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5′LysTTT tRNA fragments support survival of botulinum-intoxicated neurons by
blocking ferroptosis

Arik Monash1,2,3 , Nimrod Madrer2,4 , Shani Vaknine Treidel2,4 , Ofir Israeli5 , Liad Hinden3 , David S. Greenberg2 , Joseph Tam3 ,
Osnat Rosen6 , and Hermona Soreq2,4

Botulinum neurotoxins (BoNTs) block cholinergic signaling at neuromuscular junctions, inducing transient muscle paralysis while avoiding
neuronal death. However, the mechanism(s) underlying these dual features are yet unknown. Here, we report accumulation of 5’Lys transfer
RNA fragments (tRFs) in both BoNT/A-intoxicated cultured human neuroblastoma cells and submandibular glands from BoNT/A-intoxicated
rodents. Importantly, we show that 5′LysTTT tRFs balance ferroptosis by cointeracting with the RNA-binding ferroptosis-inducing protein
HNRNPM and the 3’ untranslated region of the ferroptosis-inhibiting CHAC1 mRNA. Moreover, approximately 20% of the BoNT/A-induced tRFs
shared an 11-nucleotide-long LysTTT and LysCTT tRFs-included motif, CCGGATAGCTC, which may target transcripts containing complementary
sequences, including the UNC5B transcript that can regulate cell survival. Collectively, the multiple regulatory roles of tRF-5′LysTTT and the
shared repetitive motif reveal mechanism(s) supporting the survival of cholinergic neurons under BoNT/A exposure. This understanding may
predict the development of novel BoNT/A therapeutic avenues for treating diverse neuromuscular disorders and BoNT/A cosmetic procedures.
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Introduction
Botulinum neurotoxins (BoNTs) are the most potent biological toxins
known to humans, with an estimated lethal dose of approximately 1 ng/kg
(1). These toxins are the causative agents of botulism, a severe and po-
tentially fatal neuroparalytic illness affecting both humans and animals
(2). Paradoxically, BoNTs also form the basis for a variety of cosmetic and
therapeutic applications (3). Produced by anaerobic Clostridium bacteria,
BoNTs are initially synthesized as single-chain precursor proteins, which
are subsequently processed into a 100 kDa heavy chain and a 50 kDa light
chain. Different Clostridium strains produce seven BoNT serotypes (A to
G) (4), of which serotypes A, B, E, and rarely F, are associated with human
botulism. Annually, a few hundred cases of infant or adult intestinal bo-
tulism are reported worldwide (5). Mechanistically, BoNTs act by entering
peripheral cholinergic neurons through a multistep cellular intoxication
process that culminates in the cleavage of core SNARE proteins. This in-
terrupts acetylcholine (ACh) trafficking and release at the neuromuscular
junction (NMJ), leading to paralysis (6, 7). Infants are particularly vulner-
able to botulism, and since 1979, infant botulism has been the most com-
monly diagnosed form of this poisoning in the United States (8). Neuro-
logical symptoms in infants are similar to those in adults, but are often
overlooked because infants cannot verbalize their discomfort. The most
common sources of infant botulism are contaminated honey and environ-
mental exposure (9, 10). From 2000 to 2019, infant botulism represented
71% of the 3241 human botulism cases detected in the United States (11).

While BoNT/C and BoNT/E serotypes have been shown to cause neu-
rodegeneration in both cultured neurons and live mice (12, 13), BoNT/A
does not induce neurodegeneration despite its similar ability to block
synaptic vesicle exocytosis and cleave the SNAP25 protein (albeit at dif-
ferent positions from BoNT/E) (13). The sustained neuronal survival ob-
served under BoNT/A intoxication has enabled its therapeutic applica-
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tion at picomolar or higher concentrations to induce prolonged flaccid
paralysis (14). This effect is utilized in treating disorders such as dysto-
nia, hyperhidrosis, and essential tremors (15). However, the underlying
mechanism of action remains largely unexplained. Subsequent studies
identified certain proteasome enzymes as key regulators of the duration
of post-BoNT/A effects (16, 17) with some analyses focusing on mRNA
transcripts. Additionally, BoNT/A injections have become the most pop-
ular cosmetic procedure worldwide, used to reduce wrinkles with effects
lasting several months and impacting over 7 million people annually (18).
Despite these advancements, neither basic research studies nor investi-
gations into cosmetic applications have elucidated the downstream pro-
cesses triggered by BoNT intoxication or the molecular mechanisms sup-
porting neuronal survival. To address this gap, we aimed to elucidate the
cellular responses to BoNT/A intoxication. Given recent insights into the
regulatory roles of microRNAs (miRNAs) (19) we studied the involvement
of small noncoding RNAs (sncRNAs) in these processes. Specifically, we
profiled sncRNA transcripts in cultured human neuroblastoma cells fol-
lowing BoNT/A intoxication to identify miRNA, small-interfering RNAs,
and the recently re-discovered transfer RNA fragments (tRFs) (20–22)
that may contribute to postintoxication cellular responses.

tRFs are derived from the cleavage of both mature transfer RNA (tRNA)
and tRNA precursors. Their biogenesis is highly regulated, depending on
tissue, physiological state, and developmental stages of the cells or tis-
sues in which they accumulate. This process reflects conserved and spe-
cific tRNA cleavage mechanisms, rather than random tRNA degradation
(22, 23). tRFs typically range from 16 to 50 nucleotides (nt) in length and
are endonucleolytic cleavage products of specific ribonucleases to gener-
ate shorter, functional fragments (24–26). Recent studies have revealed
that tRFs play diverse roles across various nervous system cell types
and organisms. Notably, tRFs targeting cholinergic transcripts have been
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identified to predominantly originate from the mitochondrial genome
(21) and exhibit a decline in abundance with age (23).

Multiple nucleases mediate the cleavage of tRNA and tRNA precursors
to generate tRFs (27, 28). Importantly, tRFs can originate from either the
nuclear or mitochondrial genome (29), and their functional roles are di-
verse. They may regulate protein translation in a manner akin to miRNAs
(30) silence genes through base pairing with target mRNAs (20, 22, 31), or
interact with RNA-binding proteins (32). The cleavage of tRNA molecules
produces tRFs that can mediate neuroprotective effects by interacting
with specific mRNA targets (33, 34). However, the potential role of tRFs
in supporting the survival of human-originated neurons under botulinum
intoxication, as well as the underlying mechanisms involved, remained
unknown.

The immediate stress-induced accumulation of specific subtypes of
tRFs facilitates the intracellular formation of stress granules, where these
fragments localize to protect cells from acute stress (35). However, the
processes occurring after the acute exposure phase remain poorly un-
derstood. In this respect, neuronal death in numerous neurodegenera-
tive and neurological disorders has recently been linked to ferroptosis,
a nonapoptotic cell death mechanism characterized by increased mem-
brane lipid peroxidation, accumulation of lipid peroxides, and an inad-
equate capacity to counteract these processes (36–38). Neurons, being
enriched in phospholipids containing polyunsaturated fatty acids (PUFAs)
and iron (39, 40), rely on protective mechanisms to prevent lipid peroxi-
dation under normal conditions. Interestingly, BoNT/A has been shown to
alleviate cartilage degradation and inhibit osteoarthritis progression by
preventing ferroptosis in chondrocytes (41). However, under pathologi-
cal conditions, these defense mechanisms are compromised, promoting
the recently identified ferroptosis cell death pathway (42). Despite this,
the role of BoNT/A in modulating neuronal ferroptosis remains largely
unexplored.

To study the molecular mechanisms underlying botulinum intoxication
in neurons, we utilized the human-derived LAN5 neuroblastoma cell line
(21). Small RNA profiling of BoNT/A-intoxicated LAN5 cells revealed pro-
found changes in the neuronal transcripts landscape, suggesting a link
between these changes and the mechanisms by which cholinergic neuro-
transmission is blocked while neuronal survival is maintained. Unexpect-
edly, our analysis uncovered a previously unrecognized accumulation of
tRFs that initiate multiple protective pathways to both counteract neu-
ronal death and inhibit ferroptosis. Furthermore, we identified a BoNT/
A-induced accumulation of a repetitive tRNA-derived motif among the el-
evated postintoxication tRFs, which together appear to ensure the sur-
vival of intoxicated neurons by blocking ferroptosis. Deciphering these
simultaneous protective pathways offers valuable insights into the mech-
anisms of BoNT/A-induced neuronal survival and may pave the way for
novel BoNT/A-based therapeutic applications.

Results
Neuronal Survival Under BoNT/A Intoxication Involves Massive
Transcriptomic Changes
The lethal dose of BoNT/A per person is estimated to range between 0.03
and 1 μg depending on the route of administration (5). To explore the cel-
lular response to BoNT/A intoxication, LAN5 human neuroblastoma cells
were exposed to a potentially lethal dose of BoNT/A (10,000 MsLD50/mL,
equivalent to ∼ 50 ng; Figure 1A), a concentration significantly higher
than doses used in cosmetics applications (18). ELISA-based quantifi-
cation of cleaved-SNAP25 levels (43) was used to establish a time-
course assay, enabling the assessment of BoNT/A effects on LAN5
cells (Figure 1B). A dose–response curve spanning a wide range of
BoNT/A concentrations was generated, yielding an EC50 of approximately
4000 MsLD50/mL (∼120 pM toxin concentration) and a detection limit of
2–3 pM BoNT/A (Figure 1C).

An in vitro cell-based assay demonstrated neuronal survival follow-
ing BoNT/A intoxication (13) (Figure 1D), providing a platform to ex-
plore molecular mechanisms regulating survival under such conditions.
Long-read RNA sequencing (RNA-seq) of BoNT/A-intoxicated LAN5 cells
identified differentially expressed (DE) transcriptomic changes, with 217
transcripts significantly downregulated and 135 transcripts upregulated

under BoNT/A exposure (Figure 1E and F and Supplementary Table S1),
using a false discovery rate (FDR) of 0.05. Gene Ontology (GO) enrich-
ment analysis of the downregulated transcripts revealed significant en-
richment in biological processes such as tRNA aminoacylation for protein
translation (Figure 1G). These findings suggested an altered repertoire
in intoxicated cells of noncoding tRNAs, critical for protein synthesis and
involved in diverse cellular processes and regulatory pathways.

BoNT/A-intoxicated LAN5 Cells Display Massive tRFs Accumulation
Small RNA-seq of total RNA from BoNT/A-intoxicated LAN5 cells and non-
treated (NT) cells (Figure 2A, >12 million single reads per sample) was
analyzed using miRExpress 2.1.4 (44) for miRNA levels and the MINTmap
pipeline (45) with default parameters for tRF levels (using only reads
mapping exclusively to the tRNA space). This analysis showed modest
changes in miRNA levels (Figure 2B and Supplementary Table S2), which
contrasted with massive increases and decreases in tRFs levels of both nu-
clear and mitochondrial genome origins (Figure 2C and D and Supplemen-
tary Table S3). Specifically, only 2 DE miRNAs were identified, whereas
335 DE tRFs were detected, with 63% upregulated under BoNT/A expo-
sure. Among these, tRF-5′LysTTT (also known as tDR-1:31-Lys-TTT-3-M2
or tRF-31-PS5P4PW3FJHPB) emerged as the most significantly elevated
tRF in BoNT/A-intoxicated LAN5 cells (Figure 2E) compared to BoNT/E and
TeNT toxin (Supplementary Figure S2). Classifying the DE tRFs by frag-
ment type (Figure 2C and F) revealed that 189 of the 335 DE tRFs were
internal tRFs, with 38 (all upregulated) originating from lysine tRNA and
51 from glutamate tRNA (most of them upregulated) (Figure 2G). Sub-
dividing the DE tRFs by length showed that all of the upregulated tRFs
were relatively long (25 nt and above), whereas the downregulated tRFs
were short (less than 25 nt) and therefore more lilkely to function like
miRNAs (Figure 2H). Together, these findings indicate a nonarbitrary frag-
ment generation of regulatory sncRNAs during BoNT/A intoxication. Fur-
thermore, the massive tRNA fragmentation observed likely corresponds
to cell viability, as tRFs are known to be regulated under cell prolifera-
tion and are necessary for ensuring cell survival (46). To examine whether
the cleavage we observed under BoNT/A exposure is unique to this con-
dition or is shared by other types of stress, we utilized the GSE113751
dataset (47) of wildtype HEK293T cells under amino acid starvation (ei-
ther Arginine (Arg) or Leucine (Leu)) or under no treatment for 3 or 6 h
(n = 12, see Materials and Methods). Out of the 20,274 tRFs that were ex-
pressed in these cells, only 134 tRFs were shared with the 1654 tRFs found
in the BONT DE analysis. Moreover, none of those was significantly DE un-
der amino acid starvation. Further, when comparing the log (FoldChange)
of these 134 tRFs under BoNT/A intoxication and under amino acid starva-
tion, only 14 showed the same trend of change (namely, over 1 or under −1
log (FoldChange) in both cases). The rest of the tRFs were either changed
in one case only, or altered in opposite directions under the two stressors
(Supplementary Figure S1). Thus, we show that the tRFs whose levels are
changed under BoNT exposure reflect a “BoNT/A specific” signature.

BoNT/A-exposed LAN5 Cells and Rat Submandibular Glands Undergo
Correlated Intoxication-induced tRFs Changes
To evaluate the relevance of our cell culture findings to in-vivo intoxica-
tion, we analyzed the small-read RNA-seq dataset from the submandibu-
lar glands of BoNT/A-injected rats versus control animals [GSE 141815
(48)], using the human MINTmap pipeline. This dataset revealed three
DE tRFs out of the total of 92 detected tRFs (Figure 3A and Supplemen-
tary Table S4) (P < 0.05). Two of those (66%) corresponded to DE tRFs
from BoNT/A-intoxicated human-originated LAN5 neurons (Figure 3B).
Subdividing the entire tRFs repertoire based on the originating amino
acid type families showed that most tRFs originated from lysine, gluta-
mate, or histidine tRNAs (Log2FC >1), Furthermore, of the 52 total upreg-
ulated tRFs (DE and non-DE) in the BoNT/A-exposed rat dataset, 14 tRFs
(27%) corresponded to DE tRFs from BoNT/A-intoxicated LAN5 neurons
(Figure 3C). Specifically, among the 17 and 18 tRFs originating from lysine
and glutamate tRNAs in BoNT/A-exposed rat glands (all nuclear-genome-
originated), eight tRFs corresponded to lysine (47%) and 10 to glutamate
(55%) DE tRFs identified in BoNT/A-intoxicated LAN5 cells (Figure 3D
and E). Therefore, similarities between the DE tRFs identified in BoNT/A-
exposed LAN5 cells were identical to tRFs with altered levels in poisoned
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Figure 1. Assessing BoNT/A potency and molecular characterization of intoxicated LAN5 neuroblastoma cells. (A) Experimental setup: LAN5 cells (2 × 106 cells/
well) were intoxicated with 10,000 MsLD50/mL BoNT/A. Cleavage of SNAP25 was assessed using a specific sandwich ELISA assay. Long RNA-seq was performed
for mRNA and lncRNA profiling. (B) Time-dependent signal-to-noise ratio (S/N) of cell lysates during BoNT/A incubation. S/N was calculated as the absorbance
of BoNT/A-exposed cells divided by the absorbance of nontreated (NT) cells for all samples (duplicates). Data represent N = 3 biological replicates, analyzed
by one-way ANOVA (∗P < 0.05). (C) Dose–response curve for LAN5 cells exposed to BoNT/A concentrations ranging from 0.1 to 10,000 MsLD50/mL, showing S/N
ratios of cell lysates. (D) Time-course viability assay comparing NT cells to those exposed to 10,000 MsLD50/mL BoNT/A. Viability was assessed using Alamar
Blue fluorescence intensity (Ex: 530 nm, Em: 580 nm) at 2, 24, 48, and 72 h postpoisoning. Fluorescence signals were normalized to cell counts across three
technical replicates. (E) Volcano plot displaying DE transcripts from long RNA-seq at 48 h postintoxication with 10,000 MsLD50/mL BoNT/A. Red and green dots
represent DE genes (FDR < 0.05), while blue and black dots indicate non-DE genes (FDR >0.05). Differential expression analysis was performed by using the
DESeq2 tool and Wald statistical analysis. Data reflect three biological replicates per treatment. (F) Heat map of the top 25 DE transcripts identified, visualized
after variance-stabilizing transformation. (G) GO enrichment analysis of DE biological processes. Shown are processes with a fold enrichment >1.5.
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Figure 2. BoNT/A intoxication of LAN5 cells induces massive tRF changes. (A) Experimental design: 2 × 106 LAN5 cells/well were intoxicated by 10,000 MsLD50/mL
BoNT/A, and small RNA-seq profiles from these cells were compared to nontreated (NT) cells, revealing differences in miRNAs and tRFs. Volcano plots of DE
transcriptomes (FDR < 0.05) were generated from three biological triplicates per treatment. Differential expression analysis was performed using the EdgeR
tool. (B) DE miRNAs. (C) Schematic representation of tRNA cleavage. (D) DE tRFs. (E) Levels of tRF-5′LysTTT were drastically elevated in BoNT/A-intoxicated LAN5
cells. Data represent N = 3 biological replicates; ∗P < 0.05. (F, G, H) Classification of DE tRFs by fragment type, corresponding amino acid, and length.

rat submandibular glands. These findings suggest an evolutionary con-
servation of the BoNT/A-intoxication response and its dose-dependent ef-
fects across mammalian tissues and neurons.

BoNT/A-upregulated Cholino-tRFs Predictably Target Numerous
Cholinergic Transcripts
The observed changes in the transcriptomic landscapes of BoNT/A-
exposed rat glands and human neuronal cells may reflect interrelated al-
terations in small RNA regulators, such as miRNAs (19) and tRFs (20). This

further predicted corresponding changes in the mRNA targets of those
small RNAs whose levels were changed. To challenge this prediction and
study the association between the analyzed small- and long-read RNA-
seq datasets, we used the MR-microT DIANA prediction tool to identify
predicted targets of the DE tRFs based on sequence motifs (49). This anal-
ysis was grounded in the conceptual framework that tRFs and miRNAs
share the ability to interact complementarity with the 3′-untranslated
region (UTR) of mRNA coding sequences (50). Using a combined pre-
diction score that incorporates site conversion across species (51), we
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Figure 3. BoNT/A-intoxicated rat submandibular glands (GSE 141815) and
human-derived LAN5 cells show closely related tRFs profiles. Small RNA-seq
of rat submandibular glands following intoxication with six MsLD50/0.1 mL
BoNT/A compared to a control group. N = 4 biological replicates. (A) Volcano
plot depicting DE tRFs (P-value <0.05), with four biological triplicates per
treatment. Differential expression analysis was performed by using the DE-
Seq2 tool and Wald statistical analysis. (B) Venn diagram illustrating the cor-
relative significance of tRFs between LAN5 and rat datasets. (C) Venn diagram
showing correlative upregulated tRFs between LAN5 cells and rat datasets. (D,
E) Venn diagrams presenting correlative lysine tRFs levels between LAN5 cells
and rat datasets and correlative glutamate tRFs levels between LAN5 cells and
rat datasets.

extracted targets with a score below 0.8 for reliability (Figure 4A). Given
that BoNT/A acts on cholinergic neurons forming cholinergic synapses at
the NMJ, we further examined the potential of tRFs and miRNAs as regu-
lators of synaptically expressed cholinergic genes. We defined “Cholino-
tRFs” and “Cholino-miRs” as tRFs or miRs predicted to target either one
core cholinergic gene [responsible for acetylcholine synthesis or break-
down, based on a cholinergic gene list acquired from (52)] or at least
five genes associated with cholinergic activity. Sequence complementar-
ity predictions formed the basis of this analysis (see Materials and Meth-
ods). Using this approach, our cell culture–derived small RNA-seq dataset
included 11 DE Cholino-tRFs (Figure 4B and Supplementary Table S5) but
no DE Cholino-miRs (Figure 4C). Among these, nine Cholino-tRFs were
upregulated, while two were downregulated, all nuclear-originated, with
36% derived from glutamate tRNA fragments. These findings suggested

that Cholino-tRFs, rather than Cholino-miRs, may impact the cholinergic
balance in BoNT/A-intoxicated neurons by regulating the expression of
cholinergic genes.

Further analysis of the top 14 upregulated and 5 downregulated DE
tRFs (originating from both mitochondrial and nuclear genomes) identi-
fied biological processes linked to their predicted target genes (Figure 4D
and E). Processes such as “Neurogenesis,” “Generation of neurons,” and
“Nervous system development” were enriched among the predicted tar-
gets of both upregulated and downregulated tRFs. These findings high-
light the significant role of tRFs, compared to miRNAs, in modulating the
neuronal response to BoNT/A exposure.

5′LysTTT tRFs Inhibit Ferroptosis in BoNT/A-intoxicated LAN5 Cells
5′LysTTT tRFs are known for their role in responding to stress by de-
laying cell death (53). Ferroptosis, a regulated nonapoptotic cell death
mechanism dependent on iron and characterized by peroxidation of mem-
brane lipids, is modifiable by cellular pathway modulation (54). This pro-
cess involves the accumulation of lipid reactive oxygen species (ROS)
or lipid peroxides derived from PUFAs, including arachidonic acid (AA),
which serve as inducers of ferroptosis (55) (Figure 5A). BoNT/A intox-
ication triggered an endoplasmic reticulum (ER)-stress response that
involves glutathione (GSH)-specific gamma-glutamylcyclotransferase 1
(CHAC1) (56) a regulator of ferroptosis that functions via GSH deple-
tion (57). In BoNT/A-intoxicated LAN5 cells, we observed an accumu-
lation of AA (Figure 5B), alongside other fatty acids (Figure 5C). This
accumulation might stem from BoNT/A’s inhibition of AA release, pre-
viously reported in neurons (58). Correspondingly, we found increased
levels of fluorescent ROS compounds (Figure 5D), indicating oxidative
stress. However, we also found reduced transcription of cystine trans-
porter solute carrier family 7 member 11 (SLC7A11) (Figure 5E), a cys-
tine transporter critical for ferroptosis balancing as well as reduced tran-
scription of Arginase 2 (ARG2) in both the long RNA-seq (Supplementary
Table S1) and qRT-PCR data (Supplementary Figure S3), recent stud-
ies which have elucidated the role of ARG2 as a key regulator in fer-
roptosis. Correspondingly, knockdown of ARG2 increases lipid perox-
idation, a hallmark of ferroptosis (59). Ferroptosis is governed by a
complex network of genes and pathways, key regulators found in BoNT/A-
intoxicated LAN5 long RNA-seq data that include those involved in iron
metabolism (FTH1, TFRC, TSC1, TSC2, EIF4EBP1; Supplementary Table S1),
lipid metabolism (DGAT1, ACADVL, CPT1B; Supplementary Table S1), an-
tioxidant defense (GCH1; Supplementary Table S1) and metabolic en-
zymes (PHGDH, SHMT2, MTHFD2; Supplementary Table S1) which support
NADPH production for GSH recycling, all regulating ferroptosis sensitiv-
ity (60, 61). Despite these changes, no ferroptosis was observed, poten-
tially due to compensatory mechanisms. Supporting this prediction, long
RNA-seq (Figure 1E) and qRT-PCR data (Figure 5F–H) revealed suppressed
ferroptosis-related transcripts, including CHAC1, and those declined tran-
scripts were exclusively decreased under BoNT/A intoxication, compared
to BoNT/E or Tetanus toxin (Figure 5H).

Notably, CHAC1 reduction may lead to GSH elevation (Figure 5I) and
glutathione peroxidase 4 (GPX4) upregulation (Figure 5J), a potent fer-
roptosis antagonist (57). Using the tRFtarget 2.0 algorithm, we have fur-
ther identified potential interactions between 5′LysTTT tRF and the 3′UTR
of CHAC1 mRNA (Figure 7K), indicating that tRF-5′LysTTT may exert a
miR-like function to silence the CHAC1 mRNA transcript. Experimental
validation through a dual-luciferase reporter assay (62) showed a 20%
reduction in Firefly/Renilla luciferase activity when 5′LysTTT mimic was
cotransfected, confirming its miR-like function in silencing CHAC1 mRNA
(Figure 5L). Together, these findings highlight the role of 5′LysTTT tRFs
in suppressing ferroptosis by targeting CHAC1 and regulating neuronal
ferroptosis-related genes, including ATF4, DDIT3, CHAC1, and SLC7A11.
Furthermore, CHAC1 transcript levels were not changed under overex-
pression of 5′LysTTT in LAN5 cells compared to control, indicating ac-
tive contribution of BoNT/A to the reduction in CHAC1 transcripts (Sup-
plementary Figure S4). These molecular mechanisms likely contribute to
neuronal survival after BoNT/A intoxication via ferroptosis inhibition and
underscore the functional significance of tRFs in support of neuronal via-
bility (Figure 5A).
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Figure 4. BoNT/A intoxication selectively upregulates nuclear genome-originated “Cholino-tRFs” affecting their predicted target genes. (A) A scheme repre-
sentation of the predicted target gene analysis from small RNA-seq profiling of miRNAs and tRFs. LAN5 cells (2 × 106 cells/well) were intoxicated for 48 h by
10,000 MsLD50/mL BoNT/A and compared to nontreated (NT) cells. DE transcriptomes (FDR < 0.05) were identified using three biological triplicates per treat-
ment. (B) Proportion of DE tRFs and the fraction attributed to “Cholino-tRFs.” (C) Proportion of DE miRNAs and the fraction attributed to “Cholino-miRNAs.”
(D) GO enrichment analysis of the top biological processes associated with the 14 most enriched upregulated DE tRFs (originating from mitochondrial and
nuclear gemones). Analysis was conducted using www.ShinyGO.com with a fold enrichment cutoff >1.4. (E) GO enrichment analysis of the top biological pro-
cesses associated with the five most enriched downregulated DE tRFs (originating from mitochondrial and nuclear genomes). Analysis was conducted using
www.ShinyGO.com with a fold enrichment cutoff >1.5.
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Figure 5. Declined ferroptosis-hub genes may support neuronal viability under BoNT/A intoxication. (A) Proposed mechanism by which ferroptosis is regulated
after BoNT/A intoxication to maintain neuronal viability. (B) Arachidonic acid (AA) levels were measured under BoNT/A intoxication. AA was extracted from cells
exposed to 10,000 MsLD50/mL BoNT/A over 24–48 h and analyzed using LC-MS/MS. Levels were normalized to nontreated (NT) control cells. (C) Heat map of
peak areas from fatty acids, analyzed by semitargeted metabolomics profiling. Polar extracts from BoNT/A-intoxicated LAN5 cells (10,000 MsLD50/mL) were
compared to NT samples and normalized to protein concentration. N = 3 biological replicates. (D) Relative ROS levels measured in BoNT/A-intoxicated cells
(10,000 MsLD50/mL) over 0–24 h. ROS were fluorescently detected, and data presented as mean ± SE. N = 3 biological replicates. (E) qPCR analysis of the
SLC7A11 transcript in LAN5 cells exposed to 10,000 MsLD50/mL BoNT/A for 48 h. GAPDH served as a housekeeping gene. N = 6 biological replicates. ∗P < 0.05.
(F, G) qPCR of ferroptosis-related transcripts (ATF4, DDIT3) in LAN5 cells exposed to 10,000 MsLD50/mL after 48 h of BoNT/A intoxication compared to NT cells.
GAPDH served as a housekeeping gene. N = 6 biological replicates. ∗P < 0.05. (H) qPCR of the CHAC1 transcript in LAN5 cells exposed to 10,000 MsLD50/mL after
48 h of BoNT/A/E and 75ng TeNT intoxication compared to NT cells. GAPDH served as a housekeeping gene. N = 3 biological replicates. ∗P < 0.05. (I) Glutathione
(GSH) levels were analyzed using semitargeted metabolomics profiling of polar extracts from BoNT/A-intoxicated cells (10,000 MsLD50/mL). Data normalized
to protein concentrations. N = 3 biological replicates. (J) qPCR of GPX4 transcripts in LAN5 cells exposed to 10,000 MsLD50/mL BoNT/A for 48 h. GAPDH served
as a housekeeping gene. N = 5 biological replicates. ∗P < 0.05. (K) Sequence alignment of tRF-5′LysTTT with the 3′UTR of CHAC1 mRNA, predicted using the
tRFtarget.net 2.0 algorithm, suggesting potential sense–antisense interactions. (L) Dual-luciferase reporter assay demonstrating interaction of tRF-5′LysTTT
with the 3′UTR of CHAC1 mRNA. Cotransfection of the 3′UTR of CHAC1 (psiCHECK-2 plasmid) with tRF-5′LysTTT mimic resulted in a significant 20% reduction in
Firefly/Renilla luciferase activity compared to a scrambled sequence. N = 4 biological replicates. ∗P < 0.05.

BoNT/A Suppresses the Formation of 5′LysTTT-HNRNPM Protein
Complex, Reflecting the Outcome of Ferroptosis
To further explore the role of the modulated tRFs in BoNT/A-intoxicated
cells, we next examined whether the DE tRFs could reflect the sustained
viability of these cells. The most significantly modulated tRF in BoNT/A-
intoxicated cells was tRF-5′LysTTT (as shown in Figure 2D and E). Due to
its length and sequence features, we hypothesized that 5′LysTTT could
interact with RNA-binding proteins. To test this hypothesis, biotinylated
5′LysTTT tRF oligonucleotides were conjugated to streptavidin magnetic
beads, exposed to lysates from BoNT/A-intoxicated LAN5 cells, and the
proteins selectively bound to the 5′LysTTT were analyzed (Figure 6A).
Proteomic analysis using tandem mass spectrometry identified several
proteins interacting with the biotinylated 5′LysTTT (Figure 6B and Sup-

plementary Table S6), one of which was heterogeneous nuclear ribonu-
cleoprotein M (HNRNPM). HNRNPM is a well-known RNA-binding protein
that regulates alternative splicing (63) and plays a role in neuronal fer-
roptosis (64) In our proteomic profiling, HNRNPM was found to be sig-
nificantly enriched in BoNT/A-intoxicated cell lysates, as reflected by 15
unique HNRNPM-derived peptide fragments (Supplementary Table S6).
Correspondingly, the HNRNPM mRNA transcript was significantly upregu-
lated in the mRNA sequencing (mRNA-seq) dataset from BoNT/A-exposed
cells (Figure 1E and Supplementary Table S1), and this was confirmed ex-
perimentally by qRT-PCR (Figure 6C). However, contrasting the upregula-
tion of HNRNPM at the mRNA level, protein analysis revealed significantly
reduced levels of HNRNPM in BoNT/A-treated cell lysates (Figure 6D),
while no such reduction was observed in BoNT/E-treated cells (BoNT/E
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Figure 6. 5′LysTTT tRFs elevate HNRNPM regulation under BoNT/A intoxication. (A) A scheme illustrating the RNA pull-down assay conducted using biotinylated
31 nt 5′LysTTT tRF. (B) Proteins interacting with biotinylated 5′LysTTT tRF were analyzed by LC-MS/MS. The four highest scoring proteins that interacted with
the tRF are shown, with high confidence peptides passing the 1% FDR threshold (left panel). The expression of HNRNPM was validated using immunoblot (right
panel). N = 2 biological replicates. (C) qPCR analysis of HNRNPM mRNA expression was conducted on RNA extracts from BoNT/A-intoxicated LAN5 cells after 48 h
of exposure to 10,000 MsLD50/mL BoNT/A. Data normalized to GAPDH. N = 3 biological replicates. ∗P < 0.05. (D) Representative immunoblots of the HNRNPM
protein in cell lysates from BoNT/A-intoxicated LAN5 cells compared to nontreated (NT) cells, after 48 h of exposure to 10,000 MsLD50/mL BoNT/A. The blots
were normalized to GAPDH. N = 3 biological replicates. (E) Graphical analysis of HNRNPM relative expression in cell lysates (48 h, 10,000 MsLD50/ml or equal)
calculated N = 3 biological replicates. ∗P < 0.05. (F) A sequence alignment of tRF-5′LysTTT (tDR-1:31-Lys-TTT-3-M2) and the HNRNPM mRNA was conducted
using the tRFtarget.net 2.0 algorithm. The alignment showed potential sense–antisense interactions between this tRF and HNRNPM mRNA. (G) A time-course
experiment analyzing the relative expression of HNRNPM by Western blot and quantifying 5′LysTTT tRF expression by qPCR after exposure to BoNT/A for 2–72 h
(10,000 MsLD50/mL). N = 3 biological replicates.

also cleaves SNAP25, but at a different position) or cells exposed to
Tetanus neurotoxin (Figure 6E and Supplementary Figure S5). Using the
tRFtarget 2.0 algorithm revealed predicted targeting by tRF-5′LysTTT of
the HNRNPM transcript within its coding region (Figure 6F). This sug-
gested that the elevation of 5′LysTTT and the parallel reduction in HN-
RNPM protein levels over time (Figure 6G) might indicate a direct impact
of this sncRNA on HNRNPM protein levels following BoNT/A intoxication.
HNRNPM is functionally involved in a variety of cellular processes includ-
ing alternative splicing (63), synaptic activity (64), immune response reg-

ulation (65), and the modulation of neuronal ferroptosis hub genes (66).
Specifically, knockdown of HNRNPM has been shown to significantly en-
hance ferroptosis (67), highlighting its protective role. The inverse rela-
tionship between HNRNPM knockdown and ferroptosis aligns with the
observed pattern of tRFs-5′LysTTT elevation and HNRNPM protein re-
duction, indicating a complex regulatory network balancing ferroptosis-
related processes under BoNT/A intoxication. This reflects a delicate bal-
ance between upregulation and downregulation of ferroptosis pathways,
ultimately influencing neuronal survival.
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BoNT/A Upregulated tRFs Share an Amplified Sequence Motif
The intricate balance between regulators of ferroptosis following NoNT/A
poisoning promoted a search into the controllers of this balanced re-
sponse. In this respect, all tRNAs share significant portions of their se-
quences (20, 25). Furthermore, our findings of similar tRF responses
to BoNT/A intoxication in human-derived cultured neuorns and rat sub-
mandibular glands suggest an evolutionary conservation of this response.
This raised the question of whether DE tRFs in humans and rodents
share internal motifs (Figure 7A). Supporting this hypothesis, we identi-
fied a highly conserved 11-nt internal motif, “CCGGATAGCTC” (Figure 7B),
to be present in approximetly 20% of the upregulated tRFs in BoNT/A-
intoxicated human cells and rat tissues. This shared motif was also de-
tected in the datatset from BoNT/A-intoxicated rat submandibular glands
(Figure 3), with a minor variation at position 5 (adenine or cytosine
in humans and only cytosine in rats, Figure 7B). Surprisingly, this mo-
tif was found in 14% of the tRFs in the rat gland dataset, despite the
heterogeneous cell composition of these glands, which likely includes
a lower abundance of neurons compared to human cell line cultures.
This suggests that the observed elevation of motif-containing tRFs re-
flects the intoxication event rather than cell-type composition. Further
analysis of sequences containing shared motifs in BoNT/A-intoxicated
LAN5 cell datasets revealed a clear trend: longer motifs were progres-
sively less represented among the total tRF numbers (Figure 7C). The 11-
nt motif, derived from one of two lysine tRNAs (codons TTT and CTT),
was detected in 20% of the upregulated tRFs but only 3% of the to-
tal tRFs in BoNT/A-intoxicated LAN5 cells (Figure 7D). This motif was
absent in downregulated tRFs and exclusively originated from the 5’
side of nuclear genome-derived tRNAs (Figure 7E). Moreover, this mo-
tif’s composition significantly differred from that of the 7-nt motif pre-
viously identified in Parkinson’s disease tissues and body fluids (68), sug-
gesting its specificity to BoNT/A intoxication. Analysis using the MEME
tool confirmed the overpresentation of this motif in the analysed sys-
tems. This outcome predicted that RNA sequences carrying complemen-
tary regions to these motifs may be efficiently blocked during BoNT/A
intoxication. Further, this also implies that the regulatory impact of
this repetitive tRF motif (e.g., by targeting complementary mRNA tran-
scripts) would be considrably more pronounced than that of single-copy
tRF sequences.

Predicting that BoNT/A-induced tRFs may function similarly to miR-
NAs by interacting with complementary mRNA sequences to inhibit trans-
lation and promote degradation, (69) we searched for mRNAs with com-
plementary sequences to the motif. Using the tRFtarget 2.0 algorithm,
we identified the UNC5B transcript as a predicted target (Figure 7F). This
mRNA, encoded by the cholinergic UNC5B gene, was first discovered in
Caenorhabditis elegans flatworms exposed to anti-cholinesterases, re-
sulting in movement impairments. (70) UNC5B, a netrin receptor, plays
a critical role in axon extension during neural development (71). There-
fore, we hypothesized that BoNT/A-induced motif-containing tRFs, acting
in a miRNA-like capacity, (20) may silence UNC5B or reduce its expres-
sion, thereby impairing neurite extension. Indeed, UNC5B transcript lev-
els were reduced by ∼50% in BoNT/A-exposed cells (Figures 1E, 7G and
Supplementary Table S1). This aligns with reports of BoNT/A-triggered
arrest of nerve terminal sprouting, reflecting the toxin’s effective dura-
tion. (72) Specifically, neuronal sprouting is crucial for restoring muscle
contraction and re-establishing motor endplates by accelerating synap-
tic vesicle recycling (73). Remarkably, UNC5B also functions as a de-
pendence receptor, promoting survival in the presence of its ligand,
netrin-1. In the absence of netrin-1, UNC5B can induce apoptosis (74).
However, mRNA-seq data from BoNT/A-intoxicated LAN5 cells showed
no detectable netrin-1 (NTN1) transcripts (Figure 1E and Supplementary
Table S1). This indicates that the downregulation of UNC5B in BoNT/A-
intoxicated cells impairs cholinergic functions without compromising cell
survival.

Together, these findings reveal the multifaceted roles for tRF-
5′LysTTT and the intoxication-induced repetitive motif in orchestrating
the cosuppression of ferroptosis and cholinergic signaling while main-
taining the survival of BoNT/A-intoxicated neurons.

Discussion
The impact of both whole-body BoNT/A intoxication and the locally
injected toxin for cosmetic purposes (at far lower doses) may last
3–6 months in humans (75), and the protein changes involved have been
well characterized (17, 76). However, the molecular regulators driving
these changes and supporting neuronal survival under BoNT/A intoxica-
tion remain incompletely understood. To better understand the molecu-
lar processes underlying the response to BoNT/A, we profiled both long
RNA (coding and long noncoding) and small noncoding RNAs (includ-
ing miRNAs and tRFs) in BoNT/A-treated human-originated LAN5 cells,
and sought relationships between these two datasets. Surprisingly, the
short RNA profiles revealed a massive elevation of intoxication-induced
tRFs and a contrasting minor miRNA response. Importantly, many of the
DE tRFs contained sequences complementary to mRNAs expressed in
these cells, and 20% of the intoxication-induced tRFs contained a repet-
itive 11-nt-long internal motif. Justifying this dual short and long RNA-
seq approach, this comparison suggested a potentiated impact through
short miRNA-like targeting by both miRNAs and tRFs of long cholinergic
and pro-apoptotic transcripts, whose levels indeed declined in BoNT/A-
intoxicated cells.

Unlike miRNAs, much is still unknown regarding the role of the re-
cently re-discovered tRFs, their biogenesis, and functional mechanisms.
Furthermore, while tRFs elevation under acute stress conditions has been
studied by others and us in blood cells from postischemic stroke patients
(20) and in degenerating brain neurons (21, 22) steatotic hepatocytes
(77), and other human diseases, an in-depth understanding of the molec-
ular mechanisms underlying specific cellular responses of tRFs to acute
conditions is still in its infancy. Our findings of significant changes in tRFs
profiles versus mild miRNA profile changes under BoNT/A intoxication
may reflect the different impact and kinetics of miRNA changes compared
to tRFs responses under acute stressors. Briefly, miRNA responses depend
on transcription and transport to the site of their activity (in our case, the
neuromuscular synapse), whereas tRFs changes are far more immediate,
as they only require rapid cleavage by nucleases, including Angiogenin,
Dicer, and Argonaut (31), from local tRNAs that are always present in all
cells.

Exposing LAN5 human neuroblastoma cells to BoNT/A poisoning en-
abled us to reveal their BoNT/A sensitivity and EC50 values, which closely
correlated with findings from other cell lines and different BoNT/A intox-
ication protocols (43). Our long-read RNA-seq dataset from intoxicated
human-originated neuroblastoma cells revealed numerous DE transcripts
related to biological processes of “tRNA aminoacylation” which is altered
by nucleases-driven breakdown of tRNAs (22, 25). This led us to explore
the role of tRFs in BoNT/A intoxication, a recently rediscovered class of
sncRNAs.

BoNT/A intoxication, whether accidental or therapeutic, leads to
blockade of ACh release from NMJs. Accordingly, we identified DE tran-
scripts that are reported to be NMJ-specific (78). Microarray studies in
cell lines and human-induced pluripotent stem cells (hiPSC)-derived neu-
rons under BoNT/A intoxication, as well as our current data, showed up-
regulation of mRNAs related to collagen deposition and apoptotic factors
(79, 80). Based on this evidence, and on the surprising massive changes in
BoNT/A-induced tRFs, our search into the molecular mechanisms driving
these changes, while ensuring sustained viability of the affected cells, has
focused on the unexpected upregulation and downregulation of specific
tRFs in response to high leveled BoNT/A intoxication.

In addition to their remarkable toxicity, BoNTs may also positively
impact neuronal outgrowth. The observed changes in tRFs profiles fol-
lowing BoNT/A intoxication are likely attributed to immediate posttran-
scriptional processes induced by neuronal intoxication. Correspondingly,
the predicted target genes of those tRFs were enriched in processes
such as “neurogenesis,” “generation of neurons,” and “nervous system
development.” For instance, neurons treated with BoNT/A are known to
sprout new axonal branches (81). However, unlike rabies intoxication (82),
this response enables long-term neuronal survival. Together, these find-
ings indicate that BoNT/A intoxication induces a unique phenomenon
that is distinct from other poisoning events or neurodegenerative states
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Figure 7. BoNT/A-intoxicated cells overproduce tRFs containing a common motif targeting the UNC5B gene. (A) Schematic representation of cholinergic-targeted
transcripts identified by both long and short RNA-seq. (B) Visualization of the CCGGATAGCTC motif using the MEME algorithm (https://meme-suite.org/meme/).
(C) Box plots showing the number of different tRFs carrying motif sequences of 6–21 nucleotides that appeared in at least 100 tRFs in the BoNT/A-intoxicated
LAN5 cells dataset. The graphs display median (box), mean (empty squares), and smoothed data. (D) Comparison of the percentage of tRFs from BoNT/A-
intoxicated LAN5 cells (Treated) and nontreated (NT) cells carrying this motif, calculated from total tRFs in the BoNT/A-intoxicated LAN5 cells dataset. The
graphs show median (box), mean (empty squares), and smoothed data. (E) Volcano plot of tRFs carrying this motif by fragment type in BoNT/A-intoxicated LAN5
cells. Shown are Volcano plots of DE transcriptomes (FDR < 0.05) with data from 3 biological triplicates per treatment. Differential expression analysis was per-
formed by using the EdgeR tool. (F) Sequence alignment of the CCGGATAGCTC motif and UNC5B mRNA using tRFtarget.net 2.0, showing potential sense–antisense
interactions. (G) qPCR validation of UNC5B transcript levels. GAPDH served as a housekeeping gene (N = 4 biological replicates). ∗P < 0.05.
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(21, 22). We conclude that tRFs may play a significant role in supporting
neuronal survival following BoNT/A intoxication, but our current obser-
vations strongly suggest that they are unlikely to be involved in BoNT/A
cosmetic uses due to the extremely low toxin concentrations employed.

Our study further established the predictable role for tRFs in forming
complexes with RNA-binding proteins. In an in vitro pull-down assay, pro-
teins interacting with biotinylated 5′LysTTT tRF from BoNT/A-cells lysate
demonstrated affinity for HNRNPM, one of those RNA-binding proteins
whose levels were elevated in BoNT/A-intoxicated neurons. Notably, hn-
RNP proteins play key roles in mRNA metabolism and are heavily involved
in several neurodegenerative disorders (83). Further, HNRNPM suppres-
sion has been shown to promote ferroptosis in glioma cells (67). Hence,
we postulate that the modulation of HNRNPM levels following BoNT/A in-
toxication may similarly arrest ferroptosis while supporting neuronal sur-
vival, processes which are inversely modulated by ferroptosis blockers.

Specific cells and structures of living organisms tend to carefully
maintain homeostasis, suggesting that cells may deploy common mech-
anisms to respond to traumatic events. Instead of transcribing and trans-
porting a miRNA to provide such response, cells can rapidly cleave tRNAs
that harbor the required “seed” sequence (i.e., a sequence matching the
3′-UTR of a complementary miRNA target transcript) to generate mul-
tiple “miRNA-like” oligomers targeting the same transcripts. Given that
tRNAs are highly conserved and abundant in all cell types, their cleavage
can produce numerous copies sharing specific motif sequences. We have
recently identified tRFs carrying a conserved 7-nt-long motif that accu-
mulates in body fluids of Parkinson’s disease patients in correlation with
the initiation of disease emergence and inversely with their tremor events
(68). Here, we report the accumulation of a longer, albeit less abundant
11-nt-long tRF motif derived from Lys tRNA, which can target and sup-
press the cholinergic UNC5B transcript, thus blocking cholinergic neuro-
transmission by the intoxicated neurons. Notably, this sequence emerges
in approximately 20% of the postpoisoning tRFs, suggesting its substan-
tial role in blocking cholinergic transmission in poisoned NMJs at large.
Importantly, the tRFtarget.net prediction tool identified the observed in-
ternal repetitive motif sequence as capable of targeting several BoNT/A-
intoxication downregulated mRNA transcripts, either within their cod-
ing regions or at their 3′UTR sites. This reflects a coordinated impact by
groups of similar tRFs produced and acting together, generating “tRFs
storms” that amplify their ability to silence specific transcript sets in re-
sponse to BoNT/A intoxication.

The discovery of tRFs carrying repetitive motif sequences emerges
from our current study as a reproducible event, reflecting the conserved
sequences of mammalian tRNAs preserved in their breakdown products
and corresponding to their length. Under random conditions, we calcu-
lated that approximately 1% of randomized upregulated and downreg-
ulated tRFs would carry shared sequence motifs. However, in the cur-
rent dataset of BoNT/A-intoxicated LAN5 cells, an 11-nt-long shared
motif appeared in 20% of the upregulated tRFs, suggesting a nonran-
dom event. The presence of this shared repetitive motif suggests that
such sequences may vary depending on the stressor that triggered their
nuclease-dependent emergence. The biological impact of their accumula-
tion likely varies based on the stressor, the nuclease responsible for cleav-
age, the level of amplification under the specific conditions, and the mR-
NAs targeted by these motifs, which are characteristic of the biological
process involved. At the observed concentration, BoNT/A intoxication trig-
gers neuronal accumulation of tRFs carrying the internal “CCGGATAGCTC”
motif, which is complementary to the coding region of the cholinergic
UNC5B mRNA, which recently was found to regulate neuronal ferroptosis
(84). This was consistent with a reduction in UNC5B mRNA levels in intox-
icated cells as well as with the predicted impact of BoNT/A intoxication
which arrests cholinergic neurotransmission by the intoxicated neurons.

While the motif sequence identified in Parkinson’s disease patients’
blood is predicted to interact with and block the translation machin-
ery (68), the motif sequence currently identified (present in approxi-
mately 20% of the BoNT/A-intoxication-elevated tRFs) may function as
a “seed” domain, levering the tRFs’ capacity to act like miRNA oligomers.
In this respect, such repetitive sequences could be generated in relatively
large quantities through tRNA cleavage, potentiating their impact on mR-

NAs carrying complementary motifs. This amplification underscores the
efficacy of tRNA-derived noncoding responses in mammalian cells and
tissues.

Ferroptosis is a nonapoptotic cell death pathway characterized by
the accumulation of lipid peroxides and mitochondrial dysfunction. Re-
cent studies suggest that ferroptosis contributes to neurodegeneration in
Parkinson’s disease, Alzheimer’s disease, and amyotrophic lateral sclero-
sis (85). In this context, RNA-seq profiling of BoNT/A-intoxicated neurons
revealed a decline in transcripts involved in the ER stress pathway ATF4-
CHAC1, which may regulate the threshold for ferroptosis-related death
(86, 87). The observed coaccumulation of ferroptosis-related fatty acids
and ROS in intoxicated cells from our model may provide a functional ex-
planation for the molecular mechanisms underlying this process.

In addition to the miRNA-like functions of the intoxication-induced
tRFs, we identified such interaction between the most potently BoNT/A-
induced DE tRFs and HNRNPM mRNA, whose levels were significantly el-
evated postintoxication. Importantly, this tRF response efficiently sup-
pressed HNRNPM protein levels, potentially promoting the ferroptosis
pathway of programmed cell death (67). Further analysis of tRFs from
BoNT/A-injected submandibular rat glands indicated that tRFs altered in
LAN5 cells following BoNT/A exposure were also found in vivo in BoNT/A-
exposed tissues. Classification of tRFs based on the amino acid encoded
by their originating tRNA revealed that approximately 50% of the affected
tRFs originated from lysine and glutamate tRNAs. Lysine tRNA fragmen-
tation, previously reported to support the sustained viability of steatotic
hepatocytes (77), appears to play a similar role across diverse cell types
and tissues, as suggested by our findings.

Small- and long-read RNA-seq datasets revealed that a majority of DE
tRFs were upregulated, correlating with a decline in many DE mRNA tran-
scripts carrying complementary sequences to these tRFs. This finding sug-
gests a miRNA-like function for some of the shorter tRFs (20), which may
interact with mRNA transcripts carrying complementary sequence motifs
(28). Notably, we identified a shared motif present in approximately 20%
of BoNT/A-upregulated tRFs, which likely targets cholinergic genes by
downregulating mRNA transcripts carrying tRF-complementary domains.
This motif’s significant occurrence among the upregulated tRFs popula-
tion could amplify its regulatory impact, explaining the direct and sub-
stantial repression of UNC5B transcripts and the corresponding arrest of
cholinergic neurotransmission that is known to appear under BoNT/A in-
toxication. Such repression might suppress cholinergic signaling, while
the arrested ferroptosis preserves the viability of the intoxicated
neurons.

The elevation of specific tRFs containing a repetitive motif sequence
may stem from diverse biological origins: (1) BoNT/A intoxication may el-
evate specific tRNA levels, possibly due to translational arrest or a short-
age of particular amino acids, leading to the breakdown of these tRNAs
and the subsequent accumulation of their corresponding tRFs; (2) In-
creased levels or activity of specific nucleases could preferentially cleave
certain tRNAs, resulting in the accumulation of selected tRFs; (3) Cellu-
lar mechanisms governing tRNA breakdown may be altered, promoting
the survival of certain tRFs while degrading others; (4) A combination of
the above processes could act together to produce the observed accumu-
lation of tRFs carrying a repetitive motif. Interestingly, all of the motif-
carrying tRFs whose levels were altered under BoNT/A intoxication in our
human-originated cell line were derived from one of two nuclear genome-
originated lysine tRNAs (codons TTT and CTT). This suggests that BoNT/A-
induced accumulation of lysine-tRNAs may specifically contribute to the
elevated levels of repetitive motif-containing tRFs observed in this study
and thus determine its ultimate outcome.

Taken together, our findings suggest that the observed accumulation
of AA may represent an immediate cellular response to BoNT/A poisoning,
while the suppressed cell death reflects a longer-term outcome of this re-
sponse. In this context, CHAC1, a downstream target of the ER stress path-
way (88), plays a pivotal role in cell survival following BoNT/A-intoxicated
LAN5 neurons, and may be a key factor selectively contributing to BoNT/A,
but not to BoNT/E neuronal survival although both serotypes bind to the
same receptor and cleave the same substrate. Correspondingly, the de-
cline in CHAC1 levels could actively promote the accumulation of GSH and
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the upregulation of GPX4, both of which inhibit ferroptosis (89). Addition-
ally, since tRF-5′LysTTT targets the 3′UTR of CHAC1 transcripts, and given
that CHAC1 transcription is suppressed under BoNT/A intoxication, we hy-
pothesize that the elevation of tRFs in response to BoNT/A exposure may
serve as a trigger for both suppression of ferroptosis and sustained via-
bility of the affected neurons.

New approaches to balance the duration of BoNT effects are poised to
impact its clinical and cosmetic applications. Traditionally, clinical or cos-
metic BoNT treatments last 3–4 months, but innovations reflecting the
underlying molecular mechanisms might enable prolonged efficacy, last-
ing up to 6 months or more. In clinical settings, these extended-duration
formulations could reduce treatment frequency for conditions like spas-
ticity, migraines, and hyperhidrosis, improving patients’ convenience and
compliance while lowering health care costs (90). Similarly, in cosmetic
applications, longer-lasting BoNT could provide sustained wrinkles re-
duction and muscle relaxation, appealing to patients seeking fewer ap-
pointments for maintenance (90). These advancements are likely to re-
define treatment protocols across both therapeutic and aesthetic fields,
offering more durable and efficient outcomes.

Our study involves certain limitations as well. First, the mechanisms
observed here should be further challenged in other experimental mod-
els, as they may involve varying levels of BoNT/A intoxication due to dif-
ferences in exposure time, toxin concentrations, and the use of purified
neurotoxin, which could reflect its impact in other applications. Second,
this study would benefit from validations using clinical samples from hu-
man BoNT/A intoxication cases, which were not available for this research.

In conclusion, our findings highlight distinct roles of sncRNAs, particu-
larly poisoning-induced tRFs, in BoNT/A intoxication, acting as key drivers
of the intoxication outcome and molecular pathways it activates, and ul-
timately supporting neuronal survival. The observed changes in tRFs in-
duced by BoNT/A provide a plausible explanation for the sustained viabil-
ity of intoxicated neurons in culture and poisoned rat glands, while also
shedding light on the molecular mechanisms underlying the effects of
poisoning over both short and long timelines. Enriching our knowledge
of the central aspects of BoNT intoxication etiology may, therefore, pave
the way for novel pharmaceutical strategies aimed at treating BoNT in-
toxication and/or enhancing its medical applications, ultimately improv-
ing human health and well-being.

Materials and Methods
Cell Culture, BoNT Intoxication, and Transfection
LAN5 neuroblastoma cells (DSMZ Catalog no. ACC-673), derived from a
male donor, were cultured in RPMI-1640 medium (Biological Industries)
supplemented with 10% FBS (Biological Industries), 1% L-Glutamine (200
mM, Biological Industries), and 1% penicillin-streptomycin-amphotericin
solution (Biological Industries). The cells were maintained at 37°C in a
humidified atmosphere containing 5% CO2 and were passaged weekly us-
ing Trypsin-EDTA Solution A (0.25%) with EDTA (0.02%) (Biological Indus-
tries). For experiments, cells were plated in 12-well plates at a density of
2 × 106 cells/well in 1 mL of complete medium. Clostridium botulinum
serotype A and E strains (A198 and E450, respectively) were sourced
from the IIBR collection. Tetanus neurotoxin (TeNT) was procured from
Sigma-Aldrich (Catalog no. T3694). Unless otherwise specified, LAN5 cells
were intoxicated with 10,000 MsLD50/mL (∼300 pM) of BoNT/A/E for 48
h diluted in Neuro-Basal Medium (Biological Industries) supplemented
with 2% FBS (Biological Industries), 1% L-Glutamine (200 mM, Biolog-
ical Industries), and 1% penicillin-streptomycin-amphotericin solution
(Biological Industries) and were compared to LAN5 cells cultured with
Neuro-Basal Medium (Biological Industries) supplemented with 2% FBS
(Biological Industries), 1% L-Glutamine (200 mM, Biological Industries),
and 1% penicillin-streptomycin-amphotericin solution (Biological Indus-
tries) for 48 h without neurotoxin. 5′LysTTT transfection to LAN5 cells was
as follows: 100 nM of tRF-5′LysTTT (GCC CGG AUA GCU CAG UCG GUA GAG
CAU CAG A) and 100 nM of a control scrambled sequence (CGU UAA CCG
CGC AUA AUA CGC GUA CGG GAG) were transfected to LAN5 using Lipofec-
tamine3000 kit (L3000008, Invitrogen) according to the manufacture’s
instructors.

Sandwich ELISA Assay for Cleaved SNAP25197
Synthetic monoclonal antibodies specific to cleaved SNAP25197 were
generated as described previously (43). These antibodies (100 ng/well)
were diluted in 50 mM bicarbonate buffer (pH 9.6) and used to coat
polystyrene 96-well microtiter plates (Maxisorp, NUNC). Plates were in-
cubated overnight at 4°C. The wells were washed three times with 300
μL/well of washing buffer (DDW, 0.9% NaCl, 0.05% Tween-20), followed
by blocking with 250 μL/well TSTA buffer (DDW, 8.5% NaCl, 1 M Tris,
0.05% Tween-20, 2% BSA, pH 7.6) for 1 h at 37°C. For sample prepara-
tion, cells treated with or without neurotoxin were washed once with PBS
and lysed in freshly prepared Triton X-100 lysis buffer (50 mM HEPES,
150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 1% Triton X-100, and one EDTA-
free protease inhibitor tablet). Lysates were centrifuged at 12,000 rpm
for 5 min, and 50 μL of supernatant was added to the wells for 1 h incu-
bation at 37°C. After washing three times, wells were incubated with poly-
clonal rabbit anti-SNAP25 antibodies (Catalog no. S9684, Sigma-Aldrich)
diluted 1:5000 in TSTA buffer containing 1% normal mouse serum (NMS)
and 1% normal human serum (NHS) for 1 h at 37°C. Following another
wash, 50 μL/well of Horseradish peroxidase (HRP)-conjugated donkey
anti-rabbit antibodies (Catalog no. 711-035-152, Jackson) diluted 1:1000
in TSTA buffer with 1% NMS and 1% NHS was added for 30 min at 37°C.
The enzymatic reaction was visualized using 50 μL/well of KPL Sureblue
(Catalog no. 5120-0081, Seracare) substrate for 10 min at room temper-
ature. The reaction was stopped by adding 100 μL/well 0.5M H2SO4, and
absorbance was measured at 450 nm. Lysates from neurotoxin-free cells
served as controls in all assays. Signal-to-noise (S/N) ratios were calcu-
lated for each treatment.

Cell Viability
For calibration curves, 2 mL of 800,000 cells/mL were added to one well
of a 24-well plate (COSTAR). A total of 1 mL of fresh medium was placed
in the other five wells in the same row. Then, 1 mL of 800,000 cell/mL
was moved to the adjacent well and cells were serially diluted across the
entire row so that wells contained 800,000, 400,000, 200,000, 100,000,
and 50,000 cells/mL. The last well in the row was left with 1 mL fresh
medium as a negative control. 1 mL samples of counted cells were added
to each well and supplemented with 100 μL Alamar blue (Catalog no.
G8081, Promega). Plates were covered by aluminum foil for protection
from light and incubated for 1 h at 37°C without CO2. Then, plates were
read in a M200 plate reader (TECAN, NEOTEC BIO), with excitation: 550 nm,
emission: 580 nm filters. Remaining cell numbers were calculated based
on the calibration curves.

Long-read mRNA-seq
Total RNA was extracted from LAN5 cells intoxicated with 10,000
MsLD50/mL BoNT/A for 48 h and from nontreated LAN5 cells (NT) us-
ing the RNeasy Mini Kit (Catalog no. 74104, Qiagen) according to the
manufacturer’s instructions. RNA quantity and quality were assessed us-
ing Bioanalyzer (Cat# G2964AA, Agilent) with the RNA High Sensitivity
Kit ScreenTape (Catalog no. 5067-5579, Agilent). RNA integrity numbers
(RIN) were calculated, and samples with RIN value >8.0 were selected
for sequencing at the Columbia Genome Center (NY, USA) and the Ge-
nomic Technologies Facility at the Hebrew University of Jerusalem, Israel.
Libraries were generated from 1 μg of total RNA using the TruSeq RNA
Library Preparation Kit (Catalog no. RS-122-2001, Illumina), and whole
transcriptome sequencing (total RNA-seq) was performed using an Illu-
mina HiSeq. Over 20 million single-end 100 nt reads per sample were gen-
erated. RTA (Illumina) for base calling and bcl2fastq2 (version 2.19) for
converting BCL to fastq format coupled with adaptor trimming was per-
formed. Pseudoalignment to a Kallisto index was created from transcrip-
tomes (Human:GRCh38.p12) using Kallisto (0.44.0) (91). Normalization,
visualization and differential transcript analyses were performed using
the DESeq2 tool to test differential expression between two experimental
groups from RNA-seq counts data, with significantly altered transcripts
identified by calculating FDR < 0.05. GO enrichment analysis was con-
ducted using the Gene Ontology Resource (http://geneontology.org/) as
per the provided guidelines.
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Table 1. Primers used in this study

Transcript Forward Primer Reverse Primer

UNC5B GTCGGACACTGCCAACTATAC CCGCCATTCACGTAGACGAT
5’Lys TTT GCCCGGATAGCTCAGTCGGT TTTTTTTTTTCTGATGCTCT
HNRNPM CTCTTAATGGACGCTGAAGGAAA CGCTCAGACTATGCTTGTTTAGG
SLC7A11 GGTCCATTACCAGCTTTTGTACG GGTCCATTACCAGCTTTTGTACG
ATF4 CCCTTCACCTTCTTACAACCTC TGCCCAGCTCTAAACTAAAGGA
DDIT3 GGAAACAGAGTGGTCATTCCC CTGCTTGAGCCGTTCATTCTC
CHAC1 GTGGTGACGCTCCTTGAAGA GAAGGTGACCTCCTTGGTATCG
GPX4 GAGGCAAGACCGAAGTAAACTAC CCGAACTGGTTACACGGGAA
GAPDH AGGGGTCTACATGGCAACTG CGACCACTTTGTCAAGCTCA
3′UTR CHAC1 TCTACTCGAGGTGCTCATGTGGACATCAGG TAAGCGGCCGCTAAAGAGATAGTTTTATGGG

Small-read RNA-seq
Total RNA was extracted from LAN5 cells intoxicated with 10,000
MsLD50/mL BoNT/A for 48 h and from nontreated LAN5 cells (NT) using
the miRNeasy Mini Kit (Catalog no. 1038703, Qiagen) according to man-
ufacturer’s instructions. RNA yields were quantified, and RNA quality was
assessed using the Bioanalyzer (Catalog no. G2964AA, Agilent), with the
RNA High Sensitivity Kit ScreenTape (Catalog no. 5067-5579, Agilent). RIN
values were calculated and samples with RIN value >8.0 were sent to LC
Sciences (Houston, USA) for small-read RNA-seq of a small RNA library
generated from 1 μg of total RNA using the TruSeq Small RNA Sample
Prep Kits (Catalog no. RS-200-0012, Illumina). Single-end sequencing of
up to 50-nt-long reads was performed on an Illumina Hiseq 2500. Over 12
million single reads per sample were generated. FASTQ files were quality
checked with FastQC (92) according to the pipeline recommended defini-
tions, and then adaptors were removed using FLEXBAR (93) according to
the pipeline instructions. Adaptor-less reads were aligned to miRs (miR-
Base v21) using miRExpress 2.1.4 (44) with default parameters, and to
tRFs using the MINTmap pipeline (45) with default parameters for tRF lev-
els, and using only reads that mapped exclusively to the tRNA space. After
the alignment, differential expression analysis of miRs and tRFs was con-
ducted using EdgeR (94): Lowly expressed features were filtered with fil-
terByExpr. Normalization factors were calculated with calcNormFactors,
and dispersion estimates were obtained using estimateDisp. A general-
ized linear model was fitted (glmQLFit) and calculated, and differential
expression was assessed using quasi-likelihood F-tests (glmLRT). Finally,
results were extracted with topTags, applying false discovery rate (FDR)
correction.

Analysis of the GSE113751 Dataset
To enable consistent and straight forward analysis, we analysed only
HEK293T samples from the GSE113751 dataset, and only of wildtype
background (i.e., noninfected cells or cells infected with an AAV that car-
ries GFP alone). We regarded both Arg and Leu starvation as “stress” and
the DE design matrix consisted of comparing stressed to control cells, ac-
counting for starvation time, and noted if cells were transfected with a
GFP-carrying AAV or not transfected at all. This analysis (alignment, nor-
malization and differential expression analysis) was similar to the analy-
sis for small-read RNA-seq (the previous section) (47).

Quantitative PCR and Gene Expression Assessment
Total cellular RNA was extracted from LAN5 cells intoxicated with 10,000
MsLD50/mL BoNT/A for 48 h and from nontreated LAN5 cells (NT) using
the TRI reagent (Catalog no. T9424, Sigma-Aldrich) with either RNeasy
(Catalog no. 74104, Qiagen) or miRNeasy Mini Kit (Catalog no. 1038703,
Qiagen; for enrichment of small RNA fragments) according to manu-
facturer’s instructions. Total RNA concentration was determined using
the Qubit RNA HS Assay Kit (Catalog no. Q10211, Invitrogen). RNA was
reverse-transcribed to cDNA using the Maxima First Strand cDNA Syn-
thesis Kit (Catalog no. K1671, Thermo Fisher Scientific) which includes
a DNase treatment step to eliminate genomic DNA, and diluted 1:10
in double-distilled water before preparing the quantitative PCR (qPCR)

plate. For tRF-5′LysTTT quantification, total RNA was reverse-transcribed
using the qScript miRNA cDNA Synthesis Kit (Catalog no. 95107-025,
QuantaBio). qPCR was performed in 96-well plates on the LightCycler 96
Instrument (Roche) using Universal SYBR Green Supermix (Catalog no.
1725150, Bio-Rad) with a final well volume of 15 μL. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) served as the housekeeping gene.
Gene expression was calculated as ΔΔCt values using the LightCycler 96
System Performance Data by Roche. Primer sequences are provided in
Table 1.

RNA Pull-down Assay
Biotin-labeled tRF-5′LysTTT and a corresponding scrambled sequence
were synthesized by IDT (Coralville, IA, USA). RNA pull-down from BoNT/A-
intoxicated and NT cell lysates was performed using The Pierce Magnetic
RNA-Protein Pull-Down Kit (Catalog no. 20164, Thermo Fisher Scientific)
following the manufacturer’s protocol, as described previously (22). tRF-
5′LysTTT (GCC CGG AUA GCU CAG UCG GUA GAG CAU CAG A) and a con-
trol scrambled sequence (CGU UAA CCG CGC AUA AUA CGC GUA CGG GAG
G) were designed with the two penultimate bases protected by 2’-O-
methylation to prevent 3’-end degradation. Pull-down proteins were an-
alyzed by mass spectrometry at the Smoler Proteomics Center, Technion,
Israel.

Western Blot Analysis
SDS-PAGE was performed using NuPAGE 10% Bis-Tris gels (Catalog no.
NP0301BOX, Invitrogen). Cell lysate samples, diluted in a Tris-Glycine SDS
Sample Buffer, were subjected to transfer using the Nitrocellulose West-
ern iBlot Gel Transfer Semi-dry system (Invitrogen). Membranes were
blocked with 5% skim milk diluted in PBST (PBS containing 0.05% Tween-
20) and incubated with monoclonal mouse anti-HNRNPM1-M4 (Catalog
no. NB200-314SS, Novus) primary antibody, followed by HRP-conjugated
Donkey anti-Mouse (Catalog no. 715-035-152, Jackson) secondary anti-
body. Immunoreactive bands were visualized using the TMB Liquid Sub-
strate System for Membranes (Catalog no. T0565, Sigma-Aldrich), de-
tected with the FUJIFILM LAS-3000 imaging system, and analysed using
ImageJ software.

AA Extraction and Measurement by LC-MS/MS
AA extraction, purification, and quantification were performed using
stable isotope dilution liquid chromatography/tandem mass spectrom-
etry (LC-MS/MS) as previously described (95). Briefly, AA from BoNT/A-
intoxicated and NT cell lysates was precipitated using ice-cold ace-
tone and 50 mM Tris buffer (pH 8.0). An ice-cold extraction buffer
(1:1 MeOH/Tris Buffer) containing the internal standard [d4-AEA] was
added to the samples, followed by homogenization. The homogenates
were extracted with ice-cold CHCl3: MeOH (2:1, vol/vol), and the ex-
traction was repeated with three washes of ice-cold chloroform. The
samples were then dried under a nitrogen stream and reconstituted in
MeOH. LC-MS/MS analysis was conducted on an AB Sciex (Framingham,
MA, USA) QTRAP 6500 + mass spectrometer coupled with a Shimadzu
(Kyoto, Japan) UHPLC system. Liquid chromatographic separation was
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performed on a Kinetex 2.6 μm C18 (100 × 2.1 mm) column (Phe-
nomenex, Torrance, CA, USA) with the autosampler temperature set to
4°C, and the column maintained at 40°C throughout the analysis. Gradi-
ent elution was carried out using mobile phases of 0.1% formic acid in
water (phase A) and 0.1% formic acid in acetonitrile (phase B). AA was
detected in a positive ion mode using electron spray ionization and a mul-
tiple reaction monitoring (MRM) acquisition mode. AA levels were quan-
tified against standard curves and normalized to total protein concen-
tration in the samples. Relative AA quantities were compared between
BoNT/A-exposed and untreated cells.

LC-MS Metabolomics Analysis
For fatty acids and GSH measurements, pellets from BoNT/A-intoxicated
and NT cells were harvested with 400 μL of cold (−20°C) metabolite
extraction solvent (MeOH:acetonitrile:water, 5:3:2) and kept on ice. Ex-
tracts were centrifuged at 18,000 × g for 15 min at 4°C, and the su-
pernatants were collected into microcentrifuge tubes. These were re-
centrifuged at 18,000 × g for 10 min at 4°C, then transferred to
glass high-performance liquid chromatography (HPLC) vials and stored
at −70°C. LC-MS metabolomic analysis was performed as described
previously (96). Briefly, a Dionex Ultimate 3000 high-performance liq-
uid chromatography (UPLC) system coupled to an Orbitrap Q-Exactive
Mass Spectrometer (Thermo Fisher Scientific) was used with a reso-
lution of 35,000 at 200 mass/charge ratio (m/z). Electrospray ioniza-
tion and polarity switching mode enabled transport of both positive and
negative ions across a mass range of 67 to 1000 m/z. The UPLC sys-
tem utilized a ZIC-pHILIC column (SeQuant; 150 mm × 2.1 mm, 5 μm;
Merck, Darmstadt, Germany) with a ZIC-pHILIC guard column (SeQuant;
20 mm×2.1 mm). A 5 μL sample of cell extract was injected, and the com-
pounds were separated using a mobile phase gradient over 15 min, start-
ing at 20% aqueous (20 mM ammonium carbonate, adjusted to pH 9.2
with 0.1% of 25% ammonium hydroxide) and 80% acetonitrile, then ter-
minating with 20% acetonitrile. The flow rate was set to 0.2 mL/min and
the column temperature to 45°C, with a total run time of 27 min. Metabo-
lite analysis was performed with a mass accuracy of less than 5 ppm.
Data acquisition was done using Thermo Xcalibur, followed by analysis in
TraceFinder 4.1 (Thermo Fisher Scientific, Waltham, MA, USA). The exact
mass and known retention time of singly charged ions were determined
using an in-house MS library created by running commercial standards for
all detected metabolites. The intensity of each identified metabolite was
normalized to total protein concentration of each sample.

Measuring Oxidative Stress
Total cellular ROS levels in adherent cells were determined using
2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA, Catalog no. D6883;
Sigma-Aldrich) staining, as described previously (97). DCFH-DA is a widely
used probe for total ROS detection, where it is taken up by cells and
cleaved by cellular esterases, releasing DCFH. Oxidation of DCFH by ROS
produces for 2’-7’dichlorofluorescein (DCF), which emits green fluores-
cence upon excitation at 485 nm and emission at 530 nm. To assess ROS
levels, 20 μM DCFH-DA was added to both BoNT/A-intoxicated and NT
cells, which were incubated for 30 min under standard culture conditions,
protected from light. After incubation, the medium was replaced with
fresh medium, and DCF fluorescence was measured using a TECAN M200
plate reader (NEOTEC BIO). Relative fluorescence intensities were calcu-
lated by comparing the signals from BoNT/A-treated cells to untreated
controls.

Construction of a psiCHECK-2 Plasmid Containing the 3’UTR of
CHAC1 mRNA
Genomic DNA extracted from LAN5 neuroblastoma cells (DNeasy Blood
& Tissue Kit, Catalog no. 69504, Qiagen) was used as the template for
PCR amplification of the 3′UTR of the CHAC1 gene (717 bp). Specific
primers, including flanking regions for PspXI and NotI HF restriction en-
zymes (Table 1), were used for amplification. The amplified product was
gel-purified using the QIAquick Gel Extraction Kit (Catalog no. 28704,
Qiagen). The PCR product was then digested with PspXI and NotI HF
restriction enzymes in rCutSmart buffer (10 U; New England Biolabs, Ip-
swich, MA) and purified using the QIAquick PCR Purification Kit, Cata-

log no. 28104, Qiagen). The psiCHECK-2 plasmid (1 μg; Promega) was
digested sequentially with PspXI and NotI HF in rCutSmart buffer (10 U;
New England Biolabs, Ipswich, MA). The purified insert and vector were
ligated with T4 ligase (200 U, 20 μL reaction, 1:3 vector/insert ratio; New
England Biolabs). Transformation of ligated constructs into competent
Escherichia coli cells following by PCR colony screening identified positive
clones. The composition of the resulting psiCHECK-3′UTR CHAC1 plasmid
was confirmed by PCR.

Transfection and Dual-luciferase Assay of the psiCHECK-3’UTR
CHAC1 Vector
HEK293 cells (1 × 105 cells/well) were seeded in a 24-well plate. After
24 h, the psiCHECK-3′UTR CHAC1 vector was cotransfected with 100 nM
of tRF-5′LysTTT or a corresponding scrambled sequence using Lipofec-
tamine 3000 (Catalog no. L3000015, Invitrogen) according to the man-
ufacturer’s instructions. Following 48 h of incubation, the media were re-
moved, and cells were lysed. Dual luciferase activity was measured using
the Dual Luciferase Reporter Assay Kit (Catalog no. K1910, Promega).

Statistics
Data are presented as mean ± SEM. Statistical differences between two
groups were assessed using unpaired two-tailed Student’s t test. For com-
parisons among multiple groups, one-way ANOVA followed by a one-sided
Tukey test was used. All analyses were performed using GraphPad Prism
v8 for Windows (San Diego, CA). A significance level of P < 0.05 was set
for all comparisons.

Computational Tools
Repetitive sequence motifs in the characterized tRFs were identified
using the MEME suite tool (https://meme-suite.org/meme/index.html)
(98). For target prediction of these sequences, the tRFtarget.net 2.0 and
MR-microT DIANA algorithms were employed (49, 99, 100).

Data Availability
The data that support the findings of this study are available upon request
from the corresponding author: hermona.soreq@mail.huji.ac.il
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