu et al., 2011). mRNA secondary structures can 

impede elongating ribosomes leading to stalling or collision, and activation of? ribosome-

associated quality-control pathways (Hashimoto et al., 2020; Ikeuchi et al., 2019b; Inada, 

2020; Joazeiro, 2019). To understand how these pathways interplay with RAN translation 

across GC-rich repeat 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 translation 

on G4C2 mRNA repeats in the GA frame and CGG repeats in the polyG frame. Depletion 

of NEMF, LTN1, and ANKZF1 increased the abundance of RAN products while 

overexpression decreased detectable RAN products, with similar genetic compensation 

effects at endogenous loci in human C9 patient-derived neurons (iNs). Intriguingly, these 

same factors are upregulated in C9 iNs, suggesting that these pathways 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, 
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suggesting peptide release associated with RQC degradation pathways activated during 

repeat translation. Importantly, these effects are mediated not by alterations in the 

initiation rates (as they persist even when initiation is driven with an AUG initiation codon) 

or by the charge of the amino acids associated with the peptides (both GA and polyG are 

uncharged), but by the mRNA structures themselves, as we can abrogate this genetic 

interaction by changing the repeat sequence to diminish the predicted RNA hairpin 

structures formed by the CGG repeat element. These data suggest a role for RQC 

pathways in both RAN translation and AUG-initiated translation of GC-rich structured 

repeat RNAs, with implications for disease pathogenesis and therapeutic development in 

this currently untreatable class of disorders. 

Several studies implicate RQC activation as associated with neuronal death and 

human neurodegenerative diseases(Li et al., 2023; Lu, 2023; Rimal et al., 2021; Udagawa 

et al., 2021; Wu et al., 2019, 2018). NEMF mutations in mice are sufficient to trigger 

neurodegenerative phenotypes and variants of NEMF in humans are associated with 

neuromuscular disease (Ahmed et al., 2021; Martin et al., 2020). LTN1 mutations in mice 

also trigger movement disorder phenotypes and motor neuron degeneration (Chu et al., 

2009). Factors from protein surveillance pathways directly associate with ALS/FTD-

causing toxic arginine-rich dipeptide repeat (DPR) proteins, GR, and PR (Li et al., 2020; 

Loveland et al., 2022; Park et al., 2021; Viera Ortiz et al., 2022). AUG-initiated arginine-

rich proteins from GR and PR encoding RNAs induce ribosomal stalling in an RNA-

independent and DPR protein length-dependent manner in both mammalian cells and 

GR and PR DPR protein-expressing flies (Kriachkov et al., 2023; Mizielinska et al., 2014). 

In these cases, ZNF598, NEMF, and LTN1 regulate the expression of GR protein in a 
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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 DPR protein due to the 

charged arginine residue. Importantly, in these studies, AUG-initiated translation of a GA 

or GP sequence from a non-repetitive sequence was insufficient to elicit ribosomal 

stalling. In contrast, here, we observe evidence for ribosomal stalling impacting the 

expression of GA, GP, and GR generated through RAN translation on G4C2 repeat 

transcripts that include the native upstream endogenous intronic sequence of C9ORF72. 

We also demonstrate that polyG RAN translation from CGG repeats but not AUG-initiated 

translation of polyG from a non-repetitive sequence is highly sensitive to RQC factor 

expression manipulation. As such, our findings suggest that RNA secondary structure 

formed by GC-rich STRs contributes to ribosomal stalling and activation of downstream 

surveillance mechanisms. As RAN translation can proceed in multiple reading frames on 

the same repeat simultaneously, our data cannot rule out a second contribution to 

ribosomal 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 systems encoding two 

fluorescent proteins to assess translation elongation stalling (Juszkiewicz and Hegde, 

2017). In these assays, the efficiency of the translation is measured by the ratio of two 

fluorescent proteins by flow cytometry. However, on GC-rich repeats, the relative loss of 

expression from a C-terminal tagged fluorescent protein could also result from 

translational frameshifting, which occurs on both CGG and G4C2 repeats (Tabet et al., 

2018; Wright et al., 2022). In addition, fluorescent protein systems cannot exclude a 

contribution to C-terminal tag fluorescent protein expression from internal ribosome entry 
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site (IRES) initiation within these GC-rich repeats as is proposed as a potential 

mechanism for RAN translation at both CGG and G4C2 repeats (Cheng et al., 2018; 

Chiang et al., 2001; Sonobe et al., 2018). To overcome these limitations, we used an N-

terminal AUG-V5 tag above G4C2 and CGG repeats to successfully detect short, 

truncated V5-tagged peptides, which are likely to be released from stalled ribosomes and 

are resistant to degradation. We also observed that the accumulation of these short 

peptides is modulated by genetic manipulation of RQC factor expression. 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 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 conserved 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 (Inada, 2019; Izawa et al., 2017; Kuroha et al., 2018; Verma et al., 2018; Yip et 

al., 2019; Zurita Rendón et al., 2018). In addition, Vms1 in yeast may have additional 

roles related to ribosomal stalling that are independent of the canonical RQC pathway, as 

it can cleave peptidyl-tRNA chains on the leading stalled ribosome independent of 40S 

and 60S subunit splitting (Verma et al., 2018). Consistent with this earlier role in stall 

resolution, Vms1 is found across the entire gradient in yeast polysome profiles, 

suggesting an association with polysomes as well as isolated and split 60S subunits 



178 
 

(Verma et al., 2018). In the absence of ANKZF1, as with other RQC factors, 60S subunits 

cannot be recycled for further rounds of translation, leading to a decrease in global 

translation (Figure S5). 

In this work, we highlight NEMF, 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 translational stalling occurs within 

the short tandem repeat region of these mRNAs. We propose that these stalled 

ribosomes are triggered by the mRNA repeat secondary structure and that they recruit 

RQC complexes to assist with ribosomal recycling and clearance of aberrant mRNA and 

proteins (Joazeiro, 2019). How exactly this ribosomal recycling and clearance would work 

on repeats, however, is somewhat unclear. Classically, the RQC pathway degrades 

nascent peptide chains after ribosomal splitting and disassembly through a process that 

is CAT-tailing and NEMF-dependent (Lytvynenko et al., 2019; Sitron and Brandman, 

n.d.). This CAT-tailing is thought to allow for lysine residues to exit the ribosome and then 

be (Kostova et al., 2017; Sitron and Brandman, n.d.) ubiquitinated in an LTN1-dependent 

fashion to allow for targeting of nascent peptide chain to proteasomal degradation 

(Juszkiewicz and Hegde, 2017; Kuroha et al., 2018; Matsuo et al., 2023, 2017; Shao et 

al., 2013). However, there is no lysine 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 available lysine, we 

hypothesize that even when RQC pathways are triggered during RAN translation, the 

truncated products generated by RQC processing will likely be resistant to ubiquitination 
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and degradation. What roles such truncated degradation-resistant products might play in 

repeat-associated toxicity will be an important future research direction. 

Carboxyl-terminal reporters are often used to measure the efficiency of RAN 

translation initiation in different settings (Cheng et al., 2018; Green et al., 2017; Kearse 

et al., 2016). These approaches face a limitation in that they assume translational 

elongation is held constant across reporters. 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 similar results from 

both reporters using such a C-terminal tag reporter 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 factors (Figure 4) suggests that ribosomal stalling triggers one of two possible 

events. First, the surveillance pathway might still be triggered, leading to removal of 

stalled or collided ribosomes from the repeat mRNA but a failure to clear the nascent 

peptides from the 60S subunit. This would result in accumulation of those stall products 

and their detection on a denaturing gel. If the repeat mRNA is not degraded during this 

process, then removal of stalled ribosomes would also allow trailing ribosomes to 

complete translation through the entire repeat at increased rates, resulting in greater C-

terminal reporter signal. Alternatively, the lack of RQC factors may create a longer time 

window during which stalled ribosomes can resume elongation through the repeat without 
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engagement of the RQC machinery. As such, more ribosomes would make it to the C-

terminal reporter and generate complete products. 

In summary, we find that RQC pathways inhibit accumulation of RAN translation 

products generated from GC-rich transcripts. Depletion of NEMF, LTN1, and ANKZF1 

increases the accumulation of proteins made via RAN translation from GC-rich transcripts 

while overexpression of NEMF, LTN1, and ANKZF1 decreases the production of these 

proteins. These data suggest that augmenting RQC activity could have therapeutic 

benefits in GC-rich nucleotide repeat expansion diseases and that translational 

elongation needs to be considered in studies of RAN translation and other initiation-

dependent processes. 
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3.7. Figures 

 

 

Figure 3-1. NEMF, LTN1, and ANKZF1 act as genetic modifiers of RAN translation 

from G4C2 and CGG repeats.  

(A) Schematic of mRNA and protein surveillance pathways(Joazeiro, 2019).(B) 

Schematic of luciferase reporters used to assess RAN translation product abundance. 

(C) Targeted screen of factors involved in mRNA and protein surveillance pathways. The 

relative expression of NLuc to cell titer was compared to a non-targeting siRNA control 

(NTC). Data represent mean with error bars ± SEM of n = 6 cross at least 2 independent 
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experiments ns = not significant; *P < 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001, 

multiple unpaired t-test after Welch’s correction.  



184 
 

 

 

Figure 3-2. Depletion of NEMF, LTN1, and ANKZF1 enhances G4C2 C9 RAN 

translation in a repeat length-dependent manner across all reading frames.  

(A) Schematic AUG-driven NLuc-3xFLAG and C9 RAN G4C2 repeat length and reading 

frame reporters. (B-E) Luciferase assays after NEMF, LTN1, both NEMF and LTN1 or 

ANKZF1 depletion. All graphs show mean with error bars ± SD. Each N is shown as an 

open circle (n=6-9/group). Asterisks above each bar are comparisons of expression 

between NTC and gene(s) knockdown. ns = not significant; *P < 0.05; **P ≤ 0.01; ***P ≤ 
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0.001; ****P ≤ 0.0001, as determined with two-way ANOVA with Sidak’s multiple 

comparison test. Asterisks placed inside each bar are comparisons between AUG-driven 

no-repeat control and different repeat lengths of the GA frame of cells treated with gene(s) 

knockdown. ns = not significant; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001, represent 

unpaired t-tests with Welch's correction for multiple comparisons. 
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Figure 3-3. Detection of partially made products translated from GC-rich 

transcripts.  

(A) Schematic of AUG-V5-(G4C2)69-NLuc-3xFLAG in GA frame and AUG-V5-

+1(CGG)101-NLuc-3xFLAG in polyG frame. (B) FLAG and V5 IP workflow to enrich for 

incomplete products generated from GC-rich transcripts. 3xFL: 3xFLAG (C-D) V5 

antibody IP reveals short/stalled products (line next to the blot) that are generated from 

G4C2 (panel C) or CGG repeats (panel D) that do not contain the carboxyl-terminal FLAG 

tag. FT: Flow-through. 
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Figure 3-4. Depletion of NEMF, LTN1, and ANKZF1 enhances the generation of both 

full-length and partially made GA and polyG products from GC-rich transcripts.  

(A-D) Immunoblots of HEK293 cells transfected with in vitro synthesized G4C2 (GA 

frame) and CGG repeat RNA reporters (polyG frame) in the presence and absence of 

NEMF + LTN1, and ANKZF1. Samples were processed as in Figure 3B. Blots represent 

two biological replicates. Lines next to the blots indicate short/stalled product products. 
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Figure 3-5. Enhancement of polyG production with NEMF, LTN1, and ANKZF1 

depletion requires the CGG repeat RNA structure.  

(A-B) Prediction of the optimal RNA secondary structure and calculation of the minimum 

free energy in CGG101 and GGN103 repeats. Only the repeat region from each repeat was 

used to predict the RNA secondary structure and calculate the minimum free energy. The 

results were computed by RNAfold 2.5.1. (C)Schematics of AUG-V5-NLuc-3xFLAG, 

AUG-V5-+1(CGG)101-NLuc-3xFLAG, and AUG-V5-(GGN)103-NLuc-3xFLAG transcripts. 
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(D) Knockdown of NEMF, LTN1, and ANKZF1 in HEK293 with no-repeat control, polyG 

from GGN repeats, and CGG repeats RNA transfection. Data represent means with error 

bars ±SD of n = 12, ns = not significant; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001 by Tukey's 

multiple comparisons tests. The statistic result placed in the legend is group comparisons 

by two-way ANOVA Sidak’s multiple comparisons tests. 
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Figure 3-6. Depletion of NEMF enhances repeat-associated toxicity in a fly model 

of C9 ALS/FTD and DPR accumulation in human neurons.  

(A) Representative images of Drosophila eyes expressing (G4C2)28 repeats under the 

GMR-GAL4 driver in the presence or absence of NEMF at 25°C [BDSC36955 #1 and 

BDSC25214 #2]. Rough eye phenotypes quantified using a nominal scoring system are 

shown as violin plots on the right. Individual flies are represented by single data points. 

n= 30-33/genotype. (B) (G4C2)28 repeats expressed with a GMR-GAL4 driver at 29°C 

show decreased eye width that is enhanced by the depletion of NEMF, as quantified on 
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the right. Graphs represent the mean with error bars ±SD, n = 21-24. For A and B, *P < 

0.05; ****P ≤ 0.0001 by one-way ANOVA with Dunnett’s multiple comparison test. (C) 

Schematic workflow for studies with C9ALS patient-derived iNeurons (iN). (D-F) RNA 

Expression of NEMF, LTN1, and ANKZF1 transcripts from C9ALS and isogenic control 

iN lysates. Data represent means with error bars ±SD. n = 3-6/gene, ns = not significant; 

*P < 0.05 by Student’s t-test. (G-I) Quantification of GP by MSD assay from C9ALS and 

isogenic control iNs treated with lenti-empty vector or lenti-shRNA of NEMF, LTN1, or 

ANKZF1. Data represent mean ±SD; n = 3-6, ns = not significant; **P ≤ 0.01; ***P ≤ 0.001 

by two-way ANOVA with Sidak’s multiple comparison test. 
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Figure 3-7. 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 
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(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.   
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Supplemental Figure 3-8. Validation of siRNAs used in targeted screening 

(A-J) 1nM siRNA transfected in HEK293 of each non-targeting (NTC) control and 

knockdown of ZNF598, RACK1, PELO, HBS1L, ABCE1, XRN1, NEMF, LTN1, VCP, and 

ANKZF1 
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Supplemental Figure 3-9. Depletion of NEMF, LTN1, and ANKZF1 enhances CGG 

RAN translation 

(A) Schematic AUG-driven and CGG RAN at different reading frame reporters. (B-C) 

Luciferase assays of RAN translation after NEMF, LTN1, or ANKZF1 depletion. All graphs 

show mean with error bars ± SD. Each N is shown as an open circle (n=6/group). 

Asterisks above each bar are comparisons of expression between NTC and gene(s) 

knockdown. ns = not significant; ***P ≤ 0.001; ****P ≤ 0.0001, as determined with one-

way ANOVA with Sidak’s multiple comparison test. 

  



196 
 

 

 

Supplemental Figure 3-10. No detection of stall products from constructs lacking 

GC repeats  

(A)Schematic of AUG-V5-NLuc-3xFLAG. (B-C) Knockdown of NEMF + LTN1, and 

ANKZF1 in HEK293 with AUG-V5-NLuc-3xFLAG RNA transfection.  
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Supplemental Figure 3-11. Effect of NEMF, LTN1, and ANKZF1 knockdown and 

overexpression on C9 transcripts 

(A-F) Quantification of RNA abundance targeting the C9 intronic region normalized to 

GAPDH. C9 iN was treated with lentiviruses of empty vector, NEMF, LTN1, or ANKZF1 

knockdown or overexpression. Leftover lysates from GP MSD were collected for RNA 

extraction and qRT-PCR analysis. Data represent means with error bars ±SD of n = 3-5, 

ns = not significant; *P ≤ 0.05 by Student’s t-test. 
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Supplemental Figure 3-12. Knockdown of NEMF, LTN1, and ANKZF1 inhibit global 

translation 

(A-D) Representative polysome-fractionation profiles of HEK293 lysates transduced with 

lentivirus of Ctrl KD, NEMF KD, LTN1 KD, or ANKZF1 KD. (E) The areas-under-the-curve 
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(AuC) for monosomes and polysomes are shaded pink and blue, respectively. Global 

translation activity is calculated by normalizing AuC-polysome/AuC-monosome. Data 

represent means with error bars ±SD of n = 3, **P ≤ 0.001 as determined with one-way 

ANOVA with Sidak’s multiple comparison test. 
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Chapter 4 : A High-Throughput Genome-Wide siRNA Screen Identifies Modifiers 

of C9ORF72- and FMR1-Associated RAN Translation 

 

4.1. Abstract  

A GGGGCC (G4C2) hexanucleotide repeat expansion in the first intron of C9orf72 is the 

most common genetic cause of amyotrophic lateral sclerosis and frontotemporal 

dementia (ALS/FTD). One of the mechanisms by which G4C2 repeat transcripts elicit 

toxicity is by generating toxic dipeptide repeat (DPR) proteins without an AUG start codon 

upstream of the repeat region. This non-canonical translation event is called repeat-

associated non-AUG (RAN) translation, generating toxic peptides as RAN products. RAN 

translation also is also related to at least 10 other nucleotide repeat expansion-associated 

neurodegenerative disorders. However, the exact mechanism of RAN translation remains 

unclear. To elucidate the mechanism of RAN translation, we conducted a genome-wide 

siRNA screen to evaluate specific modulators of this process. We utilized luciferase-

based reporters that express poly-Glycine-Alanine (GA) from the +0 reading frame in 

(G4C2)70 repeats of C9orf72 (C9RAN) for the initial screen. Later, we performed a 

validation screen together with poly-Glycine (polyG) from the +1 reading frame of 

(CGG)100 repeats which CGG repeat expansion from the FMR1 5' UTR is another RAN-

associated neurodegenerative disease (FMR1RAN). We analyzed top candidate hits with 

gene ontology and KEGG pathway to identify potential targets for further studies. From 
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the analysis, we identified a group of 20S core proteasome subunits showing depletion 

of their function decrease the expression of RAN products. Meanwhile, we also identified 

genes from the hypusination pathway as potential enzymatic targets, with hypusination 

loss-of-function increasing RAN translation. Identifying regulatory nodes of RAN 

translation from C9RAN and FMR1RAN can improve our understanding of the underlying 

mechanism of RAN translation and discover potential therapeutic targets for RAN 

translation-related diseases. Nevertheless, additional work will be required to further 

validate and prioritize RAN translation modifiers. 

 

4.2. Introduction 

 Amyotrophic lateral sclerosis (ALS) is a fatal motor neuron degeneration 

disease that causes by neuronal death. ALS is characterized by motor dysfunction, 

respiratory failure, and progressive paralysis that could lead to death within two to three 

years after disease onset (Luukkainen et al., 2015; Onyike and Diehl-Schmid, 2013). 

Frontotemporal dementia (FTD) is caused by progressive neuronal loss in the brain's 

frontal or temporal lobes. FTD presents heterogeneously and is divided into three clinical 

syndromes: behavioral variant, semantic dementia, and progressive non-fluent aphasia 

(Neary et al., 1998). The C9orf72 G4C2 repeat expansions are frequently associated with 

both ALS and FTD (DeJesus-Hernandez et al., 2011; Gijselinck et al., 2012; Renton et 

al., 2011). Despite ALS and FTD showing distinct symptoms and some pathology 

hallmarks, they also constitute two ends of a single disease spectrum. They share 

disease-causing mutations, histopathological hallmarks, and some clinical features 

(Lomen-Hoerth et al., 2003, 2002; Neumann et al., 2006; Ringholz et al., 2005).  
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 Extensive studies are focusing on a shared mutation of ALS/FTD, which is the 

G4C2 hexanucleotide repeat expansion in C9orf72 that was identified in 2011 (DeJesus-

Hernandez et al., 2011; Majounie et al., 2012; Renton et al., 2011). This G4C2 

hexanucleotide repeat expansion is the most common genetic cause of ALS/FTD  

(DeJesus-Hernandez et al., 2011; Renton et al., 2011). The G4C2 repeat RNA element 

is one of the mechanisms that cause toxicity by showing an accumulation of peptides in 

patients' brain tissue (Zu et al., 2013). However, there is no AUG start codon upstream of 

the repeat locus. Protein production is through a non-canonical translation process called 

repeat-associated non-AUG (RAN) translation (Zu et al., 2011). Nucleotide repeat 

expansion causes more than 50 human neuronal disorders, while RAN translation is 

involved in at least 10 of the diseases (Fujino et al., 2023; Malik et al., 2021; Rodriguez 

and Todd, 2019). There is currently no effective treatment for neurodegenerative 

diseases. However, the mechanism of RAN translation is still unclear. Elucidating the 

mechanism of RAN translation can advance our understanding of this novel process and 

provide insight into potential therapeutic targets for RAN translation-related diseases. 

 To address this, we design a high-throughput reporter-based whole genome 

siRNA screen in HEK293 cells to identify factors and pathways that modulate RAN 

translation. Previous studies of RAN modifiers include hypothesis-driven approaches 

(see Chapter 1), targeted candidate-based screens (see Chapter 2), and unbiased 

genome-wide screens. An unbiased genome-wide screen could potentially 

comprehensively interrogates the mechanism of RAN translation. In this screen, we 

utilized a luciferase-based reporter system expressing poly-Glycine-Alanine (GA) from 

the +0 reading frame of the G4C2 repeats (C9 RAN). Since a CGG repeat expansion 
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from the 5'UTR of FMR1 also generates toxic peptides by RAN translation (FMR1 RAN), 

we include FMR1 RAN in a subset of the initial screen and validation screens. We 

expressed poly-Glycine (polyG) from the +1 reading frame of CGG repeats with a PEST 

tag, a signal peptide that triggers protein degradation. The PEST tag leads to a slightly 

lower plain luciferase signal to create a greater range to quantify the increase of luciferase 

signal with gene knockdown and eliminate the degradation rate given that the initial polyG 

luciferase signal is around 5 times higher than the GA luciferase signal. 

 We screened a total of 16,851 genes for the primary screen and 2,175 genes 

for the validation screen. We performed gene ontology and KEGG pathway with the top 

candidates showing either an increase or decrease of RAN products. We identified a 

group of 20S proteasome subunits showing knockdown of them decrease RAN products 

from the C9RAN product with later in-house validation in FMR1RAN given that there is a 

PEST tag on FMR1 reporter from the screen. On the other hand, we identified a pathway, 

hypusination, showing knockdown of DOHH from the pathway increases both C9 and 

FMR1 RAN products. 

 The ubiquitin-proteasome system (UPS) degrades misfolded, damaged, and 

unassembled proteins as a mechanism of protein quality control (Bence et al., 2001; 

Ciechanover et al., 2000). The pathogenesis of neurodegenerative diseases is linked to 

UPS dysfunction, which leads to aberrant protein aggregation in the cell (Petrucelli and 

Dawson, 2004). Previous studies have demonstrated that C9RAN products can interact 

and regulate proteasome function (Guo et al., 2018; May et al., 2014; Oh et al., 2015; 

Yamakawa et al., 2015; Zhang et al., 2014; Zhao et al., 2018). Previous studies also 

demonstrated connections between RNA polymerase II (RNA pol II) and the UPS during 
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translation, including a physical interaction of RNA pol II and 26S proteasome and an 

eIF3 interactome coupling with proteasome translatome model (Aravind and Ponting, 

1998; Baugh and Pilipenko, 2004; Gillette et al., 2004; Sha et al., 2009). However, in our 

siRNA screen, the depletion of proteasome subunits decreased RAN products. This 

paradoxical result implies that the proteasome can function in opposition to its typical role 

in degrading RAN products. 

 Hypusination is a post-translational modification pathway unique for eIF5A (Park 

et al., 2022; Schmidt et al., 2015; Wątor et al., 2023). eIF5A is initially identified as a 

translation initiation factor but also demonstrates an important role as a translation 

elongation factor. eIF5A is highly abundant and essential in cells. Hypusination is a 

polyamine biosynthetic pathway that functionally activates eIF5A. The first step of 

hypusination is a deoxyhypusine synthase (DHPS) that cleaves the 4-aminobutyl moiety 

of spermidine. It then transfers to the ε-amino group of a specific lysine residue of the 

eIF5A precursor protein to form an intermediate, deoxyhypusined-eIF5A [Nε-(4-

aminobutyl)lysine]. Finally, deoxyhypusine hydroxylase (DOHH) forms hypusine by 

subsequently hydroxylating the eIF5A precursor into mature eIF5A (Landau et al., 2010; 

Miller-Fleming et al., 2015; Puleston et al., 2019; Schnier et al., 1991; Tiburcio et al., 

2014). Identifying DOHH as a candidate hit from the hypusination pathway showing 

depleted the function of DOHH increase RAN products implies that eIF5A could play a 

critical role in RAN translation that differs from regular AUG-driven translation. 

 Identifying RAN modifiers with a whole genome screen from two different RAN-

associated repeat sequences can further understand the RAN mechanisms' common 

factors and pathways and generate therapeutic strategies for C9ALS/FTD and other RAN 
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translation-associated neurodegenerative disorders. 

4.3. Materials and Methods 

4.3.1. Plasmids 

pcDNA3.1(+) C9orf72-(GGGCC)70-NLuc-3xFLAG (GA frame) and pGL4.13 

(AUG-FireFly, FF) are published plasmids from Green et al. (Green et al., 2017). 

pcDNA3.1(+) AUG-NLuc-3xFLAG-PEST was generated from pcDNA3.1(+) AUG-NLuc-

3xFLAG using Q5 Site-Directed Mutagenesis (New England BioLabs) and the primers 

detailed in Table. pcDNA3.1(+) FMR1-+1(CGG)100-NLuc-3xFLAG-PEST was generated 

from pcDNA3.1(+) FMR1-+1(CGG)100-NLuc-3xFLAG which is published from Kearse et 

al (Kearse et al., 2016). using the same method as described above (Kearse et al., 2016). 

All plasmids used throughout the screen were purified from E. coli cultures using the 

Maxiprep Plasmid DNA Purification Kit (Qiagen). 

4.3.2. C9RAN and FMR1 RAN High-Throughput Screens 

HEK293 cells (ATCC, CRL-1573) were maintained and passaged at 37°C, 5% CO2 

in DMEM supplemented with 9% (vol/vol) FBS. The use of Human siGENOME 

SMARTpool siRNA Libraries (Dharmacon) are from the Center for Chemical Genomics 

at the University of Michigan, Ann Arbor. We first reconstituted siRNAs in 1x siRNA Buffer 

(Dharmacon) in 384-well stock plates (Thermo Fisher Scientific, AB-0781), sealed the 

plate, and stored under RNase-free conditions at -20°C. The day before siRNA 

transfection, we moved the siGENOME siRNAs library plates to 4°C and allowed to thaw 

at least 24 hours. Before diluting siRNA to desire working concentration, we mixed and 

spun down each library plate after thawing overnight. siRNA from each well were 

transferred to white 384-well assay plates (Greiner Bio-One, cat. # 781080) in triplicate.  
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Next, we use a Biomek FXP (Beckman-Coulter) automated liquid handler to transfer 

siRNAs to white 384-well assay plates (Greiner Bio-One, cat. # 781080) in triplicate. We 

diluted to 13.17 nM of siRNA in OptiMEM Reduced Serum Medium (Thermo Fisher 

Scientific) containing 450 nL/well of Lipofectamine RNAiMAX Transfection Reagent 

(Thermo Fisher Scientific; final volume of 10.4 µL/well), centrifuged at 200xg for 1 min, 

and incubated at room temperature for 30 minutes. siNTC, siNLuc, and siPLK1 were 

added to each assay plate and each plate is handled identically. We applied a MultiDrop 

Dispenser (Thermo Fisher Scientific) to reverse transfect 6,000 of HEK293 in 20 µL into 

each well with a final concentration of concentrations of 9% FBS, 100 U/mL penicillin, 100 

µg/mL streptomycin (Thermo Fisher Scientific), and 39.5 nM siRNA. 48 hours post-

transfection of siRNA, we transfected 15 ng/well firefly luciferase plasmid (pGL4.13) and 

15 ng/well either pcDNA3.1(+)-C9ORF72-GA70-NLuc-3xFLAG plasmid or pcDNA3.1(+)-

FMR1-+1 CGG100-NLuc-3xFLAG-PEST plasmid using Viafect (Promega) according to 

manufacturer’s instructions. 

24 hour post-transfection of luciferase reporter, we aspirated excess media using 

a 405 Select Microplate Washer (BioTek) and leave 10 µl media/well. The Nano-Glo Dual 

Luciferase Reporter Assay System (Promega) and Envision 2104 Multilabel Reader 

(Perkin-Elmer) were used per manufacturer’s instructions to quantify expression of GA70-

NLuc-3xFLAG (or +1CGG100-NLuc-3xFLAG-PEST) and AUG-FF reporters 

independently. We read 6 plates at a time to ensure we measure all luciferase signals 

before they started to decay.  

4.3.3. Original Data Analysis of Primary Screen and Validation Screen 

The original data analysis applied calculation function from Excel (Microsoft 365). 
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We normalized NLuc and FF signal of each gene to the mean of NLuc and FF signal of 

siNTC control. We then repeat the same steps for every triplicate (64 triplicates with a 

total of 192 plates, from primary screen and 8 triplicates with a total of 24 plates from 

validation screen). Later, we average the signal of NLuc and FF of each gene knockdown 

from triplicate experiments. We also calculated the average and standard deviation of 

siNTC from both NLuc and FF signals. We determined primary hits for a secondary 

validation screen by building an algorithm to filter candidate hits from the screen. The rule 

is that we first excluded genes from further analysis if the gene knockdown resulted in 

reduced cell viability when comparing the signal with FF of siPLK, i.e., genes with FF 

signal < µPLK1+σPLK1. Second, we counted as primary hits that any genes which met the 

following criteria. Genes were included as suppressors of C9ORF72 RAN translation if: 

1) knockdown reduced NLuc/FF values to less than the mean NLuc/FF of siNTC-treated 

cells minus 3 standard deviations (NLuc/FFsiX ≤ µsiNTC-3σsiNTC) in at least 2 of 3 

replicates; 

2) knockdown reduced the mean NLuc value to below 50% of the mean NLuc value of 

siNTC-transfected cells (NLucsiX/NLucsiNTC ≤ 0.50); 

3) knockdown did not reduce the mean FF value to below 75% of the mean FF value of 

siNT-transfected cells (FFsiX/FFsiNTC ≥ 0.75). 

In contrast, genes were included as enhancers of C9ORF72 RAN translation if: 

1) NLuc/FFsiX ≥ µsiNTC+3σsiNTC in at least 2 of 3 replicates; 

2) NLucsiX/NLucsiNTC ≥ 2.0;  

3) FFsiX/FFsiNTC ≤ 1.25. 

Data analysis for validation screen is less stringent:  
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NLuc/FF-suppressing siRNAs were included if NLucsiX/NLsiNTC ≤ 0.75, and NLuc/FF-

enhancing siRNAs were included if NLucsiX/NLucsiNT ≥ 1.5. All other criteria remained 

identical. 

4.3.4. Reperformed Data Analysis of Primary Screen and Validation Screen 

We acknowledge that with the previous analysis, we are not accounting the 

variability of each gene knockdown from plate to plate, we did not look at the significant 

of each decrease or increase of the NLuc or FF signal. We did not account batch to batch 

variant of the experiments since we simply normalized all NLuc and FF signals of siNTC 

to compare with. Therefore, with better computational skill, we reanalyzed the screen 

data, both primary and secondary validation screen, with Python 3.7.0 applying pandas, 

numpy, and scipy. 

We first clean up each plate by calculating the mean of NLuc and FF from siNTC 

in each single plate. We then normalized each gene knockdown’s NLuc and FF signals 

to their siNTC’s NLuc and FF within the same plate. We then calculate the Z-score of 

each NLuc and FF value of each gene from each plate and transform the Z-score to P-

value. Next, we account the variability of each triplicate. We applied Fisher’s method to 

combine three P-value from each gene from three different plate. We then calculated the 

adjusted P-value (P-adj) by false discovery rate (FDR) method. This allows us to declare 

the statistically significant adjusting multiple comparison. We then graph a volcano plot to 

filter top candidate hits as both RAN enhancer and inhibitor. To do this, we calculated -

log10 (P-adj) and the average of fold change (FC) then transform to log2(FC). We then 

took top hits for gene ontology and KEGG pathway analysis by g:profiler. 
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4.3.5. C9RAN and FMR1 RAN Low-throughput Validation 

All cell plating, siRNA transfections, DMSO vehicle versus drug treatment, 

plasmid transfections, and luminescence assays in low-throughput format from 96 or 

24-well plates were performed as previously described (Chapter 2 and 3). 

4.3.6. Immunoblotting 

Immunoblotting was performed as described previously (Chapter 2 and 3). All 

antibodies used for blotting were list in Table 

4.3.7. qRT-PCR Experiments 

All qRT-PCR experiments were performed as described previously (Chapter 2 

and 3). 

4.4. Results 

4.4.1. Design and Results of C9RAN Genome-wide High-throughput siRNA Screen 

We plated HEK293 cells and transfected them with a genome-wide library of 

siRNAs (the human siGENOME SMARTpool library, Dharmacon) on the first day of the 

experiment. For each plate, other than siRNA from the genome library, we have 6-10 

wells of non-targeting siRNAs (siNCT; Dharmacon) as negative control from both side 

columns of the plate. We also included 6-10 wells of siRNA targeting the ORF of NLuc 

(siNLuc) served as positive control from both side columns of the plate. In addition, we 

added an siRNA against PLK1 (siPLK1) that causes mitotic arrest as a positive biological 

control for loss of cell viability. At 48h hours after siRNA transfection, we co-transfected 

two plasmids:  

1. A 3xFLAG-tagged nano-luciferase reporter (NLuc-3xFLAG) downstream of the 



237 
 

human C9ORF72 with the first intronic region harboring 70 repeats of the G4C2 

sequences from the GA reading frame (GA70-NLuc-3xFLAG). In this reporter the 

AUG of NLuc is mutated to GGG, so that NLuc or FLAG signal represents RAN 

translation of the GA C9RAN product. 

2. An AUG-initiated FF luciferase reporter used for normalization and to assess for 

nonselective effects on general protein translation or cell viability.  

 

24 hours after plasmids transfection, we measure the luminescence of NLuc and 

FF. We used GA frame among other available C9 DPR proteins for the screen because 

the GA expresses at the highest signal, which provides a wider dynamic range. Moreover, 

the GA RAN product is the most abundant DPR protein in C9ALS/FTD patient tissues. 

Performing dual luminescence assays by co-transfecting two independent luciferase 

plasmids provide an approach to measure the different effect of a gene knockdown on 

both RAN translation (NLuc-3xFLAG) and AUG-driven translation (AUG-FF) (Figure 

4.1.).  

Our primary screening statistic was the C9RAN NLuc signal normalized to the 

AUG-FF signal to identify hits. For any modifiers of C9 RAN, we checked additional values 

from negative, positive, and biological controls. For the entire primary screen of C9RAN, 

from the NLuc signal, comparing siNTC to siNLuc, there is a dramtic decrease of siNLuc, 

indicating that the transfection process of siRNA and plasmid worked. From the FF signal, 

comparing siNTC to siPLK, there is around 40% signal remaining from surviving cells. 

We performed the same controls check with the validation screen (Figure 4.2. B-E). 

For the primary screen of GA C9RAN, we ran 24 plates from the druggable library with 
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5,892 genes and 40 plates from the human genome library with 10,959 genes. These 

together add up to a total of 16,851 genes. Since we did triplicates (n=3) of each library 

plate, we screened a total of 192 plates. The average Z-score of the entire C9RAN 

primary screen is 0.663 by calculating the NLuc/FF values from siNTC and siNLuc control 

cells (Figure 4.2. F).  

With the original algorithm (describe in the method and Figure 4.4), we made an 

8 plate validation library with 2,175 genes selected as potential candidate hits. The 

C9RAN validation screened a total of 24 plates (n=3) with an average Z-score of 0.606 

with the same calculation method as the primary screen. From the validation screen, we 

confirmed 760 (34.9%) genes for which selective knockdown selectively decreased 

C9RAN while confirming 121 genes (5.56%) for which selective knockdown selectively 

increased C9RAN (Figure 4.2. A, right panel, F). 

4.4.2. Design and Results of FMR1RAN Subset siRNA Screen 

In parallel, we conducted a series of screens to identify specific modifiers of 

FMR1RAN translation. We replaced the GA70-NLuc-3xFLAG reporter of the C9RAN 

screens with +1(CGG)100-NLuc-3xFLAG with the CGG repeats from the 5’UTR of the 

FMR1 gene. Translation of this construct yields the poly-glycine (polyG) RAN product 

FMRpolyG.  

We used the polyG frame among other available FMR1RAN products for the 

screen because the polyG expresses the highest signal. Moreover, the FMRpolyG 

product is the most abundant FMR1RAN protein in FXTAS patient tissue. From the first 

batch of the experiment, we saw extremely few hits showing an increase of FMR1RAN. 

We realized that the NLuc signal from FMR1RAN is 3-5 times higher than C9RAN. 
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Because of concerns that this was limiting our dynamic range, we added a PEST tag 

downstream of the 3xFLAG to allow for more rapid turnover of FMR1RAN protein.  

In the primary FMR1 screen, we screened only the Drug Target and Druggable 

Genome subsets of the siGENOME siRNA library (Dharmacon). This library identifies 

targets of pharmacologic agents and kinases, phosphatases, proteases, ion channels, 

and others potentially amenable to pharmacological inhibition. For the validation screen 

of FMR1RAN we used the same validation screen library that we used for C9RAN. FMR1 

screens followed the same high-throughput format, hit-detection algorithm, and 

validation/counter-screen design described above for C9orf72 screens. (Figure 4.3. A). 

We checked luciferase signals from each control as we did for the C9RAN screen. 

Comparing the NLuc signal of siNLuc to siNTC, the transfection process is efficient by 

showing decrease of NLuc signal from siNLuc condition. Comparing the FF signal of 

siNTC and siPLK, there is around 40-50% FF signal from the survived cells. (Figure 4.3. 

B-E). 

We tested 5,892 siRNAs from 24 plates as the primary screen of the druggable 

library, and we tested 2,175 siRNA together aside with C9RAN as the validation screen. 

From the primary druggable library screen, the average Z-score from a total of 72 plates 

(n=3) was 0.630. The average Z-score from the validation screen among 24 plates (n=3) 

was 0.550. From the validation screen, we identified 201 (9.24%) genes whose 

knockdown selectively decreased FMR1RAN while knockdown of 275 (12.6%) genes 

selectively increased FMR1RAN (Figure 4.3. F). 

4.4.3. Design and Results of AUG-driven Counter Screen 

To make sure that the selective modifiers we identified were not different solely 
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due to selective effects on intrinsic NLuc versus FFLuc activity, we conducted an AUG-

initiated NLuc-3xFLAG reporter counter-screen with a short, unstructured 5’ UTR (AUG-

NLuc-3xFLAG) representing general translation. In the AUG counter screen, we 

transfected cells with AUG-NLuc-3xFLAG and AUG-FF plasmids and siRNAs against all 

primary hits. The entire screening setting is the same as the C9RAN and FMR1RAN 

validation screens. Despite filtering our primary screen data using AUG-FF, numerous 

modifiers of general gene expression had escaped elimination in the C9RAN and 

FMR1RAN screens.  

C9RAN suppressors that also suppressed AUG-NLuc-3xFLAG (NLucsiX/NLucsiNTC 

≤ 0.80) and C9RAN enhancers that also enhanced AUG-NLuc-3xFLAG 

(NLucsiX/NLucsiNTC ≥ 1.2) were eliminated, leaving 739 suppressors and 14 enhancers, 

representing 4.1% and 0.08% of the genome, respectively. And for FMR1RAN, 100 

(1.28% of the siRNA library) suppressors and 0 enhancers remained when we filtered the 

hits with the results from the AUG counter screen. 

In reviewing the outcomes of the C9RAN validation and AUG counter screens, we 

noted that the frequency of validated C9RAN modifiers that also validated for FMR1RAN 

would have been higher had non-specific modulators not been eliminated from the 

datasets by the AUG counter screen. The most potent suppressors of both C9RAN and 

FMR1RAN reporters also suppressed AUG-NLuc-3xFLAG, resulting in their elimination, 

and the correlation between relative GA70-NLuc-3xFLAG expression and relative AUG-

NLuc-3xFLAG expression among all C9RAN-validated siRNAs, including those the 

counter screen would eliminate, was significant. Our screen design nevertheless 

permitted the identification of siRNAs that modified both C9ORF72 and FMR1 reporters 
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without affecting AUG-NL-3xF. This perspective supports our decision to construct and 

conduct these screens as we did. 

4.4.4. Gene Ontology and Pathway Analysis 

We next performed gene ontology and KEGG pathway analysis with lists of genes 

using two different data-sorting algorithms. With the previous algorithm (Figure 4.4), we 

identify proteasome subunits as a strong C9RAN modifier of the screen. Depletion of 

proteasome function decreases the expression of the C9RAN product. However, because 

of the PEST tag on the FMR1RAN reporter, we cannot identify whether the knockdown 

of these proteasome subunits also suppresses the FMR1RAN product. For common 

suppressor genes that are shared between C9RAN and FMR1RAN, we do not find any 

significant group of genes from gene ontology analysis. Given that few RAN inhibitors 

were identified, we did not perform a gene ontology analysis. Therefore, we decided to 

update the data sorting algorithm to account for the variability between triplicate plates 

and account for statistical significance in the study (Figure 4.5). We performed gene 

ontology and KEGG pathway analysis with updated data analysis by g:Profiler. 

We assessed gene ontology and common pathways using g:profiler from all 

C9RAN suppressors showing both adjusted P-values (P-adj) <0.001 and fold-change 

(FC) greater than 2 (Figure 4.6). From the results, we found nuclear division, proteasome 

(Figure 4.7.B), and organelle fission as three of the top enriched groups of genes. When 

we narrow the list to include just the top 100 hits (Figure 4.7.C) from the suppressor 

genes, cytoplasmic vesicle membrane and small GTPase binding categories are 

apparent. With the same criteria described above, we looked at all enhancers and the top 

100 hits (Figure 4.8.A) with g:Profiler. Catalytic activity (Figure 4.8.B) was the leading 
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enriched group of genes. From the narrowed top 100 hits (Figure 4.8.C), we found genes 

related to cerebral lipofuscin as the most enriched group of genes.  

We next performed the same analysis with g:Profiler for the FMR1RAN screen. As 

no enriched pathways emerged from the top 100 hits, we performed gene ontology with 

all 201 candidates (Figure 4.9). We found chemical carcinogenesis – DNA adduct as the 

top enriched gene group from FMR1RAN suppressors (Figure 4.10). On the other hand, 

catalytic activity was among the top enhanced group of genes for FMR1RAN enhancers 

(Figure 4.11.B). Interestingly, the proteasome is one of the top enriched hits from the 

KEGG pathway analysis (Figure 4.11.C). This result is opposite from the C9RAN screen, 

potentially due to the presence of PEST tag in FMR1RAN. The proteasome is one of the 

pathways that mediate the degradation of the PEST-tagged protein. Therefore, depleting 

proteasome function leads to an increase of PEST-tagged FMR1RAN. However, we can 

also see this as a biological control showing the expected results of PEST-tagged protein. 

Next, we look at hits that share between C9RAN and FMR1RAN from both 

suppressor and enhancers (Figure 4.12-13.).  

 

4.4.5. Proteasome Subunits as RAN Modifiers 

Our C9RAN screen identified multiple subunits of the proteasome, where 

knockdown of proteasome subunits selectively suppressed the expression of C9ORF72 

RAN reporters. This included PSMD11, PSMD7, PSMC1, PSMC2, PSMA7, and PSMB5. 

We next validated the effect in a low-throughput format in GA repeats using a second and 

distinct set of siRNAs targeting PSMA7, PSMD7, PSMC1, and PSMC2 (Figure 4.14.). 

With immunoblotting, we observed a selective decrease in GA RAN products when the 
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expression of PSMA7, PSMD7, PSMC1, or PSMC2 is depleted (Figure 4.15.). 

Importantly, we observe mild changes in AUG-NLuc or AUG-FF with these manipulations. 

Next, we assessed whether pharmacological inhibition of the proteasome would have the 

same effect on generation of RAN translation products. We tested MG132, lactacystin 

(Lac.), and bortezomib (BTZ) using T7 synthesized G4C2 RNA in an RRL in vitro 

translation system. This approach excludes transcription events and focuses on how 

proteasome inhibitors affect C9RAN translation. When we treat RRL lysate with 30 uM of 

MG132, we see a general decrease in AUG and C9RAN products with a greater decrease 

in the GP frame (Figure 4.16. A). A similar effect is shown in Lac. treated RRL (Figure 

4.16. B). However, when we treat RRL with BTZ, we do not see any effect on AUG and 

C9RAN translation (Figure 4.16. C). 

 

DOHH as a Selective RAN Translation Modifier 

DOHH, deoxyhypusine hydroxylase, is one of the genes from the list of enhancer 

hits. It is a RAN enhancer for both C9RAN and FMR1RAN (Figure 4.17.A). When we 

validated the effect in-house with immunoblotting and a second set of siRNA, we 

confirmed that the knockdown of DOHH increases the production of GA RAN product 

(Figure 4.17.B). DOHH hydroxylates deoxyhypusine to form hypusine as the last step of 

post-translation modification of the initiation factor 5A (eIF5A) protein. This entire 

hypusination pathway starts with the polyamine synthesis pathway. The polyamine 

synthesis pathway generates spermidine, which joins inactive eIF5A to begin the 

hypusination pathway. Next, deoxyhypusine synthase (DHPS) catalyzes the precursor 

eIF5A by transferring the butylamine moiety of spermidine to its specific lysine residue.  
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DHSP helps form intermediate deoxyhypusinated eIF5A. DOHH then encoded a 

metalloenzyme that catalyzes the conversion of lysine to hypusin of eIF5A. This produces 

mature hypusinated eIF5A (Figure 4.17C).  

GC7 is a small molecule that inhibits the function of DHPS, while multiple small 

molecule inhibitors impede the function of DOHH, including Ciclopirox (CPX). Therefore, 

after validating the result of DOHH siRNA from the screen, we assessed whether we 

could recapitulate these effects with CPX. We first confirmed the efficiency of CPX in the 

cell on depleting DOHH expression and the level of hypusination. After treatment 5, 10, 

and 15 uM of CPX for 48 hours, we see a decrease in DOHH and hypusination levels 

(Figure 4.18.A). We next treated cells with 10 uM of CPX, which has less toxicity and 

expressed either C9RAN in the GA frame or FMR1RAN in the polyG frame (Figure 

4.18.B-C). When we depleted the function of DOHH and hypusination, we saw an 

increase in RAN products from both GA and polyG without affecting AUG-driven 

translation. 

 

4.5. Discussion 

RAN translation selective modifiers have the potential to both advance our 

understanding of non-canonical translation initiation mechanisms and reveal novel 

therapeutic targets for nucleotide repeat expansion diseases. To this end, we performed 

a non-biased high-throughput siRNA screen of the whole human genome in C9RAN and 

FMR1RAN. This screen highlights a group of proteasome subunits as selective C9RAN 

suppressors, while DOHH, from the unique eIF5A hypusination pathway, is a C9RAN and 

FMR1RAN enhancer. Here, I will discuss potential directions to study proteasomal 



245 
 

function and hypusination in RAN translation and what we should do better for future 

screens of this novel disease mechanism. 

The ubiquitin-proteasome system (UPS) degrades misfolded, damaged, and 

unassembled proteins as a mechanism of protein quality control (Bence et al., 2001; 

Ciechanover et al., 2000). The pathogenesis of neurodegenerative diseases has been 

linked to UPS dysfunction (Petrucelli and Dawson, 2004), which leads to aberrant protein 

aggregation in the cell. Previous studies have demonstrated that C9RAN DPRs can 

interact and regulate proteasome function (Guo et al., 2018; May et al., 2014; Yamakawa 

et al., 2015; Zhang et al., 2014; Zhao et al., 2018). In our screen, we identified and then 

validated a group of 6 proteasome subunits - PSMD11, PSMD7, PSMC2, PSMC1, 

PSMA7, and PSMB5 -as C9RAN suppressers, where depletion of each proteasomal 

subunits leads to a selective decrease in RAN product accumulation. Meanwhile, a similar 

result has been shown by another group's C9RAN genome-wide CRISPR knockout 

screen, demonstrating that the knockdown of PSMA6 decreases the accumulation of 

C9RAN DPRs (Cheng et al., 2018; Kong et al., 2022). The GO analysis of a mass 

spectrometry dataset from C9orf72 ALS and sporadic ALS patient-derived iPSCs 

revealed significant enrichment of ubiquitin-mediated proteolysis pathways, which could 

explain a genetic compensation effect in disease (Tank et al., 2018). Kramer et al. 

performed genome-wide CRISPR knockout screens in K562 cells with synthetic PR20 

and GR20 proteins which found 9 different proteasome subunits that suppress PR20 and 

GR20 cytotoxicity (Kramer et al., 2018). Thus, endogenously elevated proteasome levels 

in C9ALS patients could be physiologically relevant to disease pathogenesis. However, 

the mechanism by which proteasome impairment might selectively downregulate 
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accumulation of DPRs is unclear. Previous studies demonstrated interactions between 

the 26S proteasome and RNA polymerase II (RNA pol II), eukaryotic initiation factors, 

and eukaryotic elongation factors (Aravind and Ponting, 1998; Baugh and Pilipenko, 

2004; Gillette et al., 2004; Sha et al., 2009). These findings suggested that the 

proteasome could play a role in regulating RNA toxicity. If the former is accurate, and the 

depletion of the proteasome affects the abundance of C9 repeat RNA, then we would 

anticipate that selective knockdown of these factors would lead to differences in the 

stability of repeat RNAs or impact specific RNA decay pathways that are part of the mRNA 

quality control cascade. Alternatively depletion of the proteasome might directly impact 

C9RAN translational efficiency through either altering RAN translational initiation and/or 

translation elongation through GC rich repeats. In contrast, results from Kramer et al. 

showing that proteasomal knockouts surprisingly exhibit decreased toxicity from C9 DPRs 

implies that the proteasome may play roles in toxicity elicited by RAN product itself.  This 

screen used a very short DPR sequence (only 20 repeats) so whether these findings 

translate to the human disease context is unclear. It is also worth noting that translation 

of PR and GR DPRs - even in the absence of the repeat element – can trigger ribosomal 

stalling and collisions and activate the Ribosomal Quality control pathway which utilizes 

the proteosome for degradation of key products.  Further studies will be needed to discern 

the mechanism by which loss of proteosomal subunits impacts translation and the 

disconnect between this and the expected roles of the UPS system in degradation of 

aggregated proteins.  

Hypusination is a unique post-translational modification pathway that acts on only 

one protein: the eukaryotic initiation factor 5A (eIF5A). Hypusinated eIF5A is the mature 
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and functional form of eIF5A that is active in translation machinery. eIF5A was initially 

identified as a translation factor that assists the formation of the first peptide bond 

between Met-tRNA and puromycin (Kemper et al., 1976; Schreier et al., 1977). Later 

studies from yeast revealed a more general function of eIF5A in translation elongation 

(Henderson and Hershey, 2011; Saini et al., 2009; Schreier et al., 1977). During 

elongation, eIF5A binds to the ribosome's E site, stabilizing the peptidyl-tRNA on the P 

site. This prevents nucleophilic attack by the incoming amino acid on the A-site tRNA 

when forming the peptide bond (Gutierrez et al., 2013; Melnikov et al., 2016; Schmidt et 

al., 2015). Recently, studies also demonstrated a role for eIF5A in translation termination 

(Pelechano and Alepuz, 2017; Schuller et al., 2017). Therefore, eIF5A is globally active 

in translation with tasks at all key translation stages. In eukaryotic cells, eIF5A is essential 

and highly abundant (Kulak et al., 2014; von der Haar, 2008). Therefore, functional 

studies of eIF5A directly in RAN translation are challenging in cells. A complete CRISPR 

knockout of eIF5A is too toxic, while a partial knockdown with siRNA might not be enough. 

This makes the hypusination pathway a better approach to studying eIF5A effects 

indirectly. We validated the screen results with a second set of siRNAs to knockdown 

DOHH. When we depleted DOHH, there was a large and selective increase in the C9RAN 

product. We later treated HEK293 with CPX, a drug that inhibits DOHH. This drug 

recapitulate the effects of DOHH knockdown with siRNA in both C9RAN and FMR1RAN. 

Multiple diseases, disorders, and aging are related to deficiencies in eIF5A and the 

hypusination pathway (Barba-Aliaga and Alepuz, 2022; Faundes et al., 2021; Liang et al., 

2021; Tauc et al., 2021). This includes effects of depleting hypusination function on aging 

in the fly brain and dysfunction of mitochondria while feeding flies with spermidine can 
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correct the degenerative phenotype (Liang et al., 2021). Heterozygous variants in EIF5A 

cause a novel craniofacial-neurodevelopmental disorder while treating with spermidine in 

yeast harboring those variants can rescue the survival phenotype (Faundes et al., 2021). 

Future studies with DOHH should include other factors in the polyamine pathway aside 

from the hypusination pathway and eIF5A, as the polyamine pathway is the pathway that 

generates spermidine and is a critical molecule to initiate the hypusination pathway. 

Tesina et al. recently solved the cryo-EM structure of the ribosomal-associated 

quality control (RQC) complex, which is a complex involves NEMF and LTN1 that NEMF 

form to CAT-tail (C-terminal addition of alanine and threonine) and LTN1 target falsely 

made short nascent chain for proteasomal degradation (Joazeiro, 2019; Tesina et al., 

2023). In this cryo-EM structure of the RQC complex, they surprisingly found that eIF5A 

attached to LTN1 at the RQC complex (Tesina et al., 2023). With the findings from 

Chapter 2 suggesting that defects in RQC elicited by knockdown of LTN1 or NEMF1 can 

increase RAN product accumulation, it is possible that incomplete hypusination of eIF5A 

might also lead increased production of RAN products through RQC impairment. 

However, more studies of eIF5A in the RQC pathway and CAT-tailing will help elucidate 

this cross-functional mechanism and how RAN translation is involved in this process. 

Other studies will required to further understand the role of eIF5A in RAN translation in 

terms of the specific stage of RAN translation where eIF5A is critically involved whether 

there might be a different and novel function of eIF5A in RAN translation. 

After we completed our initial genome-wide screen from the 384-well format, we 

tried but failed many times to validate screen results in a 96-well low-throughput format 

in our lab. Being unable to validate so many results from the screen was problematic and 
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suggests that different approaches should be taken in any future screen. This includes 

choosing the proper method for gene silencing, designing the ideal RAN reporter system 

to express RAN products, and performing the screen in a manner that would better control 

for or eliminate batch effects.  

siRNAs (short interfering RNAs) are a powerful tool that interrogates gene 

functions by blocking gene expression and analyzing its effect on phenotype, which this 

process is referred to as RNA interference (RNAi). Comparing siRNA and CRISPR, there 

are pros and cons for each of them. The main difference between siRNA and CRISPR is 

that siRNA lower gene expression by knocking down mRNA expression while CRISPR 

completely and permanently knocks out the expression of a gene at the DNA level. This 

is the main reason we chose to perform siRNA knockdown instead of CRISPR knockout- 

knocking out essential genes can be lethal, which we thought would be problematic for 

studying translation initiation processes given their centrality to life.  

HEK293 is an useful mammalian cell line for transient transfection studies. It is 

relatively easy to transfect with high expression levels. Previous graduate students 

utilized 4 different RNA-seq datasets from HEK293 to find genes that barely or do not 

express in HEK293. We applied that list of genes from RNA-seq to filter the list of genes 

from the validation screen that could be false positive effects. Hence, if the gene is not 

expressed in HEK293 cells, then the knockdown of the gene should not affect RAN 

translation. This strategy eliminated 23% of genes from the C9RAN and 25% from the 

FMR1RAN screen.  However, the RNA seq libraries may not capture low-abundant 

mRNAs whose further knockdown might still effect RAN translation in this context. 
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Given the surprisingly high number of candidates, we could have applied this 

strategy when designing the validation screen library. As it is, these data suggests that 

23~25% of genes identified were false positive effects.  This raises an issue with siRNA 

screens that the potential for off-target effects from siRNAs is much higher than CRISPR. 

Therefore, silencing unintended mRNA sequence targets may have resulted in 

misinformation about the cause of RAN expression modification in some contexts, 

significantly misleading what genes we should advance in our screen. Comparing the 

main cons of CRISPR, that complete knockout of the gene function versus siRNA has a 

high off-target effect, if I were conducting this screen again I would instead investigate the 

impact of knockout of genes. This could provide a more efficient method to focus on the 

natural effect of the gene and save time in validating off-target effects. 

In this study, we co-transfected AUG-FF and RAN-NLuc constructs into cells after 

reverse transfection of the siRNAs.  This approcha could potentially lead to errant results. 

The primary method we applied to filter the effect of genes was normalization of the signal 

of RAN-NLuc to AUG-FF. However, we found that the AUG-FF signal usually fluctuates 

for multiple reasons, including cell viability, global translation affected by the gene 

knockdown but not RAN translation, and competition between ribosomes when RAN 

translation is exceptionally high or low. Therefore, when the NLuc/FF is below one, it can 

be caused by a relatively high signal of FF instead of actual decrease in NLuc, while when 

NLuc/FF is above one, it can cause by a relatively low FF signal instead real increases of 

NLuc.  

An additional limitation came from the use of transient transfection. By transfecting 

in two plasmids – one for NLuc and one for FFLuc – the screen was potentially impacted 
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by differences in transfection of the two plasmids and by transfection efficiency impacts 

associated with siRNA knockdown.  Ideally one could use stable cell lines which carry 

reporters for RAN translation. Indeed, we have since established stable cell lines that 

carry RAN translation specific reporters, but these have issues related to maintenance of 

the repat size. Given that repat size is a potential effector on RAN translation efficiency, 

we initially avoided use of this tool for our studies Alternatively we could use plasmids 

harboring a bidirectional promotor to drive NLuc and FF from the same construct or use 

a separate control.  

NLuc tags tend to stabilize the products to which they are attached. To try to 

increase the dynamic range for expression of our RAN constructs, we inserted a PEST 

tag on our FMR1RAN reporters. However, we did not account for the biological effects of 

this PEST tag.  For example, while we found that knockdown of a group of proteasome 

subunits suppressed the expression of C9RAN, we saw the  opposite impact on 

FMR1RAN in our screen, with knockdown of proteasome subunits increasing FMR1RAN. 

We now know that this is a false posiive, as we and others have now observed that 

knockdown of PSMB5, in particular, leads to a reduction in FMR1RAN and was actually 

found to be a suppressor of FXTAS development in patients with premutation sized 

repeats (Kong et al., 2022). 

When we reanalyzed the data and generated volcano plots - especially in the 

validation screen, where there are fewer genes from the library - we see a feather-like 

pattern on the volcano plot. We hypothesize that this is due to differences in batch-to-

batch transfection efficiency. We ran the validation screen in 4 batches of experiments. 

Each set of transfections is in a triplicate of 2 library plates, with 2 different RAN 
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constructs, so 12 plates in total, and this pattern of 4 lines of feathers aligns with clear 

batch effects as a driver of these differences. This batch effect has a number of 

consequences.  We can partly account for the variability of triplicates by further grouping 

each batch of experiments closer to each other. This eventually led to the 4 lines of the 

volcano plots. As we see, the feather pattern affects the suppressor genes more than the 

enhancer genes, and we hypothesize this is because there is a greater dynamic range to 

increase the signal than to show a decrease of the signal since we tend to start with a 

lower expression level to minimize early degradation of the signal. I would proposed that 

if we conduct a future screen that we should do n=1 for all libraries simultaneously, then 

repeat it for n=2 and 3. This can help eliminate the batch effect induced by subtle 

differences in the plasmid preps, transection efficiency, or differences in the read quality 

from NLuc or  FF assays. 

In summary, while the genome-wise siRNA screen that we performed has 

limitations, it provides some meaningful and surprising insights into RAN translation.  

While depleting proteasomal subunits may not be a viable therapeutic target, this 

surprising finding coupled with previously published work suggests an undiscovered role 

of the proteosome in RAN translation that may reveal key insights in the future. While 

depleting DOHH increases RAN product accumulation and its elimination is not likely to 

be of therapeutic benefit, it remains unknown whether overexpression of DOHH or 

augmentation of polyamine signaling might suppress RAN translation and repeat 

associated phenotypes (of note- in preliminary studies spermidine supplementation was 

not beneficial).  In addition, the role of eIF5A in RAN translation machinery is also unclear 

and worth further investigation. Future studies using these novel new targets will hopefully 
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identify factors of disease relevance that can be assessed in appropriate model systems, 

including Drosophila and patient-derived iPSCs or iNeurons. 
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4.7. Figures 

 

 

Figure 4-1. A screen for RAN translation modifiers 

All experiments were performed in 384-well plates. siNTC, siNLuc, and siPLK are 

negative, positive, and biological controls, respectively, that are included in each plate at 

both sides of the column of the plate. The siRNA library is in the center of the plate. On 

Day 1, we reverse-transfected all siRNAs at 39.5 nM in HEK293 cells. After 48 hours, we 

co-transfected either AUG-FireflyLuc-3xFLAG with (G4C2)70-NLuc-3xFLAG with Nluc in 

the GA reading frame or AUG-FireflyLuc-3xFLAG with (CGG)100-NLuc-3xFLAG-PEST 

with NLuc in the polyG reading frame. 24 hours after luciferase plasmid transfection, we 

measured the luminescence from both nano-luciferase (NLuc) and Firefly luciferase (FF).  
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Figure 4-2. Primary and validation screens for modifiers of C9RAN 

(A) 16,851 genes were divided into two libraries: a druggable library, and a human 

genome library. The primary C9RAN screen started with 16,851 genes from both libraries 

(left panel). Next, we filtered and selected 2,175 genes as candidate hits from the primary 

C9RAN screen with the previous algorithm and performed a C9RAN validation screen 

(right panel). (B) Relative NLuc signal of siNLuc to siNTC from the C9RAN primary 

screen. (C) Relative FF signal of siPLK to siNTC from the C9RAN primary screen. For 

(B) and (C) from the C9 RAN primary screen, data points were from 192 plates with 

triplicates of 64 library plates. Each N is shown as a dot. NTC: N=1830; NLuc: N = 1769; 

PLK: N = 878. (D) Relative NLuc signal of siNLuc to siNTC from the C9RAN validation 

screen. (E) Relative FF signal of siPLK to siNTC from the C9RAN validation screen. For 

(D) and (E) from the C9 RAN validation screen, data points were from 24 plates with 

triplicates of 8 library plates. Each N is shown as a dot. NTC: N=237; NLuc: N = 235; PLK: 

N = 112. Asterisks above each data group are comparisons of expression between NTC 

and NLuc or PLK knockdown. ****P ≤ 0.0001, represent unpaired t-tests with Welch's 

correction. (F) The average Z-score of each screen and the number and percentage of 

the final hits from the C9RAN validated screen. The number and percentage of hits are 

shown in two categories as C9RAN suppressors and C9RAN enhancers. Asterisks above 

each data group are comparisons of expression between NTC and NLuc or PLK 

knockdown. ****P ≤ 0.0001, represent unpaired t-tests with Welch's correction. 
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Figure 4-3. Primary and validation screen for FMR1RAN translation modifiers 

(A) The primary FMR1RAN screen started with 5,892 genes from only the druggable 

library (left panel). Then we performed the FMR1RAN validation screen together with 
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C9RAN using the same library with 2,175 genes from both libraries (right panel). (B) 

Relative NLuc signal of siNLuc to siNTC from the FMR1RAN primary screen. (C) Relative 

FF signal of siPLK to siNTC from the FMR1RAN primary screen. For (B) and (C) from the 

FMR1 RAN primary screen, data points were from 72 plates with triplicates of 24 library 

plates. Each N is shown as a dot. NTC: N=698; NLuc: N = 684; PLK: N = 878. (D) Relative 

NLuc signal of siNLuc to siNTC from the FMR1RAN validation screen. (E) Relative FF 

signal of siPLK to siNTC from the FMR1RAN validation screen. For (D) and (E) from the 

C9 RAN validation screen, data points were from 24 plates with triplicates of 8 library 

plates. Each N is shown as a dot. NTC: N=220; NLuc: N = 230; PLK: N = 88. Asterisks 

above each data group are comparisons of expression between NTC and NLuc or PLK 

knockdown. ****P ≤ 0.0001, represent unpaired t-tests with Welch's correction. (F) The 

average Z-score of each screen and the number and percentage of the final hits from the 

FMR1RAN validated screen. The number and percentage of hits are shown in two 

categories as FMR1RAN suppressors and FMR1RAN enhancers. 
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Figure 4-4. Original algorithm used for screen data analysis. 

The following algorithm previously applied for data analysis and used to filter 2,175 genes 

as candidate hits from the C9RAN primary screen for the validation library. 

  

Whole-genome siRNA screen 
Dataset

Exclude
FF (siGene) ≦ Mean +1SD (siPLK)

Include
NL/FF (siGene) ≦ Mean -3SD (siNTC)

Include
NL/FF (siGene) ≧ Mean +3SD (siNTC)

Include
NL (siGene/siNTC) ≦0.50

Include
NL (siGene/siNTC) ≧ 2.00

Include
FF (siGene/siNTC) ≧ 0.75

Include
FF (siGene/siNTC) ≦ 1.25

Candidate hits from the 
primary screen 
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Figure 4-5. Updated algorithm for data analysis  

Because of concerns related ot plate-to-plate and experimental variability, we designed 

a different method for analyzing the data from the primary screens. This method also uses 

statistical significance as an alternative strategy to advance specific hits for further 

investigation. 

  

1. Calculate fold change of NLuc and FF and their relative signals to NTC
2. Calculate Z-score
3. Transform Z-score to P-value

Per plate clean-up
(account plate-to-plate variability)

1. Combine each of the three P-value by Fisher’s method
2. Calculate adjusted P-value (P-adj) 
3. Calculate -log10 (P-adj)
4. Calculate the average of fold change (FC)
5. Calculate log2(FC)

For each triplicates of a library plate
(account variability in each triplicates)

1. Volcano plot of log2(FC) vs. -log10(P-adj)
2. Gene ontology (MF, BP, CC) & KEGG pathway from g:Profiler
3. Validation 

Data visualization and validation
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Figure 4-6. C9RAN primary screen  

Volcano plots of C9RAN primary screen data. The cutoffs of colored hits are log2(Fold 

Change) greater than 1 or less than -1, and -log10(P-adj) of greater than 3. The right 

panel is an expanded view of the left panel. N = 16,851; Z’-factor = 0.663. 
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Figure 4-7. C9RAN translation validation screen and gene ontology analysis of 

C9RAN suppressors (i.e. gene loss leads to a selective decrease in C9RAN) 

(A) Volcano plot of C9RAN validation screen. The cutoffs of colored hits are log2(Fold 

Change) is greater than 1 or less than -1, and -log10(P-adj) is greater than 3. The right 

panel is an expanded view of the left panel. N = 2,175; Z’-factor = 0.605. (B) Gene 

ontology analysis of all C9RAN suppressors from the validation screen (light blue frame 

from (A)). (C) Gene ontology analysis of top 100 hits as C9RAN suppressors from the 

validation screen (dark blue frame from (A)). 
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Figure 4-8. C9RAN validation screen and gene ontology analysis of C9RAN 

enhancers 

(A) The volcano plot of the C9RAN validation screen. The cutoffs of colored hits are 

log2(Fold Change) is greater than 1 or less than -1, and -log10(P-adj) is greater than 3. 

The right panel is an expanded view of the left panel. (B) Gene ontology analysis of all 

C9RAN enhancers from the validation screen (light pink frame from (A)). (C) Gene 

ontology analysis of top 50 hits as C9RAN enhancers from the validation screen (dark 

pink frame from (A)). 
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Figure 4-9. FMR1RAN translation modifier primary screen  

The volcano plot of FMR1RAN primary screen. The cutoffs of colored hits are log2(Fold 

Change) is greater than 1 or less than -1, and -log10(P-adj) is greater than 3. The right 

panel is an expanded view of the left panel. N = 5,892; Z’-factor = 0.630. 
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Figure 4-10. FMR1RAN validated screen and gene ontology analysis of FMR1RAN 

suppressors 

(A) The volcano plot of the FMR1RAN validation screen. The cutoffs of colored hits are 

log2(Fold Change) is greater than 1 or less than -1, and -log10(P-adj) is greater than 3. 

N = 2,175; Z’-factor = 0.550. (B) Gene ontology analysis of all FMR1RAN suppressors 

from the validation screen (light blue frame from (A)). 
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Figure 4-11. FMR1RAN validation screen; gene ontology and KEGG pathway 

analysis of FMR1 enhancers (i.e. siRNA  knockdown leads to more FMR1 RAN) 

(A) Volcano plot of the FMR1RAN validation screen. The cutoffs of colored hits are 

log2(Fold Change) is greater than 1 or less than -1, and -log10(P-adj) is greater than 3. 

(B) Gene ontology analysis of all FMR1RAN enhancers from the validation screen (pink 

frame from (A)). (C) KEGG pathway analysis of all FMR1RAN enhancers from the 

validation screen (pink frame from (A)). 
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Figure 4-12. Shared suppressors from C9RAN and FMR1RAN validation screen 

(A) Volcano plot of the C9RAN and FMR1RAN validation screen. Hits colored in blue and 

in the blue square are subject to Venn diagram analysis. (B)Venn diagrams and some 

exciting hits. (C) KEGG pathway analysis of the hits from the intersection. 
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Figure 4-13. Shared enhancers from C9RAN and FMR1RAN validation screen 

(A) Volcano plot of the C9RAN and FMR1RAN validation screen. Hits colored in pink and 

in the pink square are subject to Venn diagram analysis. (B)Venn diagrams and some 

exciting hits. (C) KEGG pathway analysis of the hits from the intersection. 
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Figure 4-14. Effect of proteasome subunit knockdown on C9RAN translation from 

validation screen 

Relative luciferase signals of PSMD11, PSMD7, PSMC1, PSMC2, PSMA7, and PSMB5 

to NTC control. Graph show mean with error bars ± SD, N=3 from the screen. Asterisks 

above each bar are comparisons of expression between NTC and each gene knockdown 

of the NLuc signal. ****P ≤ 0.0001, represent unpaired t-tests with Welch's correction for 

multiple comparison. 
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Figure 4-15. Validation of proteasome subunits knockdown effects on C9RAN with 

immunoblotting of reporters an different siRNAs 

Validation of (A) PSMA7 (B) PSMC1 (C) PSMD7 (D) PSMC2 knockdown effects with 0.3 

and 0.5 nM of a second set of siRNAs in GA70-NLuc-3xFLAG and AUG-NLuc-3xFLAG. 

Each lane represents an independent biological replicates, N=2. 
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Figure 4-16. Effect of proteasome inhibitors C9RAN translation in GA, GP, ad GR 

frames in RRL system. 

RRL in vitro translation system expressing GA, GP, and GR T7 synthesized reporter 

RNAs after treating the lysate with proteasome inhibitors including (A) 30µM MG132 (B) 

30µM lactacystin (Lac.) (C) 700 µM Bortezomib. All graphs show mean with error bars ± 

SD. Each N is shown as a dot (n=9/group). Asterisks above each bar are comparisons of 

expression between vehicle and proteasome inhibitor treatment. NS = not significant; ***P 

≤ 0.001; ****P ≤ 0.0001, as determined with two-way ANOVA with Sidak’s multiple 

comparison test. 
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Figure 4-17. DOHH knockdown enhances C9 RAN translation. 

(A) Relative luciferase signals of DOHH to NTC control from the C9RAN validation 

screen. Graph show mean with error bars ± SD, N=3 from the screen. Asterisks above 

each bar are comparisons of expression between NTC and each gene knockdown of the 

NLuc and FF signal. ****P ≤ 0.0001, represent unpaired t-tests with Welch's correction for 

multiple comparison. (B) Validation of the effect of DOHH on C9RAN with a second set 

of siRNA at 0.2 and 0.5 nM and using immunoblotting as an alternative readout. (C) Post-

translational modification pathway underlying hypusination of eIF5A. 
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Figure 4-18. DOHH inhibitor treatment selectively enhances C9RAN and FMR1RAN 

translation in HEK293 Cells. 

(A) Ciclopirox (CPX) is an inhibitor of DOHH. in HEK293 were treated with 5, 10, and 15 

µM of CPX for 48 hr to test for the efficiency of suppressing the level of DOHH and 

hypusine. (B) HEK293 cells expressing either AUG-NLuc-FLAG or GA70-NLuc-FLAG 

were treated with 10 µM of CPX for 48 hr. (C) HEK293 cells expressing either AUG-NLuc-

FLAG or +1CGG100-NLuc-FLAG were treated with 10 µM of CPX for 48 hr. We applied 

anti-Vinculin here as loading control. 
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Chapter 5: Discussion and Future Directions 

 

5.1. Conclusion 

Toxic products generated by repeat-associated non-AUG (RAN) translation 

contribute to pathogeneses in at least 10 different nucleotides repeat expansion diseases 

(Fujino et al., 2023; Malik et al., 2021; Rodriguez and Todd, 2019; Zu et al., 2011). 

However, the mechanisms by which RAN translation occurs are still unclear, and there is 

still no effective treatment for these nucleotide repeat expansion diseases. This thesis 

aims to better understand RAN translation and identify selective RAN translation 

modifiers, with a long-term goal of shedding light on novel potential therapeutic targets. 

The two diseases that I focused on in this thesis are a G4C2 repeat expansion in 

the intronic region of C9orf72 that causes amyotrophic lateral sclerosis (ALS) and 

frontotemporal dementia (FTD) (C9ALS/FTD) and a CGG repeats expansion in the 5’UTR 

of FMR1 that causes Fragile X-associated tremor/ataxia syndrome (FXTAS). They both 

support RAN translation as a mechanism that generates toxicity in disease models and 

patients (Todd et al., 2013; Zu et al., 2013). To identify RAN translation modifiers, I used 

model systems that express G4C2 or CGG repeats in mammalian cells, Drosophila, and 

patient-derived iPSC iNeurons to study selective modifiers. I applied three general 

strategies to identify these modifiers: a single gene approach based on the structure of 

the repeat RNA, a candidate-pathway based approach based on my hypothesis and the 
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literature, and an unbiased whole genome-based screen approach to expand the scope 

of potential RAN modifiers outside of expected targets. 

C9ALS/FTD and FXTAS harbor a GC-rich regions within the transcripts that form 

stable RNA secondary structures (Fratta et al., 2012; Haeusler et al., 2014; Reddy et al., 

2013; Wang et al., 2019). As GC-rich regions undergo RAN translation to generate toxic 

RAN products, the process by which translation elongation happens within these GC-rich 

regions is important. I suggest that RNA structures formed within these GC-rich regions 

actively impede RAN translation elongation, making this process less efficient. The first 

question I asked was if the RNA structures exist and whether they affect RAN translation. 

To do this, I investigated whether altering expression of a g-quadruplex helicase, DHX36, 

might impact RAN translation. I hypothesized that g-quadruplex structures formed by the 

repeat might be more stable if I depleted DHX36, and that this would result in reduced 

RAN translational efficiency. The key finding of this study is that when I depleted the 

function of DHX36 in both G4C2 and CGG repeats, there was a decrease in RAN 

products. In C9RAN, defective DHX36 decreases RAN product in a length-dependent 

manner, regardless of the reading frame of the G4C2 repeats. This suggests that g-

quadruplexes exist in G4C2 and CGG repeats in cells and that DHX36 acts normally to 

destabilize these structures.  This suggests further that both protein factors and small 

molecule which modify the dynamics of repeat folding might serve as selecitve modifiers 

of RAN translation and as such good platforms for future therapeutic development.  

This finding from DHX36 raised a larger question of what and how RNA structures 

impact the scanning of the ribosomes during translation elongation. Moreover, from a 

broader view, what happens if ribosomes slow down or stall during translation elongation? 



297 
 

Previous studies reveal mRNA and protein quality control surveillance pathways when 

ribosomes stall or collide(Inada, 2020; Joazeiro, 2019). These are the quality control 

pathways that recycle stalled ribosomes, degrade aberrant mRNA, target falsely made 

peptide chains for proteasome degradation, and, most importantly, ensure protein fidelity 

in organisms. I wondered if the RNA secondary structures from GC-rich repeats might 

trigger these pathways and if altering expression of proteins within these pathways might 

impact RAN translation. 

Therefore, I performed a candidate-based screen by knocking down expression of 

key factors from the mRNA and protein quality control pathway. I found that depletion 

especially from the ribosome-associated quality control (RQC) pathway, including NEMF, 

LTN1, and ANKZF1, significantly increased the abundance of RAN products. This result 

suggests that the RQC pathway is involved in RAN translation. In addition, as previous 

studies showed that stalling of ribosomes is one of the events that trigger these pathways, 

I wonder if stalling of ribosomes happens in those GC-rich repeats and if I can detect any 

partially made products from stalled ribosomes. With an N-terminal tagging system, I 

detected smaller products generated from both G4C2 and CGG repeats; furthermore, 

when I depleted the functions of RQC factors, I also saw increases in the smaller 

products. These results suggest that G4C2 and CGG repeat cause stalling of ribosomes 

that generate partial and full-length products. Later, the RQC pathway is involved 

downstream of this stalling event, and RAN products increase their abundance in the 

absence of RQC.  

Finally, I performed an unbiased genome-wide siRNA screen in a high-throughput 

format to the primary screen for G4C2 repeats and a subset screen for CGG repeats. I 
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surprisingly identified a group of proteasome subunits as selective C9RAN suppressors. 

The results show knockdown of PSMC1, PSMC2, PSMD11, PSMD7, PSMB5, and 

PSMA7 proteasome subunits decrease the abundance of C9RAN product. I also 

identified DOHH, from the last step of the eukaryotic eIF5A hypusination pathway, as an 

enhancer of C9RAN and FMR1RAN. When I deplete the function of DOHH by siRNA or 

with a pharmacological inhibitor of DOHH, Ciclopirox (CPX), there is an increase in both 

C9RAN and FMR1RAN products. These findings suggest that proteasomal activity and 

matured, hypusinated eIF5A may play roles in either the RAN translation process, in 

RQC, or in turnover of RAN translated proteins. 

In my thesis, I found that RNA helicases, RQC factors, general proteasome 

components, and enzymes which hypusinate eIF5A all act as selective modifiers of RAN 

translation.  I therefore have been trying to discern how all of these factors could inter-

relate. Recently, a study showed that eIF5A is involved in the RQC complex, which binds 

with LTN1 during the CAT-tailing process during the RQC pathway (Tesina et al., 2023). 

From our results, the depletion of RQC factors and DOHH show an increase in RAN 

products, but I need further investigation to know if there is an epistatic effect of these 

factors on the RQC pathway. Previous studies found that variants of NEMF and mutation 

of LTN1 linked to neurodegenerative disease patients and mouse models (Chu et al., 

2009; Martin et al., 2020). It is not clear whether there is a RQC deficiency in GC-rich 

nucleotide repeat expansion diseases. As our results show increases in abundance from 

both partially made and full-length RAN products in the absence of RQC, I am curious 

about how RQC is affecting accumulation of fully translated products. I hypothesize that 

other processes may be acting in concert with or in competition with the RQC pathway 
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when ribosome stalling occurs. These alternative processes may include specialized 

helicases, ribosomal frameshifting, or other factors that trigger self-resolution of ribosomal 

stalling events. When RQC is active, it is removing ribosomes from repeat RNAs and 

potentially triggering RNA degradation and a loss of the template for RAN translation.  

However, when RQC factors are depleted, these alternative processes become favored.  

Now, helicases may act to allow stall resolution, or translational frameshifts may become 

more prominent- or the stalls may simply self-resolve if given sufficient time.  However, I 

do not know the exact relationship between helicases and stalling of GC-rich transcripts, 

and I do not know if the depletion of DHX36 also affects the production of partially made 

RAN products or RQC activity. There are still many undiscovered questions related to 

ribosome stalling within the GC-rich transcripts, RAN translation elongation, and 

subsequent ribosome stalling events. I eagerly anticipate more studies to reveal the field. 

 

An ideal RAN modifier should fulfill the following criteria:  

1) the effect of the modifier is valid across multiple RAN-translated repeat sequences 

2) the effect of the modifier is valid across multiple disease model systems 

3) the modifier is specific to RAN translation, so it does not affect global translation. 

4) the modifier does not cause intrinsic toxicity in model organisms 

After a thesis spent trying to identify an ideal RAN modifier, I am disappointed to 

say that I have not found any that meet all the above criteria. Most translation 

initiation/elongation factors affect both RAN and AUG-driven translation. Although some 

show a more significant effect in RAN translation, I cannot exclude other potential effects 

on global translation. I also found that many modifiers  were difficult to validate in different 
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model organisms- often producing contradictory results. I think this is because some 

modifier shows a slight but statistically significant impact from a transient transfected 

cellular model, where effects are often exaggerated compared to more endogenous 

model systems. I also focued here mainly on modifiers of C9RAN and FMR1RAN from 

linear mRNAs- however there are more RAN-related repeat sequences and contexts that 

I could have included. But even with my focus just on just these two RAN-related 

diseases, I was still limited to patient-derived iPSC lines and imperfect assays to measure 

all endogenous RAN products. 

In the future, more screens from advanced disease models with accurate gene 

editing, control of protein expression, or capture and identification of proteins by mass 

spectrometry during the process of RAN translation on repeat RNAs (such as capturing 

interacting proteins from 60S ribosome subunits during translation or during stall events) 

migh identify more consistent and selective modifiers. Other than screening, multi-omics 

analysis from advanced disease models may also identify genes with differential 

expression between healthy and disease models that might impact these processes in 

patients. More advanced model systems that mimic endogenous disease states and more 

advanced assays to measure RAN products will help identify and validate better and more 

precise RAN modifiers from either a screen or multi-omic analysis. 
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