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A B S T R A C T

tRNA-derived stress-induced RNAs (tiRNAs) are a new class of small non-coding RNA that have emerged as 
important regulators of cellular stress responses. tiRNAs are derived from specific tRNA cleavage by the stress- 
induced ribonuclease angiogenin (ANG). Loss-of-function mutations in the ANG gene are linked to amyotrophic 
lateral sclerosis (ALS), and elevated levels of specific tiRNAs were recently identified in ALS patient serum 
samples. However, the biological role of tiRNA production in neuronal stress responses and neurodegeneration 
remains largely unknown. Here, we investigated the genome-wide regulation of neuronal stress responses by a 
specific tiRNA, 5’tiRNAGly-GCC, which we found to be upregulated in primary neurons exposed to ALS-relevant 
stresses and in the spinal cord of three ALS mouse models. Whole-transcript RNA sequencing and label-free 
mass spectrometry on primary neurons transfected with a synthetic mimic of 5’tiRNAGly-GCC revealed predom
inantly downregulated RNA and protein levels, with more pronounced changes in the proteome. Over half of the 
downregulated mRNAs contained predicted 5’tiRNAGly-GCC binding sites, indicating that this tiRNA may silence 
target genes via complementary binding. On the proteome level, we observed reduction in proteins involved in 
translation initiation and ribosome assembly, pointing to inhibitory effects on translation. Together, these 
findings suggest that 5’tiRNAGly-GCC is an ALS-associated tiRNA that functions to fine-tune gene expression and 
supress protein synthesis as part of an ANG-induced neuronal stress response.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a devastating, highly hetero
geneous but uniformly fatal neurodegenerative disease for which 
treatment options are still lacking. The disease is characterized by pro
gressive degeneration of upper and lower motor neurons in the cerebral 
cortex and spinal cord, leading to muscle weakness, paralysis and 
eventually death, usually within 3–5 years from symptom onset (Brown 
and Al-Chalabi, 2017). ALS displays a considerable clinical, 

pathophysiological and genetic overlap with several other neurode
generative diseases, particularly frontotemporal dementia (FTD) 
(Burrell et al., 2011). Despite recent advances in genetic and molecular 
studies, the aetiology and pathogenesis of the disease remain poorly 
understood, delaying the development of disease-modifying treatments.

Accumulating evidence suggests that aberrant RNA processing in 
response to stress is a key contributor to the pathogenesis of neurode
generative diseases, especially ALS and FTD (Wolozin and Ivanov, 
2019). In recent years, a new class of functional small non-coding RNAs 
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(sncRNAs) known as ‘transfer RNA-derived stress-induced RNAs’ (‘tiR
NAs’), have emerged as crucial regulators of cellular stress responses (Li 
et al., 2018). tiRNAs are derived from specific tRNA cleavage by the 
stress-induced ribonuclease angiogenin (ANG). Under conditions of 
cellular stress, ANG cleaves mature tRNA in the anticodon loop which 
gives rise to two subclasses of tiRNAs; 5’tiRNAs and 3’tiRNAs of 
approximately 30–40 nucleotides in length (Fu et al., 2009; Yamasaki 
et al., 2009; Saikia et al., 2012). Of note, ANG is a neuroprotective factor 
and several loss-of-function mutations in the ANG gene have been 
identified in both sporadic and familial cases of ALS (Greenway et al., 
2006; Kieran et al., 2008; Sebastià et al., 2009; Subramanian et al., 
2007), suggesting that aberrant tiRNA production may lead to neuro
degeneration. Furthermore, specific 5’tiRNAs containing G-quadruplex 
(G4) structures associated with ALS and FTD have been reported to 
protect human motor neurons against various ALS-relevant stresses 
(Ivanov et al., 2014). Recently, our group and others reported upregu
lated levels of specific 5’tiRNAs, including 5’tiRNAVal-CAC and 5’tiR
NAVal-AAC, in serum samples from ALS patients (Hogg et al., 2020; Joilin 
et al., 2020). Interestingly, levels of 5’tiRNAVal-CAC were also elevated in 
the spinal cord of SOD1G93A ALS transgenic (TG) mice at symptom onset 
and correlated with a slower disease progression in both this model and 
in the ALS patient serum samples (Hogg et al., 2020). Collectively, these 
findings suggest that 5’tiRNAs hold potential as prognostic biomarkers 
for ALS and may be part of an ANG-mediated neuroprotective stress 
response.

In addition to the potential of tiRNAs as disease biomarkers, it is 
becoming increasingly evident that this novel group of sncRNAs are 
important regulators of a wide range of biological processes across all 
domains of life (Li et al., 2018). Early studies reported that a subset of 
5’tiRNAs inhibit global protein synthesis and promote formation of 
stress granules (SGs), membraneless cytoplasmic foci which transiently 
store translationally inactive mRNA and RNA binding proteins (RBPs), 
by interfering with the assembly of the translation initiation machinery 
(Yamasaki et al., 2009; Ivanov et al., 2011; Emara et al., 2010). Subse
quent studies have corroborated these findings and provided further 
evidence that tiRNAs regulate various stages of gene expression, such as 
regulation of mRNA stability (Goodarzi et al., 2015; Jehn et al., 2020), 
inhibition of translation and regulation of ribosome biogenesis 
(Goncalves et al., 2016; Fricker et al., 2019; Kim et al., 2019; Lyons 
et al., 2020). Two independent studies implicated tiRNA-mediated 
genome-wide regulation of gene expression during early embryonic 
development. Several 5’tiRNAs, particularly 5’tiRNAGly-GCC, were found 
enriched in mouse sperm cells and altered offspring gene expression by 
binding to promoter regions in the zygote’s genome (Chen et al., 2016; 
Sharma et al., 2016). Furthermore, a recent study demonstrated that two 
specific 5’tiRNAs, 5’tiRNAGly-GCC and 5’tiRNAGlu-CTC, can silence gene 
expression in human HEK293 (Jehn et al., 2020). Additionally, 5’tiR
NAGly-GCC was identified as one of the most abundantly expressed tiRNAs 
in both human and mouse brain tissue (Jehn et al., 2020), and its 
expression has been shown to increase in various cell lines under stress 
conditions (Elkordy et al., 2018; Sanadgol et al., 2022). Taken together, 
these studies highlight a potential role for 5’tiRNAs, and 5’tiRNAGly-GCC 

in particular, in the regulation of gene expression. However, the effects 
of tiRNAs on global gene and protein expression in neuronal stress re
sponses and neurodegeneration remain unexplored. Given 5’tiRNAGly- 

GCC regulatory role and its abundance in brain tissue, we sought to 
investigate its dysregulation in ALS models as well as the systems-wide 
impact of this tiRNA during neuronal stress conditions. Using RNA 
sequencing (RNA-seq) and quantitative proteomics, we analyzed tran
scriptomic and proteomic changes in primary neurons transfected with 
synthetic mimics of 5’tiRNAGly-GCC, identifying biological processes and 
pathways potentially regulated by tiRNAs in neuronal stress responses.

2. Material and methods

2.1. Animals

All animal work was performed in accordance with the European 
Union Directive (2010/63/EU) with ethical approval by the RCSI 
Research Ethics Committee (REC1122 and TH007), and under sequen
tial licences from the Health Products Regulatory Authority (AE19127/ 
P004 and AE19127/P054), Dublin, Ireland. All animals were housed in a 
climate-controlled environment on a 12 h light/dark cycle with food and 
water supplied ad libitum.

C57BL/6JOlaHsd mice were purchased from Envigo, UK. TDP- 
43A315T hemizygous mice on a congenic C57BL/6 background (B6.Cg-Tg 
(Prnp-TARDBP*A315T)95Balo/J), were purchased from The Jackson 
Laboratory (Bar Harbor, Maine, USA) and originally generated in the 
laboratory of Dr. Baloh (Wegorzewska et al., 2009). A TDP-43A315T 

colony was maintained using a protocol that ensures development of 
symptomatic motor dysfunction, and were monitored daily from post
natal day (PND) 80 for development of symptoms (Coughlan et al., 
2016). Only male TDP-43A315T mice were analyzed, as female mice 
display variable disease penetrance (Hogg et al., 2018). SOD1G93A mice 
(C57B6.Cg-Tg (SOD1G93A)1Gur/J mice were purchased from The 
Jackson Laboratory (Bar Harbor, Maine) and originally generated in the 
laboratory of Professor Siddique (Gurney et al., 1994). The SOD1G93A 
transgene copy number was verified as stable in breeding males from the 
colony (Hogg et al., 2018). The FUS (1–359) mice were originally 
generated in the laboratory of Professor Buchman (Shelkovnikova et al., 
2013) and were rederived at the Institute of Molecular Genetics ASCR, 
Prague, Czech Republic as a congenic line on the C57Bl/6 background. 
Mice were genotyped by PCR, and aged to specific timepoints for tissue 
collection which were different for each strain. Pre-symptomatic sam
ples and symptom onset samples were collected, see figure legends for 
specific timepoints. TG and non-transgenic (WT) littermates were 
housed together with 3–5 mice per cage.

2.2. Tissue collection

Mice were terminally anesthetized with sodium pentobarbitone, and 
after the absence of reflexes were confirmed, transcardially perfused 
with PBS. Spinal cords were dissected and snap frozen in liquid nitrogen, 
and samples were stored at − 80 ◦C until used for RNA extraction.

2.3. Preparation of mouse primary cortical neurons

Cultures of primary cortical neurons were prepared from C57BL/ 
6JOlaHsd mouse embryos at embryonic day 16 (E16) as previously 
described (Concannon et al., 2010). Dissociated cortical neurons were 
resuspended in plating medium consisting of MEM (Gibco) supple
mented with 10 % horse serum (Gibco), 10 % fetal bovine serum (Sigma- 
Aldrich), 0.5 mM GlutaMAX (100×, Gibco), 1 % Penicillin-Streptomycin 
(10,000 U/ml, Gibco), 0.6 % (w/v) D-glucose (Sigma-Aldrich), 1 mM 
pyruvic acid (Gibco) and 0.22 % (w/v) NaHCO3 (Sigma-Aldrich). Cells 
were seeded onto poly-L-lysine-coated (0.1 mg/ml, Sigma-Aldrich) 6- 
well plates at a density of 1.4 × 106 cells/well or onto poly-L-lysine- 
coated (0.1 mg/ml) glass coverslips in 24-well plates at a density of 3.5 
× 105 cells/well and cultured in a controlled humified incubator at 37 ◦C 
and with 5 % CO2. 4 h after plating the cells, the plating medium was 
replaced with fresh serum-free Neurobasal plus medium (Gibco) sup
plemented with 0.5 mM GlutaMAX (100×), 10 μg/ml Gentamicin and 
1× B27 plus supplement (50×) (Gibco). On day in vitro (DIV 1), cultures 
were treated with 1 μM cytosine arabinoside (AraC, Sigma-Aldrich) to 
inhibit growth of non-neuronal cells. Half media changes were per
formed every three to four days until the cells were used for further 
experiments.
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2.4. Cell culture treatments

To induce proteasomal stress, cultures of mouse primary cortical 
neurons (DIV 9) were treated with either 50 nM proteasome inhibitor 
epoxomicin (Sigma-Aldrich) or vehicle control (0.1 % DMSO) for 24 h at 
37 ◦C and 5 % CO2. For acute oxidative stress induction, cultures of 
mouse primary cortical neurons (DIV 9) were treated with 500 μM so
dium arsenite (SA, Sigma-Aldrich) for 1 h followed by 24 h recovery in 
the original conditioned culture medium at 37 ◦C and 5 % CO2. Un
treated cells were used as control. To induce excitotoxicity, the primary 
neurons were treated with two concentrations of glutamate (0.5 mM and 
1 mM) (Sigma-Aldrich) for 30 min at 37 ◦C and 5 % CO2. Untreated cells 
were used as control.

2.5. tiRNA transfection

A synthetic mimic of endogenous 5’tiRNAGly-GCC and a non-targeting 
scrambled 5’tiRNA sequence (scrambled control) were synthesised and 
purified by Integrated DNA Technologies (IDT). The mimics contained a 
phosphorylated 3′-end and a biotinylated 5′-end and the sequences were 
as follows: 5’tiRNAGly-GCC, 5’Bio-GCAUUGGUGGUUCAGUGGUA
GAAUUCUCGCCUGC-3’Phospho; and scrambled control, 5’Bio-UGU
GAGUCACGUGAGGGCAGAAUCUGCUC-3’Phospho. On DIV 8, cultures 
of mouse primary cortical neurons were transfected with synthetic 
5’tiRNAGly-GCC mimic or scrambled control using NeuroMag transfection 
reagent and protocol (Oz Biosciences). Briefly, 100 nM synthetic tiRNA 
mimic or control was mixed with NeuroMag reagent (3.5 μl/well for 24- 
well plates and 14 μl/well for 6-well plates) in serum-free Neurobasal 
plus medium (final volume of 100 μl/well in 24-well plates and 200 μl/ 
well in 6-well plates, Gibco) without supplements and incubated for 
15–20 min at room temperature (RT) to allow formation of tiRNA/ 
NeuroMag complexes. Then, the appropriate amount of conditioned 
media was discarded from the cells and equal volume of transfection mix 
was added dropwise onto the cells. The culture plate was placed on a 
magnetic plate (Oz Biosciences) for 20 min in a humified incubator at 
37 ◦C and 5 % CO2. Following transfection, neurons were cultured under 
standard conditions for 24 h until further use.

2.6. Immunocytochemistry

Immunocytochemistry was performed on tiRNA mimic-transfected 
primary cortical neurons grown on coverslips in standard 24-well 
plates or 35 mm glass bottom dishes (Ibidi, #81158). Cells were fixed 
with 4 % paraformaldehyde for 15 min, permeabilised in ice-cold 0.1 % 
Triton X-100/PBS for 5 min, blocked in 5 % (w/v) BSA/0.1 % Triton X- 
100/PBS for 1 h at RT, and incubated with rabbit polyclonal anti-MAP2 
antibody (1:500, Abcam, #ab32454) and mouse monoclonal anti- 
G3BP1 (1:800, BD Bioscience, #AB_398438) overnight at 4 ◦C. 
Following primary antibody incubation, cells were incubated with an 
Alexa Fluor® Plus 555-conjugated donkey anti-rabbit secondary anti
body (1:1000, Invitrogen, # A32794), an Alexa Fluor® Plus 488-conju
gated donkey anti-mouse secondary antibody (1:1000, Invitrogen, 
#A21202), an Alexa Fluor® 647-conjugated streptavidin (1:500, Invi
trogen, #S32357) and 1 μg/ml Hoechst 33342 nuclear stain (Invitrogen) 
for 2 h at RT. Coverslips were mounted using ProLong Diamond Antifade 
Mountant (Invitrogen) and Z-stack images were acquired using a 
confocal Zeiss LSM 710 microscope with a 40× oil immersion objective 
(EC Plan-Neofluar 40×/1.30 Oil DIC M27, Zeiss). Dish samples were 
acquired using confocal Zeiss LSM 980 microscope with a 40× oil im
mersion objective (EC Plan-Neofluar 40×/1.30 Oil DIC M27, Zeiss). Five 
random field of views per coverslip or dish were imaged (1 coverslip or 
dish/independent experiment) and were analyzed using ImageJ (U.S. 
National Institutes of Health). To calculate transfection efficiency of 
synthetic tiRNA mimics, thresholds were applied to single Z-stack slices 
at the level of the nucleus to create masks of all MAP2-positive cells, and 
then the Alexa Fluor® 647 mean fluorescence intensity (MFI) was 

measured in the MAP2-masked area. All confocal microscope and 
ImageJ analysis settings were kept constant between experiments.

2.7. RNA extraction

Total RNA was extracted from mouse primary cortical neurons using 
Trizol reagent (Invitrogen) according to manufacturer’s instructions. 
Briefly, samples were lysed and homogenised in Trizol reagent and 
incubated for 5 min at RT. Phase separation was performed by adding 
chloroform (Sigma-Aldrich) and shaking the samples for 15 s. The 
samples were incubated for 3 min at RT and then centrifuged at 12000 
xg for 15 min at 4 ◦C. The upper aqueous phase was transferred into a 
new tube and an equal volume of isopropanol (Sigma-Aldrich) was 
added. Samples were incubated overnight at − 20 ◦C and then centri
fuged at 12000 xg for 15 min at 4 ◦C. The RNA pellets were washed with 
75 % ethanol (Sigma-Aldrich), vortexed briefly and then centrifuged at 
7500 xg for 10 min at 4 ◦C. The RNA pellets were air-dried for 10 min at 
RT and then resuspended in 20 μl RNase-free water containing 1 μl 
RNaseOUT RNase inhibitor (Invitrogen). The samples were incubated 
for 10 min at 65 ◦C, cooled on ice and spun down. RNA was extracted 
from mouse tissue using the Qiagen miRNeasy kit (Qiagen) according to 
the manufacturer’s instructions, and eluted in 40 μl RNase-free water 
containing 1 μl RNaseOUT RNase inhibitor (Invitrogen). RNA purity and 
yield was analyzed using a Nanodrop 2000 spectrophotometer (Thermo 
Scientific).

2.8. RNA secondary structure prediction

The sequences of mature tRNAGly-GCC and 5’tiRNAGly-GCC were 
extracted from the GtRNAdb (Chan and Lowe, 2009; Chan and Lowe, 
2016) and a small RNA-seq study performed previously in the lab (Hogg 
et al., 2020). The minimum free energy (mfe) predicted secondary 
structures of tRNAGly-GCC and 5’tiRNAGly-GCCwere calculated using the 
ViennaRNA RNAfold Server (Lorenz et al., 2011).

2.9. TaqMan RT-qPCR

A custom TaqMan™ Small RNA Assay (Applied Biosystems) for 
5’tiRNAGly-GCC (5′- GCAUUGGUGGUUCAGUGGUAGAAUU
CUCGCCUGC-3′, Assay ID available upon request) was designed, vali
dated and used in two-step RT-qPCR as previously described (Hogg 
et al., 2020). Briefly, 100 ng DNase I-treated total RNA was reverse 
transcribed using TaqMan™ MicroRNA Reverse Transcription Kit 
(Applied Biosystems) and qPCR reactions were performed in triplicate 
on a QuantStudio™ 5 Real-Time PCR System (Applied Biosystems). 
tiRNA levels were normalised to U6 small nuclear RNA (Applied Bio
systems, assay ID 001973) and tiRNA expression relative to control 
samples was calculated using the 2− ΔΔC

t method (Livak and Schmittgen, 
2001).

2.10. RNA-sequencing

Whole transcript RNA-seq was performed by VIB-KU Leuven on total 
RNA extracted from primary neurons transfected with either 5’tiRNAGly- 

GCC mimic or scrambled control (n = 5 independent experiments) using 
the KAPA stranded mRNA-seq Kit (Roche) as previously described 
(Lucantoni et al., 2021). Transcriptome profiles were created using an 
existing in-house bioinformatics pipeline (VIB-KU Leuven). In brief, 
following removal of optical duplicates using Clumpify (Bushnell et al., 
2017), the FASTQ sequencing reads were mapped to the mouse refer
ence genome using STAR 2.6 (Dobin et al., 2012), and SAM files were 
created. SAMtools (Li et al., 2009) was used to convert SAM files into 
binary format BAM. HTSeq-Count (Anders et al., 2014) was used to pre- 
process the BAM files for downstream analyses by counting the number 
of reads mapping to the genes. Differential gene expression analysis was 
performed in R v3.4.4 (R Core Team, 2013) using the DeSeq2 package 
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from Bioconductor (Love et al., 2014). Genes with an unadjusted p-value 
of less than 0.05 were considered significant as this was an exploratory 
study with a small sample size. Top differentially expressed (DE) genes 
were determined using a cut-off criteria of unadjusted p-value <0.05 and 
|log2 fold change| > 1.

2.11. Computational prediction of 5’tiRNAGly-GCC target interaction

RNAhybrid version 2.1.2 (Krüger and Rehmsmeier, 2006) was used 
to identify potential binding sites on the DE genes identified in the RNA- 
seq data. We used protein coding sequences for 601 of the 604 DE 
mRNAs (3 mRNAs have retired status on Ensembl) and lncRNA se
quences for 39 DE lncRNAs from GENCODE release M25 (GRCm38.p6) 
as the target sequences and 5’tiRNAGly-GCC as the query sequence. 
RNAhybrid uses extreme value distribution to estimate the p-values, we 
used 3utr_human option for this. Predicted hybridisations with mfe less 
than − 25 and p-value less than 0.05 were considered as probable 
binding sites. We obtained the graphical representations of the binding 
interactions from the RNAhybrid website (https://bibiserv.cebitec.uni 
-bielefeld.de/rnahybrid) (Krüger and Rehmsmeier, 2006).

2.12. Quantitative proteomics

Label-free quantitative proteomics analysis was performed as 
described before (Matveeva et al., 2023) on protein samples from mouse 
primary cortical neurons transfected with either 5’tiRNAGly-GCC mimic 
or scrambled control (n = 5 independent experiments). Briefly, cultured 
neurons were lysed in 2 % SDS lysis buffer (50mM Tris-HCl, pH 7.5, 2 % 
SDS, all Sigma-Aldrich) containing Roche cOmplete™ Protease Inhibitor 
Cocktail and Roche PhosSTOP™ tablets phosphatase inhibitors mix 
(Roche). Lysates were sonicated on a Bioruptor Pico (Diagenode), 
incubated at 95 ◦C for 5 min and then centrifuged at 14,000 rpm for 7 
min at 4 ◦C to remove cellular debris. Total protein concentration was 
quantified using a Micro BCA protein assay (Thermo Scientific). Samples 
were further processed in Dr. Matallanas’ laboratory using filter-aided 
sample preparation (FASP), a method that allows on-filter digestion of 
solubilised proteins and detergent removal using ultrafiltration devices 
(Wiśniewski et al., 2009). The peptide mixtures were purified, enriched 
and anion-exchanged fractionated using C18-StageTips (Empore). 
Briefly, C18-StageTips and solvents were prepared as previously 
described (Rappsilber et al., 2007), activated with 50 % acetonitrile 
(AcN)-0.1 % trifluoroacetic acid (TFA) and washed with 0.1 % TFA. 10 
μg of Trypsin digests were loaded onto the tips, washed twice with 0.1 % 
TFA, and eluted in 40 % AcN-0.1 % TFA. Then, samples were evaporated 
in a CentriVap Concentrator and resuspended in 0.1 % TFA prior to 
liquid chromatography coupled to tandem mass spectrometry (LC-MS/ 
MS) analysis.

LC-MS/MS analysis was performed by the UCD Conway Institute 
Mass Spectrometry Core Facility. Tryptic peptide samples were run on a 
Bruker timsTof Pro mass spectrometer coupled to a Bruker NanoElute 
nano-lc chromatography system (Bruker). Tryptic peptides were resus
pended in 0.1 % formic acid. To evaluate the reproducibility of LC-MS/ 
MS, 2 pmol Hi3 standard consisting of six synthetic control peptides was 
added to each sample immediately before injection. Each sample was 
loaded onto an Aurora Series UHPLC column (25 cm × 75 μm ID, 1.6 μm 
C18) (Ionopticks) and separated with an increasing acetonitrile gradient 
over 60 min at a flow rate of 250 nl/min at 45 ◦C. Chromatography 
buffer A was 99.9 % water, 01 % formic acid and buffer B was 99.9 % 
acetonitrile, 0.1 % formic acid (all solvents were LCMS grade). The mass 
spectrometer, Bruker timsTof Pro, was operated in positive ion mode 
with a capillary voltage of 1500 V, dry gas flow of 3 l/min and a dry 
temperature of 180 ◦C. All data was acquired with the instrument 
operating in trapped ion mobility spectrometry (TIMS) mode. Trapped 
ions were selected for MS/MS using parallel accumulation serial frag
mentation (PASEF). A scan range of (100–1700 m/z) was performed at a 
rate of 10 PASEF MS/MS frames to 1 MS scan with a cycle time of 1.15 s. 

One technical replicate and five biological replicates were run for each 
sample.

The resulting LC-MS/MS data were analyzed using the search engine 
MaxQuant version 1.6.17.0 (Cox and Mann, 2008). The raw files were 
searched against the Mus musculus subset of the Uniprot Swissprot 
database (reviewed) using specific parameters for TIMS data dependent 
acquisition (TIMS DDA). Each peptide used for protein identification 
met specific MaxQuant parameters, i.e., only peptide scores that corre
sponded to a FDR of 0.01 were accepted from the MaxQuant database 
search. The normalised protein intensity of each identified protein was 
used for label-free quantification (LFQ). Match between runs and 
intensity-based absolute quantification (iBAQ) were also selected. Pre
liminary iBAQ LC-MS/MS quantities were processed in the Perseus 
environment v1.6.7.0 (Tyanova et al., 2016). Processing included: 
deletion of proteins matching to reverse database and contaminants; 
relative iBAQ (riBAQ) normalization (Krey et al., 2014; Krey et al., 
2018); exclusion of proteins identified by site, log2 transformation and 
filtration for proteins with Andromeda score above 40 in order to 
exclude low confidence identifications. Further analysis was continued 
in the R environment (R Core Team, 2013) with limma package v3.40.6 
(Ritchie et al., 2015). DE proteins were identified by paired moderated t- 
test. The significance level was set to unadjusted p-value <0.05 as this 
was an exploratory study with a small sample size (Pascovici et al., 
2016). Top DE proteins were determined using a cut-off criteria of un
adjusted p-value <0.05 and |log2 fold change| > 1.

2.13. Functional enrichment analysis

Gene ontology (GO) (Ashburner et al., 2000), Kyoto encyclopedia of 
genes and genomes (KEGG) (Kanehisa and Goto, 2000; Kanehisa, 2019; 
Kanehisa et al., 2021), Reactome (Gillespie et al., 2022) and WikiPath
ways (Martens et al., 2021) analysis of identified DE mRNAs, DE pro
teins and hub genes was carried out using EnrichR (Chen et al., 2013; 
Kuleshov et al., 2016), and an adjusted p-value cut-off of below 0.05 was 
used to filter results. Treemaps of enriched biological processes were 
created in R v4.0.3 (R Core Team, 2013) using the Bioconductor package 
rrvgo (Sayols, 2020).

2.14. Protein-protein interaction network analysis

Protein-protein interaction (PPI) networks of the DE proteins were 
constructed and analyzed using the Cytoscape platform v3.9.1 (Shannon 
et al., 2003). Briefly, PPI networks were retrieved from the STRING 
database v11.5 (Szklarczyk et al., 2019) and then visualized and 
analyzed using the Cytoscape stringApp (Doncheva et al., 2019). The 
interaction score threshold was set to 0.7 (high confidence level) and a 
PPI enrichment p-value cut-off of <0.05 was considered significant. PPI 
network clusters (modules) were identified using the Cytoscape MCODE 
app v2.0.0 (Bader and Hogue, 2003) with default cluster finding pa
rameters (Degree cutoff ≥2; Node score cutoff ≥0.2, K-Core 2 and Max 
Depth = 100). Hub genes in the PPI network were identified using the 
Cytoscape app cytoHubba (Chin et al., 2014) and the top 20 nodes were 
ranked by the Maximal Clique Centrality (MCC) algorithm. KEGG 
pathway analysis of the identified modules was performed using the 
StringApp (cut-off criteria: FDR-adjusted p-value <0.05).

2.15. Statistical analysis

Statistical analyses were performed using Graphpad Prism v9.3.1 
(GraphPad Software Inc., San Diego, California, USA) or R v3.4.4/4.0.3 
(R Core Team, 2013). The statistical approaches for RNA-seq, prote
omics and functional enrichment analyses are detailed in respective 
methods sections above. The Shapiro-Wilk test was performed to assess 
normality of TaqMan RT-qPCR data. Normally distributed data were 
plotted as mean ± standard error mean (SEM) and analyzed by two- 
tailed t-tests with the significance level set to p-value <0.05. The 
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Fig. 1. 5’tiRNAGly-GCC levels are increased in cellular models of ALS-relevant stresses and in ALS mouse models. A-C TaqMan RT-qPCR analysis of 5’tiRNAGly-GCC 

levels relative to U6 snRNA in mouse primary cortical neurons exposed to A sodium arsenite (SA)-induced oxidative stress compared to control (Ctrl), B epoxomicin- 
induced proteasomal stress compared to Ctrl, and C glutamate-induced excitotoxic stress compared to Ctrl. D–H TaqMan RT-qPCR analysis of 5’tiRNAGly-GCC levels 
in spinal cord RNA relative to U6 snRNA of D TDP-43A315T transgenic (TG) mice at postnatal day (PND) 60 (presymptomatic) compared to wild type (WT) littermates, 
E TDP-43A315T TG mice at PND 100 (symptom onset) compared to WT littermates, F FUS (1–359) mice at PND 90 (symptom onset) compared to WT littermates, G 
SOD1G93A TG mice at PND 50 (presymptomatic) compared to WT, and H SOD1G93A TG mice at PND 90 (symptom onset) compared to WT littermates. Data are mean 
+/− SEM from n = 3–6 independent experiments/mice as indicated by dots; *p < 0.05; **p < 0.01; ns = not significant, two-tailed t-test (A-B, D–H) or One-Way 
Anova followed by Dunnett’s multiple comparison test (C).
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number of technical and biological replicates, the statistical tests used, 
and the significance are indicated in the figure legends.

3. Results

3.1. Levels of 5’tiRNAGly-GCC are upregulated in primary neurons exposed 
to ALS-relevant stresses and in the spinal cord of transgenic ALS mouse 
models at early stages of the disease

Stresses proposed to be involved in ALS include excitotoxicity, 
endoplasmic reticulum stress, oxidative stress and proteasomal stress 
(Taylor et al., 2016; Mejzini et al., 2019). To assess whether disease- 
relevant stresses alter neuronal levels of 5’tiRNAGly-GCC, cultures of 
mouse cortical neurons were exposed to SA-induced oxidative stress, 
epoxomicin-induced proteasomal stress, and glutamate-induced excito
toxic stress. The intracellular levels of 5’tiRNAGly-GCC compared to those 
in control samples were quantified using a custom small TaqMan RT- 
qPCR assay developed by our group to specifically recognize 5’tiR
NAGly-GCC and discriminate between the tiRNA and full length tRNA, as 
previously validated by northern blotting (Hogg et al., 2020). The se
quences and secondary structures of 5’tiRNAGly-GCC and its parental 
tRNA are shown in Supplementary Fig. S1. Exposure to acute SA- 
mediated oxidative stress resulted in a robust upregulation (~7-fold) 
of intracellular 5’tiRNAGly-GCC (Fig. 1a). A significant increase in 5’tiR
NAGly-GCC levels (~2-fold) was also observed in the epoxomicin-treated 
neurons compared to control-treated neurons (Fig. 1b). A moderate in
crease (~1.5-fold) was also evident in neuronal cultures exposed to 1 
mM glutamate compared to untreated control cultures (Fig. 1c), 
providing further evidence for upregulated tiRNAGly-GCC production 
during several ALS-related neuronal stress conditions.

To investigate tiRNA production in a more disease-relevant context, 
we measured 5’tiRNAGly-GCC in the lumbar spinal cord of mice from 
three different TG mouse models of ALS at an early stage of the disease, 
including the TDP-43A315T model of ALS and FTD, the FUS (1–359) ALS 
model and the SOD1G93A ALS model of slow disease progression. We 
identified significantly elevated levels of this tiRNA (~2-fold) at the 
presymtomatic stage (PND 60) and at symptom onset (PND 100) in TG 
mice from the TDP-43A315T model compared to WT littermates (Fig. 1d- 
e). Elevated, although not statistically significant, levels of 5’tiRNAGly- 

GCC were also observed at symptom onset in FUS (1–359) TG mice 
compared to WT littermates (Fig. 1f). Levels of 5’tiRNAGly-GCC were 
slightly increased, but no statistically significant difference was 
observed, in TG SOD1G93A mice compared to WT littermates (Fig. 1h). 
Taken together, these findings link increased 5’tiRNAGly-GCC production 
to neuronal stress that occurs before overt symptoms develop in multiple 
TG mouse models of ALS.

3.2. Transcriptomic and proteomic analyses of 5’tiRNAGly-GCC transfected 
primary neurons

Having established that 5’tiRNAGly-GCC is upregulated in disease- 
relevant in vitro and in vivo models of ALS, we next sought to explore 
its systems-wide effects on gene expression and protein expression in 
primary neurons. To this end, we designed synthetic oligonucleotide 

mimics of endogenous 5’tiRNAGly-GCC and a scrambled tiRNA control, 
and then performed whole-transcript RNA-seq and label-free quantita
tive proteomics on primary neurons transfected with the mimics 
(Fig. 2a). Before commencing omics studies, we performed immunocy
tochemistry to confirm efficient transfection of both the 5’tiRNA and 
scrambled control mimics into neurons. Following 24 h of transfection, 
the mimics were endocytosed by primary neurons where they accumu
lated mainly in the cytoplasm and dendrites as documented by confocal 
z-stack imaging and co-staining with a MAP2 antibody (Fig. 2b). Mimics 
also formed extracellular aggregates. The intraneuronal tiRNA signal 
was higher in the cultures transfected with 5’tiRNAGly-GCC or scrambled 
control compared to the non-transfected cultures, confirming successful 
internalisation of the mimics (Fig. 2c). There was no statistical differ
ence in intraneuronal 5’tiRNAGly-GCC immunofluorescence compared to 
scrambled control. Co-staining with a G3BP1 antibody suggested that 
internalised 5’tiRNAGly-GCC did not induce stress granule formation or 
co-localise to SGs (Supplementary Fig. S2). To further validate efficient 
transfection, the intracellular levels of 5’tiRNAGly-GCC were quantified 
using TaqMan RT-qPCR assays which confirmed significantly higher 
levels of 5’tiRNAGly-GCC in the tiRNA-transfected neurons compared to 
scrambled controls (Fig. 2d).

3.3. Transfection of 5’tiRNAGly-GCC fine-tunes gene expression in primary 
neurons

To investigate 5’tiRNAGly-GCC impact on the transcriptome in neu
rons, we performed whole-transcript RNA-seq on primary neuron cul
tures transfected with either 5’tiRNAGly-GCC mimic or scrambled control. 
RNA-seq generated between 25 million and 60 million reads per sample 
(Supplementary Fig. S3a), and the genome mapping rate was around 80 
% for each sample (Supplementary Fig. S3b), indicative of high-quality 
samples (Conesa et al., 2016). Prior to sequencing, the RNA samples 
underwent poly-A selection to deplete ribosomal RNA (rRNA) and 
enrich for mRNA. However, other RNA species with poly-A tails, such as 
long non-coding RNAs (lncRNAs), were also captured using whole- 
transcript RNA-seq (Supplementary Fig. S3c). Given that tiRNAs may 
influence different RNA species in distinct ways, differential expression 
analyses were conducted separately for mRNAs and lncRNAs.

Interestingly, despite successful transfection and sequencing, no 
significant DE mRNAs or lncRNAs were identified in the 5’tiRNAGly-GCC- 
transfected neurons compared to control when corrected for multiple 
comparisons (adjusted p-value <0.05; Supplementary Table S1). As this 
was an exploratory study, we next used a less stringent p-value threshold 
(unadjusted p-value <0.05) to select a set of preliminary DE mRNA and 
lncRNA for downstream analysis to identify potential cellular processes 
affected by 5’tiRNAGly-GCC. A total of 604 DE mRNAs were identified 
(569 downregulated, 35 upregulated), along with 39 DE lncRNAs (34 
downregulated, 5 upregulated), in response to 5’tiRNAGly-GCC (Fig. 3a-b, 
Supplementary Table S1). Next, we used RNA-hybrid to identify any 
potential 5’tiRNAGly-GCC-binding sites on the DE mRNAs and lncRNAs 
identified by RNA-seq. The RNAhybrid analysis revealed that 335 DE 
mRNAs and 25 DE lncRNAs contained predicted 5’tiRNAGly-GCC binding 
sites (Fig. 3c and Supplementary Table S2 for mRNAs, Fig. 3d and 
Supplementary Table S3 for lncRNAs), suggesting that these transcripts 

Fig. 2. Sample preparation for transcriptomics and proteomics analyses of 5’tiRNAGly-GCC-transfected primary neurons. A Sample preparation workflow. Cultures of 
mouse primary cortical neurons (DIV 8) were transfected with synthetic biotin-labelled mimics of either 5’tiRNAGly-GCC or a scrambled 5’tiRNA control for 24 h using 
NeuroMag transfection technology. Whole-transcript RNA-seq and label-free LC-MS/MS quantitative proteomics analysis was performed on the tiRNA-mimic and 
scrambled control-transfected neurons (n = 5 per condition). Schematic created with BioRender.com. B Representative confocal z-stack images of intraneuronal 
tiRNA-biotin levels (green; stained with fluorochrome-conjugated streptavidin) 24 h post-transfection. Neuronal marker MAP2 is shown in red and Hoechst nuclear 
counterstain is shown in blue. Arrows indicate cells selected as origin for orthogonal views. n = 10 independent experiments (n = 5 for proteomics and n = 5 for RNA- 
seq). Scale bars, 25 μm. ROI; region of interest. C tiRNA mean fluorescence intensity (MFI, a.u., arbitrary unit) measured in the cytoplasm of neurons (MAP2-masked 
area). D TaqMan RT-qPCR analysis of 5’tiRNAGly-GCC intracellular levels relative to U6 snRNA in mouse primary cortical neurons transfected with synthetic mimic of 
5’tiRNAGly-GCC relative to scrambled control. Data are mean +/− SEM from n = 4–5 independent experiments as indicated by dots; *p < 0.05, ***p < 0.001, **** p <
0.0001. One-way ANOVA followed by Tukey’s multiple comparison test (C), Two-tailed t-test (D). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)
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Fig. 3. Analysis of RNA-seq data. A-B Volcano plot of differentially expressed (DE, p-value <0.05) A mRNAs and B lncRNAs in 5’tiRNAGly-GCC–transfected neurons (n 
= 5) versus scrambled control (n = 5). Grey dots indicate not significantly regulated genes. Horizontal dashed line indicates p-value<0.05 and vertical dashed line 
indicates log2 fold change = 0. C Stacked Venn diagram depicting the number of DE mRNA containing 5’tiRNAGly-GCC binding site(s) (RNA-hybrid predicted targets of 
5’tiRNAGly-GCC) D Stacked Venn diagram depicting the number of DE lncRNA containing 5’tiRNAGly-GCC binding site(s) (RNA-hybrid predicted targets of 5’tiRNAGly- 

GCC). E Enriched GO Molecular Function (MF) terms and pathways from each pathway database (Reactome, KEGG and WikiPathways) for the downregulated DE 
mRNAs containing 5’tiRNAGly-GCC binding sites (adjusted p-value <0.05). Colours represent GO or pathway database: GO (red), Reactome (blue), KEGG (green), and 
WikiPathway (purple). Number next to bar = gene count. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.)
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may be directly regulated by 5’tiRNAGly-GCC interactions. Interestingly, 
the regions of complementarity extended beyond a “seed” region of 6–8 
bp complementarity which is commonly found between microRNAs 
(miRNAs) and their target transcripts (Bartel, 2009) (Supplementary 
Fig. S4), suggesting an alternative method of gene expression regulation 
may be occurring. Additionally, 330 of the 335 predicted mRNA targets 
and 20 of the 25 predicted lncRNA targets were downregulated (Fig. 3c- 
d), indicating that 5’tiRNAGly-GCC may function to silence gene expres
sion through complementary binding. The top 10 DE mRNAs and 
lncRNAs containing predicted 5’tiRNAGly-GCC binding sites are found in 
Table 1. Of note, the majority of the top DE mRNAs listed in Table 1
contain potential 5’tiRNAGly-GCC binding sites located within either the 
5′ untranslated region (5’UTR) or the coding sequence (CDS), but 
binding sites in the 3′ untranslated region (3’UTR) also occurred among 
the DE mRNAs (Supplementary Table S2). Supplementary Fig. S4 shows 
the top three tiRNA-mRNA and tiRNA-lncRNA interactions that exhibit 
the lowest mfe for the mRNAs and lncRNAs presented in Table 1. The 
most significantly DE mRNA and predicted target of 5’tiRNAGly-GCC was 
Gn13, encoding G protein Subunit Gamma 13, which is essential for 
regulating GTPase activity. Among the other top DE mRNAs were 
several genes encoding neuropeptides, including Vgf, Cort and Cartpt. 
VGF, or VGF nerve growth factor inducible, is a secreted neuroendocrine 
polypeptide found to be reduced in the CSF of ALS patients (Pasinetti 
et al., 2006). Both Cort and Cartpt also encode neuroendocrine peptides 
that are widely expressed in the CNS and play key roles in regulating the 
stress response (Bale and Vale, 2004; Rogge et al., 2008). In contrast, the 
majority of the top DE lncRNAs were Gm genes and riken cDNA genes, 
which currently lack functional annotations.

To get a better understanding of the functions of the DE mRNAs 
containing predicted 5’tiRNAGly-GCC binding sites, we performed func
tional enrichment analysis. No significant GO terms or pathways were 
identified for the upregulated mRNAs, likely due to their small number 
(n = 5). However, analysis of the downregulated DE mRNAs revealed 
enrichment of pathways related to neurotransmitter release, synapse 
formation and maintenance (Fig. 3e, Supplementary Table S4). Addi
tionally, several significantly enriched pathways among the down
regulated mRNAs were associated with the electron transport chain 
(ETC), in which dysfunction is linked to oxidative stress and neuro
degeneration through the production of reactive oxygen species 
(Bustamante-Barrientos et al., 2023). The enrichment of multiple path
ways related to neurodegenerative diseases further reflects the 

downregulation of mRNAs involved in the ETC.

3.4. Transfection of 5’tiRNAGly-GCC mediates changes at the proteome 
level in primary neurons

Next, we performed label-free quantitative LC-MS/MS on cultures of 
mouse primary neurons transfected with synthetic mimics of either 
5’tiRNAGly-GCC or scrambled tiRNA control. Differential expression 
analysis identified a total of 212 DE proteins, of which 29 were upre
gulated and 183 were downregulated, in the 5’tiRNAGly-GCC-transfected 
neurons compared to scrambled control (Fig. 4a, Supplementary 
Table S5). The top 10 identified DE proteins are listed in Table 2. Of 
note, the top hits were all downregulated in response to 5’tiRNAGly-GCC, 
indicating that this 5’tiRNA negatively regulates the proteomic profile of 
neurons. The most significant downregulated protein was BAG1, a co- 
chaperone for HSP70 involved in proteostasis, one of the key pro
cesses proposed to be dysregulated in ALS and other neurodegenerative 
diseases (Takayama et al., 1997; Alberti et al., 2003; Webster et al., 
2017). Interestingly, elevated levels of BAG1 have been found in the 
skeletal muscles of SOD1G93A ALS TG mice (Crippa et al., 2013), and the 
protein has also been reported to mediate neuroprotection in models of 
Parkinson’s disease and Huntington’s disease (Sroka et al., 2009; Ker
mer et al., 2015). Other proteins involved in the regulation of cellular 
stress responses and proteostasis, such as DNAJB11 and the ubiquitin- 
activating enzyme UBA3, were also identified as top DE proteins 
following 5’tiRNAGly-GCC-transfection (Table 2), indicating that proteins 
involved in stress responses may be key targets of 5’tiRNAGly-GCC.

An integrated analysis of the transcriptomic and proteomic data 
demonstrated that some DE mRNAs/proteins were common across both 
datasets: Cep170b, Irf2bpl, Psd, Rplp2, Snrpf (Supplementary fig. S5a-b). 
Four of the shared mRNAs/proteins were downregulated at both the 
transcript and protein levels, while Irf2bpl was found downregulated at 
the mRNA level and upregulated at the protein level (Supplementary fig. 
S5b). The lack of correlation between gene and protein levels suggests 
that 5’tiRNAGly-GCC regulation may involve distinct mechanisms for 
different transcripts, resulting in varying effects on mRNA and protein 
expression levels.

To further investigate potential mechanisms by which 5’tiRNAGly-GCC 

regulates the proteome in neurons, we performed GO term and pathway 
enrichment analysis of the set of upregulated and downregulated DE 
proteins, separately. Complete lists of significantly enriched GO terms, 
KEGG pathways, Reactome pathways and WikiPathways can be found in 
Supplementary Table S6. Due to the small number of upregulated DE 
proteins annotated to each GO term and pathway (Supplementary 
Table S6), we decided to focus on the results obtained for the down
regulated DE proteins. Treemap-based hierarchical clustering analysis 
was performed to identify non-redundant GO biological processes 
enriched among the downregulated DE proteins. The resulting treemap 
consisted of six clusters, including ‘translation’, ‘ribonucleoprotein 
complex assembly’, ‘Golgi vesicle transport’, ‘gene expression’, ‘regu
lation of mRNA stability’ and ‘viral process’ (Fig. 4b). The major cluster, 
‘translation’, encompassed GO terms associated with protein synthesis 
and metabolism. The pathway enrichment analysis reflected these re
sults, revealing ‘metabolism of proteins’ as the most enriched pathway 
among the downregulated genes (Fig. 4c). Furthermore, many of the 
enriched pathways were related to translation, particularly translation 
initiation. Other notable pathways included ‘Metabolism of RNA’ and 
‘Cellular Responses to Stress’. These findings indicate that 5’tiRNAGly- 

GCC affects proteins involved in post-transcriptional and translational 
control of gene expression during conditions of cellular stress. Addi
tionally, we identified enrichment of pathways related to fatty acid beta- 
oxidation including the metabolic protein ACSL3. This is of particular 
interest, as our group recently found ACSL3 to be overexpressed in the 
cerebral cortex of pre-symptomatic TDP-43A315T ALS/FTDTG mice (PND 
60) and FUS (1–359) ALS TG mice (PND50), suggesting a role for this 
protein in early ALS progression (Matveeva et al., 2023).

Table 1 
Top 10 differentially expressed mRNA and lncRNA (p-value <0.05 and |log2FC| 
> 1) with potential 5’tiRNAGly-GCC binding sites, identified in the 5’tiRNAGly-GCC- 
transfected neurons compared to scrambled control. Genes are ranked based on 
p-value.

Gene type Gene name log2FC p-value

mRNA Gng13 − 2.80 1.35E-04
Ppp1r35 − 1.92 1.16E-03
Cort − 1.24 1.50E-03
Cartpt − 1.02 3.07E-03
Bola1 − 1.52 3.80E-03
Nr2f6 − 1.50 3.86E-03
Rell2 − 1.19 4.31E-03
Abhd8 − 1.23 4.73E-03
Cox11 − 1.70 5.49E-03
Vgf − 1.24 5.70E-03

lncRNA 4921529L05Rik 1.90 3.50E-02
Gm45353 1.46 4.82E-02
Gm44686 1.33 3.69E-02
Gm15860 − 1.09 4.16E-02
2310010J17Rik − 1.13 1.22E-02
Gm7008 − 1.20 3.35E-02
Mtag2 − 1.93 3.45E-02
Gm30025 − 2.04 1.45E-03
2410080I02Rik − 2.14 4.10E-02
Gm26833 − 2.21 2.72E-02
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3.5. PPI network analysis of the proteome suggests that 5’tiRNAGly-GCC 

regulates proteins linked to ALS and other neurodegenerative diseases

To gain further insight into tiRNA-mediated effects on signaling 
pathways, we performed PPI network analysis of the complete set of DE 
proteins identified in the 5’tiRNAGly-GCC-transfected neurons compared 
to scrambled control. The resulting PPI network consisted of 212 nodes 
connected via 232 edges (Fig. 5a). We used the MCODE clustering al
gorithm to identify densely connected regions in the PPI network and 
found nine clustered subnetworks. The top 3 significant clusters were 
selected for further functional pathway analysis (Fig. 5b-d, 

Supplementary Table S7). The top-scoring cluster included ribosomal 
proteins that were all annotated to the significantly enriched pathway 
‘Ribosome’ (Fig. 5b). Cluster 2 comprised proteasome subunits and 
deubiquitinating enzymes associated with the proteasome (Fig. 5c). 
Interestingly, Cluster 2 also demonstrated enrichment of several path
ways of neurodegenerative diseases, including ‘Amyotrophic lateral 
sclerosis’, ‘Parkinson’s disease’, ‘Alzheimer’s disease’, ‘Huntington’s 
disease’, ‘Prion disease’ and ‘Spinocerebellar ataxia’ (Fig. 5c), reflecting 
that proteasomal defects occur in multiple neurodegenerative diseases. 
This provides further evidence for a role of 5’tiRNAs in neuro
degeneration. The interconnected proteins in Cluster 3 are associated 

Fig. 4. Differential expression analysis and functional enrichment analysis of proteomics data. A Volcano plot of differentially expressed (DE) proteins (p-value 
<0.05) in 5’tiRNAGly-GCC–transfected neurons (n = 5) versus scrambled control (n = 5). Blue and red dots indicate downregulated and upregulated DE proteins, 
respectively. Grey dots indicate non-significant proteins. Horizontal dashed line indicates p-value <0.05 and vertical dashed line indicates log2 fold change = 0. B 
Treemap of enriched Gene Ontology (GO) Biological Processes (BP) terms (adjusted p-value <0.05) for the downregulated DE proteins identified in 5’tiRNAGly-GCC 

transfected neurons. Each box in the treemap represents a GO BP, indicated in grey text, and the size of the box is inversely proportional to the enrichment adjusted p- 
value. Similar terms are grouped (coloured) based on their parent, which is indicated in white text. C Top 10 most enriched pathways from each pathway database 
(Reactome, KEGG and WikiPathways) for the downregulated DE proteins (adjusted p-value <0.05). Colours represent pathway database: Reactome (green), KEGG 
(red) and WikiPathway (blue). Number next to bar = protein count. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)
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with the spliceosome (Fig. 5d), a large ribonucleoprotein complex that 
catalyses pre-mRNA splicing (Lamond, 1993). Of note, defects in the 
spliceosome machinery are linked to ALS (Tsuiji et al., 2013; La Cognata 
et al., 2020). These findings, together with our results, further 
strengthen the link between 5’tiRNAGly-GCC and ALS.

To identify the most interconnected proteins in the PPI network, we 
performed hub gene analysis using the Cytoscape plugin Cytohubba. The 
top 20 hub genes selected based on MCC score are shown in Fig. 6a and 
also listed in Supplementary Table S8. Among these were genes 
encoding ribosomal proteins, proteasome subunits, eukaryotic trans
lation initiation factors (eIFs), and deubiquitinating enzymes, many of 
which were also identified in the PPI clusters. The outcome of the 
functional enrichment analysis of the hub genes also resonated with the 
results of the DE protein analysis, identifying GO terms and pathways 
related to translation, RNA processing and protein metabolism (Fig. 6b, 
Supplementary Table S9).

4. Discussion

In recent years, dysregulated levels of tiRNAs have been reported in 
several neurodegenerative and neurological disorders, including ALS 
(Hogg et al., 2020; Joilin et al., 2020; Magee et al., 2019; Wu et al., 
2021; Hogg et al., 2019). Yet, the functional role of tiRNAs in neuronal 
stress responses during neurodegeneration remains elusive. This is, to 
the best of our knowledge, the first study to explore the genome-wide 
effects of tiRNAs on regulation of gene and protein expression in neu
rons, shedding further light on potential mechanisms by which an ALS- 
associated tiRNA, 5’tiRNAGly-GCC, regulates neuronal stress responses in 
ALS.

Recent work has demonstrated induction of specific 5’tiRNAs, 
including 5’tiRNAGly-GCC, in response to arsenite-induced oxidative 
stress in primary mouse fibroblasts as well as in various cell lines, 
including HeLa cells, U2OS cells and PC12 neuronal cells (Elkordy et al., 
2018; Sanadgol et al., 2022). Here, we report a robust increase in 
5’tiRNAGly-GCC production also in primary neurons following arsenite- 
induced oxidative stress. Furthermore, we also demonstrated induc
tion of 5’tiRNAGly-GCC in primary neurons in response to epoxomicin- 
induced proteasomal stress and glutamate-induced excitotoxicity, two 
other types of stress implicated in ALS (Taylor et al., 2016). It should be 
noted that a more robust tiRNA production was observed following 
oxidative stress compared to proteasomal stress and excitotoxic stress, 

which further underscores oxidative stress as a key mediator of ANG- 
induced tRNA cleavage. In addition to our findings in vitro, we identi
fied increased expression of 5’tiRNAGly-GCC in the lumbar spinal cord of 
the TDP-43A315T TG mouse model of ALS and FTD, both at the pre
symptomatic stage and at symptom onset. Slightly elevated levels of 
5’tiRNAGly-GCC were also observed in the spinal cord of FUS (1–359) TG 
mice and SOD1G93A TG mice at early stages of disease, which adds to 
previous work from our group where another 5’tiRNA, 5’tiRNAVal-CAC, 
was found upregulated at symptom onset in the spinal cord of these two 
animal models (Hogg et al., 2020). Collectively, our findings highlight a 
role for 5’tiRNAGly-GCC production during neuronal stress conditions in 
ALS.

To investigate the impact of 5’tiRNAGly-GCC on neuronal tran
scriptomic and proteomic profiles, we performed whole-transcript RNA- 
seq and label-free proteomics on primary neurons transfected with a 
synthetic mimic of this tiRNA. Notably, approximately half of the dys
regulated mRNA transcripts following tiRNA-transfection contained 
predicted binding sites for 5’tiRNAGly-GCC, suggesting they may be direct 
targets of this tiRNA. A similar observation was made for the dysregu
lated lncRNAs, many of which contained predicted 5’tiRNAGly-GCC 

binding sites. Moreover, the majority of DE transcripts were down
regulated, indicating that 5’tiRNAGly-GCC may function to silence target 
mRNAs through complementary base-pairing. These findings align with 
previous work by Jehn et al. (Jehn et al., 2020), which suggested that 
transfection with specific 5’tiRNA mimics, including 5’tiRNAGly-GCC and 
5’tiRNAGlu-CTC, reduces gene expression in HEK293 cells via comple
mentary binding to mRNAs, resulting in decreased transcript levels. 
However, while their study proposed that 5’tiRNAGly-GCC and 5’tiRNA
Glu-CTC silence gene expression by binding their mid-region sequences to 
the 3’UTR or the CDS of target mRNAs, the majority of the top DE 
mRNAs in our study all contained 5’tiRNAGly-GCC binding sites in either 
the CDS or 5’UTR. Jehn et al. (Jehn et al., 2020) also found that 5’tiR
NAGlu-CTC, but not 5’tiRNAGly-GCC, could stabilize some mRNAs, an effect 
we did not observe at either the transcript level or protein level, as 
discussed further below. The downregulated DE mRNAs predicted to be 
direct targets of 5’tiRNAGly-GCC were associated with pathways involved 
in energy metabolism and synaptic function, both of which are critical in 
the pathogenesis of ALS. However, it is essential to further validate these 
potential tiRNA targets and their biological significance in vitro. 
Collectively, the findings of this study suggest that 5’tiRNAGly-GCC fine- 
tunes the neuronal transcriptome by selectively modulating specific 
RNA transcripts as part of a neuronal stress response. Future work 
should focus on mapping the full repertoire of RNAs, including other 
sncRNAs, that may be regulated by this and other tiRNAs.

Consistent with our transcriptomics study, the proteomics analysis 
revealed that the majority of DE proteins in response to 5’tiRNAGly-GCC 

transfection were downregulated, indicating that this tiRNA negatively 
regulates protein expression. The limited correlation between down
regulated transcripts and proteins in our data suggests that 5’tiRNAGly- 

GCC may affect gene expression and protein production through different 
mechanisms. In particular, we found that transfecting primary neurons 
with 5’tiRNAGly-GCC resulted in downregulation of proteins involved in 
protein synthesis. More specifically, hub genes encoding eIFs and ribo
somal proteins were downregulated, along with an enrichment of bio
logical processes and pathways related to cap-dependent translation 
initiation, the major rate-limiting step for protein synthesis under 
physiological conditions and the primary target of translational control 
during cellular stress (Holcik and Sonenberg, 2005; Hershey et al., 
2007). This broad downregulation of proteins within the protein trans
lation machinery, in contrast to the more targeted changes on the 
transcript level, may reflect a generalised inhibition of translation by 
5’tiRNAGly-GCC, as has been previously proposed for 5’tiRNAs (Yamasaki 
et al., 2009; Ivanov et al., 2011; Emara et al., 2010; Goncalves et al., 
2016). Importantly, these results support previous studies demon
strating that transfection of another synthetic tiRNA, 5’tiRNAAla-AGC, 
inhibits cap-dependent translation by interfering with the assembly of 

Table 2 
Top 10 differentially expressed proteins (p-value <0.05 and |log2FC| > 1) 
identified in the 5’tiRNAGly-GCC-transfected neurons versus control, ranked 
based on p-value.

Protein name Gene 
name

log2FC p-value

BAG family molecular chaperone regulator 1 Bag1 − 1.74
4.39E- 
04

Echinoderm microtubule-associated protein-like 
4

Eml4 − 1.42 1.92E- 
03

NEDD8-activating enzyme E1 catalytic subunit Uba3 − 1.21 5.07E- 
03

Chromobox protein homolog 3 Cbx3 − 1.13
5.57E- 
03

DnaJ homolog subfamily B member 11 Dnajb11 − 1.63
8.73E- 
03

Centrosomal protein of 170 kDa protein B Cep170b − 1.30 8.75E- 
03

Complement component 1 Q subcomponent- 
binding protein, mitochondrial C1qbp − 1.48

1.03E- 
02

Microtubule-associated protein 1S Map1s − 1.83
1.08E- 
02

Complexin-1 Cplx1 − 1.11
1.24E- 
02

Metastasis-associated protein MTA2 Mta2 − 1.37 1.44E- 
02
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the eIF4F complex onto the m7GTP cap structure of mRNA, thereby 
inhibiting the scanning step of translation initiation (Ivanov et al., 2011; 
Lyons et al., 2020). In an earlier study, the same group found that 
5’tiRNAAla-AGC transfection induce SG formation in U2OS cells, albeit at 
low levels (Emara et al., 2010). In contrast, our results demonstrated no 
evidence of increased SG formation in neurons following 5’tiRNAGly-GCC 

transfection alone. This observation is consistent with more recent work 
by Sanadgol et al. (Sanadgol et al., 2022), which reported that specific 
tiRNAs, including 5’tiRNAGly-GCC, do not induce SG formation. Addi
tionally, our identification of protein clusters and hub genes associated 
with ribosome biogenesis are also in line with a previous study where an 
ANG-induced tiRNA derived from the 3’end of mature tRNAThr was 
found to associate with ribosomes and influence protein translation 
during stress recovery in Trypanosoma brucei (Fricker et al., 2019). While 
our proteomics analysis point to a role for 5’tiRNAGly-GCC in regulation of 
translation under neuronal stress conditions, future efforts will be aimed 
at assessing 5’tiRNAGly-GCC direct effects on global translation in func
tional assays, such as in vitro translation reporter assays. Further func
tional studies are also required to validate potential tiRNA-protein 
interactions and to determine the mechanisms by which this, and other 
5’tiRNAs, may reprogram protein synthesis in neuronal stress responses.

Our studies also suggest a role for 5’tiRNAGly-GCC in protein degra
dation. PPI network analysis of the 5’tiRNA-associated proteome 
revealed a cluster of proteasome subunits associated with various 
neurodegenerative diseases, including ALS. The proteasome is a pro
teolytic enzyme complex responsible for degradation of misfolded or 
damaged proteins (Bard et al., 2018). Its function is critical for main
taining proteostasis, and dysfunction of the proteasome is implicated in 
ALS and other neurodegenerative diseases (Medinas et al., 2017). In 
addition, we also identified enrichment of several biological processes 
and pathways associated with proteolysis. In conjunction with the 
observed upregulation of 5’tiRNAGly-GCC in neurons in response to pro
teasomal stress, these findings suggest a potential role for 5’tiRNAGly-GCC 

in regulating proteasome activity, and consequently, protein degrada
tion under neuronal stress responses. However, additional work is 
required to determine whether 5’tiRNA production is linked to the 
control of proteostasis in ALS. Moreover, we observed downregulation 
of proteins associated with fatty acid oxidation following the trans
fection of primary cortical neurons with 5’tiRNAGly-GCC. Notably, we 
previously found one of these proteins, ACSL3, to be upregulated in the 
cerebral cortex of TDP-43A315T TG mice (PND 60) and FUS (1–359) ALS 
TG mice (PND 50) (Matveeva et al., 2023). However, levels of 5’tiR
NAGly-GCC was also found elevated in these animal models in the present 
study. A possible explanation for this discrepancy is that 5’tiRNAGly-GCC 

may function to modulate stress-induced upregulation of ACSL3 in ALS. 
Specifically, ACSL3 may be upregulated by other factors, such as the 
activation of the peroxisome proliferator-activated receptor (PPAR) 
signaling pathway, as suggested by previous studies (Dervishi et al., 
2018). Alternatively, the observed differences could reflect tissue- 
specific regulatory mechanisms, as ACSL3 was upregulated in the ce
rebral cortex, whereas tiRNA expression was analyzed in the spinal cord. 
Therefore, the relationship between 5’tiRNAGly-GCC and ACSL3 should 
be further investigated within the same tissues to better understand their 
interaction.

Although the results of this study support a role for 5’tiRNAGly-GCC in 
neuronal stress responses and neurodegeneration, there are certain 
limitations to consider. Research on tiRNAs is still in its infancy and the 

experimental ‘toolbox’ to study their biological functions is currently 
limited. Most studies in the field have employed synthetic tiRNA mimics 
to investigate the functions of specific tiRNAs (Yamasaki et al., 2009; 
Ivanov et al., 2014; Ivanov et al., 2011; Emara et al., 2010; Jehn et al., 
2020; Goncalves et al., 2016). The physiological levels of intracellular 
tiRNAs are unknown but believed to be higher than those of other 
sncRNAs (Li et al., 2022; Mesquita-Ribeiro et al., 2021). Still, intro
duction of specific tiRNAs through the use of synthetic mimics may lead 
to higher concentrations of intracellular tiRNAs than occurring in 
response to stress. For our transfection experiments, we selected the 
lowest tiRNA mimic concentration (100 nM) that allowed detection by 
ICC, ensuring intracellular uptake. This concentration is consistent with 
those used in previous studies, which range from 50 nM to 750 nM 
(Ivanov et al., 2011; Jehn et al., 2020; Tao et al., 2021). Notably, Ivanov 
et al. (Ivanov et al., 2011) estimated that stress-induced intracellular 
levels of two tiRNA species, tiRNAAla/Cys, reach approximately 0.5 μM, 
with total tiRNA levels in stressed cells amounting to around 5 μM. The 
concentration of 5’tiRNAGly-GCC used in our transfection experiments 
aligns with these physiological estimates. We achieved robust expres
sion of transfected 5’tiRNAGly-GCC in our model system, and still could 
not detect significant gene expression changes without reducing the 
stringency of the analysis pipeline. Therefore, we cannot exclude the 
possibility that the gene expression changes observed are artefacts due 
to high/non-physiological levels of 5’tiRNAGly-GCC. However, we can 
conclude that 5’tiRNAGly-GCC does not regulate gene expression in the 
same manner as miRNAs, where abundant target gene expression 
changes are detected in response to overexpression of a miRNA mimic. 
Indeed, the regions of complementarity identified here extend beyond 
the “seed” regions of binding between miRNAs and their targets, how
ever analysis of Argonaute complexes is required to validate this. 
Moreover, synthetic tiRNA mimics may lack post-transcriptional modi
fications and hence may not fully mimic their endogenous equivalents. 
To overcome the above mentioned caveats of tiRNA “overexpression”, 
an alternative approach would be to silence endogenous tiRNAs using 
synthetic antisense oligonucleotides (ASOs). This strategy provides 
added advantageous as ASOs are shorter than tiRNA mimics and can be 
directly delivered to the culture medium without the need for trans
fection, which is proven especially difficult in post-mitotic cells such as 
primary neurons (Sariyer, 2013). However, ASOs directed to tiRNAs 
may also influence mature tRNA levels as the target sequence is present 
in both.

In summary, this explorative study provides novel insight into po
tential mechanisms by which 5’tiRNAGly-GCC fine tunes gene expression 
and protein production in neurons. Our findings further support a role 
for tiRNAs as part of a protective response against neurodegeneration, 
underscoring the need for further exploration in ALS.
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