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Preface

A growing number of rare neurodevelopmental disorders linked to tRNA modifying
enzymes have been reported. The underlying molecular mechanisms and reasons for
the disproportionate effect on nervous system development and function are poorly
understood. tRNA modification has been well studied in single-cell organisms including
yeast. The family of tRNA methylation enzymes has expanded in animals and is highly
conserved between Drosophila and humans, providing an exciting opportunity to study
how tRNA modification is critical to nervous system development and function in a

tractable in vivo model system.

This dissertation focuses on the investigation of two tRNA methyltransferases using
Drosophila to study their in vivo roles in the nervous system and identify possible
therapeutic targets for associated neurodevelopmental disorders. In Chapter 1, | review
the role tRNA modifying enzymes play in regulating protein synthesis. | highlight tRNA
modifications that impact cancer biology and neurodevelopmental disorders, along with
potential therapeutics. In Chapter 2, | investigate the function of tRNA methyltransferase
9B (TRMT9B), one of two animal homologs of yeast tRNA methyltransferase 9 (Trm9),
in synapse growth and function. In Chapter 3, | focus on tRNA methyltransferase 1
(TRMT1) as variants have been associated with intellectual disability and link its function
in ensheathing glia to synapse development and memory recall. In Chapter 4, | explore

future directions and the broader implications of tRNA modification in disease.
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CHAPTER1

INTRODUCTION:
tRNA methyltransferase modifications and modifying enzymes as emerging therapeutic

targets



ABSTRACT

Precise regulation of gene expression is required for proper development and cellular
function. Transfer RNAs (tRNAs) function as adapters between mRNA transcripts and
growing polypeptides by binding codons and amino acids to decode mRNA. Engineered
tRNAs and overexpression of tRNAs are new areas of therapeutic intervention under
development to correct translation. Notably, tRNAs are highly post-transcriptionally
modified to promote stability and the fidelity of codon recognition. Disrupted post-
transcriptional tRNA processing has been linked to numerous cancers and
neurodevelopmental disorders. As the underlying cellular mechanisms disrupted in the
absence of tRNA modifiers, specifically tRNA methyltransferases, are beginning to

emerge, these modifying enzymes present an interesting new therapeutic target.

STATEMENT OF SIGNIFICANCE

Dynamic regulation of gene expression is required for maintenance of cellular
homeostasis. The function of transfer RNAs (tRNAs) in translation is dependent on post-
transcriptional modifications that promote structural stability and codon-anticodon
recognition. Disrupted tRNA methyltransferases have been linked to numerous cancers
and neurodevelopmental disorders. Effected tRNAs and their respective
methyltransferase modifiers are potential new therapeutic targets in oncology and

neurodevelopmental disorders.



INTRODUCTION

Dynamic regulation of gene expression is fundamental to development and function
across species. Gene expression unpacks the storage of genetic information from DNA
to messenger RNA (mRNA) before translation to protein (Chang & Qi, 2023; Crick, 1966;
Diercks et al, 2021). Translation initiation begins a symphony of mechanisms conserved
across eukaryotes where the ribosomal initiation complex binds and activates mRNA
while recruiting initiator transfer RNAs (tRNA) (Brito Querido et al, 2024; Merrick &
Pavitt, 2018). tRNAs decode mRNA, functioning as adapters between transcripts and
growing polypeptides by binding both codons and the corresponding amino acid. Despite
their small size (~70-90 nucleotides), these noncoding RNAs are extensively post-
transcriptionally modified (Motorin & Helm, 2010). 170 tRNA modifications are known to
promote their stability, folding, and precise function (Cappannini et al, 2024; Motorin &
Helm, 2010; Rigden & Fernandez, 2024). The evolutionary conservation of many tRNA
modifications between archaea, bacteria and eukaryotes highlights the fundamental
significance of these modifications, promoting the development of numerous sequencing
and mass spectrometry based detection methods (Jackman & Alfonzo, 2013; Kimura et
al, 2020; Krogh & Nielsen, 2019). Improved sequencing approaches have advanced the
understanding of how tRNA modifications impact health and human disease (Sarkar et

al, 2021).

In this review, we provide a perspective on tRNA modifications that drive structure and
function. We next summarize the potential of early investigations that seek to correct
mistranslation through engineering synthetic tRNAs. We highlight tRNA modifications in
depth and focus on four tRNA methylations that are linked to cancer and

neurodevelopmental disorders, as interesting therapeutic targets.



tRNA STRUCTURE AND FUNCTION

Since the 1960s, single-cell organisms have been exceptional model systems to
elucidate tRNA structure and function (Holley et al, 1965; Kim et al, 1973; Kim et al,
1974). Foundational research on tRNA biogenesis, transport, and enzymatic activity has
been extensively conducted in yeast (Chatterjee et al, 2018; Kessler et al, 2018;
Phizicky & Hopper, 2023). Briefly, precursor tRNAs are transcribed with additional 5’-
and 3'-tail sequences that undergo splicing and processing in the nucleus before mature
tRNAs are exported to the cytosol for continued processing. Mature tRNAs range from
70-90 nucleotides in length and have a cloverleaf secondary structure. This looped
structure is comprised of five components including: (1) the acceptor stem (light blue),
(2) the dihydrouridine-containing loop (D-loop, green), (3) the thymidine- pseudouridine-

and cytidine-containing loop (TWC-loop, orange), (4) the variable arm (purple) and (5) an

anticodon stem-loop (blue/gray, ). Common methylation modifications discussed
later are highlighted in (positions noted in bold) with representative chemical
structures shown in . tRNAs take on a tertiary structure described as an “L-
shaped” structure shown in (Saks et al, 1994). At the 3’-end, the acceptor stem

binds a specific amino acid supplied by an amino acid synthetase (Berg & Offengand,
1958; Carter & Wills, 2018; Pak et al, 2018; Rubio Gomez & Ibba, 2020). The D-loop
and T-loop guide tertiary structure, stability, and interactions with the ribosomal complex
(Seelam et al, 2017; Vare et al, 2017), while the anticodon loop, specifically positions 34-
36, binds to a codon in mRNA through Watson-Crick base pairing (Crick, 1966; Gerber &

Keller, 1999; Schaffrath & Leidel, 2017).

tRNAs decode mRNA by functioning as adapters between the mRNA and growing
polypeptide chain. A brief illustration of initiated translation is presented in

(Blanchet & Ranjan, 2022; Dever & Green, 2012; Hinnebusch & Lorsch, 2012; Jackson



et al, 2010). In summary, a small ribosomal subunit binds mRNA of interest and
assembles with a large ribosomal subunit to form a ribosomal complex. This complex is
composed of three tRNA docking sites: an aminoacyl site (A-site), peptidyl site (P-site)
and an exit site (E-site). These sites represent the binding sites for an initiator methionyl-
tRNA or newly charged tRNA (A-site), the tRNA charged with the nascent polypeptide
chain (P-site) or the uncharged (deactivated) tRNA before it leaves the ribosomal
complex (E-site). After initiation of translation with the initiator tRNA, a charged tRNA
enters the A-site and the tRNA anticodon loop binds with the correct mMRNA codon. The
amino acid is hydrolyzed to the growing polypeptide chain and the tRNA is moved to the
P-site. Elongation phase continues until the mRNA is fully decoded and the terminal
codon sequence is processed, the polypeptide chain is released and the ribosomal
complex is recycled (Oakes et al, 1987; Ramakrishnan, 2002; Schultz & Kothe, 2024;

Suzuki, 2021; Zaher & Green, 2009; Zhang, 2024).

tRNA THERAPEUTIC POTENTIAL

Modulating tRNA biology and translation are exciting areas of therapeutic discovery
(Ward et al, 2024). Regulating translation through ribosomal complex can be traced back
to the development of aminoglycosides, small molecule antibiotics that inhibit bacterial
protein synthesis (Fan-Minogue & Bedwell, 2008). Instead of inhibiting translation, more
recent research has focused on correcting and restoration of protein synthesis. Many
genetic diseases, like Duchenne muscular dystrophy (DMD), are driven through
inappropriate translation where nonsense mutations lead to an in-frame premature stop
codon - UAG, UAA, or UGA and result in a truncated protein. Translarna (ataluren),
developed by PTC Therapeutics, is a small molecular inhibitor, structurally distinct from
aminoglycosides and designed to promote translation readthrough efficiency (Peltz et al,

2013; Welch et al, 2007). Translarna demonstrated dose-dependent activity in cell lines



and in a DMD-mouse model treatment over 4 weeks showed improved dystrophin
protein levels and muscle strength improvement in across cardiac, lung, and leg tissues
(Welch et al., 2007). Studies in yeast and human cells demonstrated that Translarna has
the strongest translation correction with UGA premature stop codons (Roy et al, 2016).
While cryogenic electron microscopy and photolabeling affinity studies have
demonstrated key structural-activity relationship binding sites where Translarna inhibits

the release factor binding complex within the ribosome (Huang et al, 2022).

Other tRNA therapeutic companies, including AlltRNA, hCBioscience and Tevard
Biosciences, are investigating targeted approaches to engineered tRNAs that emphasize
tRNAs as a therapeutic platform which recorrect or modify translation (Dolgin, 2022).
The targeted RNA platform provides alternative mechanisms to modulate underlying
biology of large proteins which are often poor candidates for gene replacement therapy,
like DMD. Engineered tRNAs facilitate readthrough of premature stop codons with a
cognate amino acid to restore translation ( ; (Bily et al, 2024; Lueck et al, 2019;
Porter et al, 2021; Porter et al, 2024). Additional research is exploring the correction of
missense mutations with engineering missense-correcting tRNAs that incorporate the
correct amino into a growing peptide chain to overcome the inappropriate codon-
anticodon interaction (Hou et al, 2024; Polikanov et al, 2023). Other research in cells
and in vivo model systems focused on correcting tRNA pools. In yeast, Berg et al have
shown increased translation readthrough through RNA polymerase IlI driven tRNA
reexpression (Berg et al, 2021). In human cell lines, overexpression of mitochondrial
tRNA" was reported to restore tRNAM pools, protein synthesis and mitochondrial
respiration (Gong et al, 2020). Transgenic overexpression of tRNA®Y restores protein
synthesis and decreased peripheral neuropathy in Charcot-Marie-Tooth models in

Drosophila and mouse (Zuko et al, 2021). Restoration of tRNA pool or selective tRNA(s)



would serve as interesting therapeutic approaches in disease where hypo-tRNA
modifications disrupt translation. While regulating translation through small molecule,
engineered tRNAs, or tRNA overexpression approaches are exciting new areas of

research, target tRNA modifying enzymes have been less studied as a druggable target.

DISRUPTED tRNA MODIFICATIONS IMPLICATED IN DISEASE

Maintaining tRNA pools contributes to proper maintenance of cellular homeostasis
(Hanson & Coller, 2018). Stress-induced metabolic reprogramming leads to changes in
protein translation and contributes to cancer diagnostic markers (Dedon & Begley,
2014). Disrupted tRNA modifications lead to uncontrolled cell proliferation and
tumorigenesis (Barbieri & Kouzarides, 2020; Li et al, 2022). Breakdown products of
tRNAs, tRNA fragments, have also been linked to numerous cancers (Cabrelle et al,

2024; Garcia-Vilchez et al, 2023).

In addition to cancers, dynamic regulation of neuronal gene expression is required for
proper nervous system development and function (Klann & Dever, 2004). Careful
regulation is required for circuit formation and long-term synaptic plasticity (Martin &
Magistretti, 1998; Ooi & Wood, 2008; Shen, 2006). Local gene regulation and translation
are implicated in memory formation (Di Liegro et al, 2014; Kandel, 2001; Martin et al,
1997; Mayford et al, 2012; Shrestha & Klann, 2022). In the aging nervous system,
regulating oxidative stress requires regulated transcription and translation and local
ribosomal assembly to maintain neuronal function (Fasnacht & Polacek, 2021; Harnett et
al, 2022; Marini et al, 2018; Shigeoka et al, 2019; Steward, 1983). Specific disruption of
post-transcriptional tRNA processing has been linked to multiple neurological diseases,

including intellectual disability, Amyotrophic Lateral Sclerosis, Galloway—Mowat



syndrome, and mitochondrial disorders that disproportionately impact the brain (Ramos
& Fu, 2019; Suzuki, 2021). tRNA disruptions associated with neurodevelopmental
disorders range from disrupted amino acid charging (Wei et al, 2019) to tRNA misfolding
due to hypomodifications (Davarniya et al, 2015; Efthymiou et al, 2025; Nagayoshi et al,
2021; Zhang et al, 2020) and altered codon-specific mMRNA decoding (Maddirevula et al,

2022; Monies et al, 2019; Saad et al, 2021; Waqas et al, 2022; Yilmaz et al, 2024).

For accurate translation, the “L-shaped” tRNA structure undergoes on average 13
modifications to retain its tertiary structure, promote folding and precise function
(Cappannini et al., 2024; Motorin & Helm, 2010; Pan, 2018; Rigden & Fernandez, 2024).
Here, we’ve focus on four methylations, mono- or di-methylations, that fall into two
categories: those that occur on the tRNA body and those on the anticodon loop (Schultz
& Kothe, 2024) that are implicated in health and diseases and discuss their therapeutic

potential.

METTL1

In yeast, the complex comprised of tRNA methyltransferase 8 (Trm8) and tRNA
methyltransferase 82 (Trm82) methylates guanosine residue 46 to a positively charged
7-methylguanosine (m7G, )- This modification and tRNA modifying complex are
highly conserved from yeast to humans (Alexandrov et al, 2005; Alexandrov et al, 2002).
Structure-function investigations demonstrate the m7G modifications near the variable
arm stabilize the “L-shaped” tertiary structure between the TWC-loop and D-loops in
temperature-dependent manner (Agris et al, 1986; Alexandrov et al., 2005; Helm, 2006;
Lorenz et al, 2017). m7G has been linked cellular growth impairments due to decreased

tRNA™" and tRNA? pools in S. pombe and S. cerevisiae, respectively, and



hypomodification activates the tRNA decay pathway (Alexandrov et al., 2005; De Zoysa

et al, 2024; De Zoysa & Phizicky, 2020).

In mammals, m7G modifications are carried out by human complex methyltransferase-
like 1 (METTL1) and tRNA N7-guanosine methyltransferase (WDR4) complex. WDR4-
associated microcephalic primordial dwarfism has been studied in yeast and human cell
lines with patient mutations and demonstrated a decrease in m7G on tRNA"? and
tRNAP". Researchers hypothesize downstream impact on cellular growth mechanisms
as promising future investigations (Shaheen et al, 2015; Trimouille et al, 2018). WDR4
also has been implicated as a candidate of interest for down syndrome although no
mechanistic investigation of tRNA modifications have been conducted to our knowledge

(Michaud et al, 2000; Sahun et al, 2014).

Overexpression of METTL1 in various cancers has led to increased m7G tRNA"? and
tRNAP™ levels, increased cellular growth, and poor patient outcomes (Ma et al, 2021).
METTL1 regulates lenvatinib resistance in hepatocellular carcinoma via epidermal
growth factor receptor pathways (Huang et al, 2023). METTL1-associated thyroid
cancers have been linked to cell proliferation via tumor necrosis factor-a pathways (Li et
al, 2025). The growing number of cancers associated with m7G tRNA modifications are
not surprising as the modification is critical for tRNA stability. METLL 1-deficient cells
interestingly show an increase of tRNA fragments which could play an important role in
development of clinical cancer biomarkers to understand patient heterogeneity across

multiple type of cancers (Garcia-Vilchez et al., 2023).

Therapies to restore m7G modification would require careful correction of hypo- and

hyper-tRNA modifications. Excitingly, for increased m7G, a METTL1 inhibitor,



STM9005, is currently in the discovery phase at Storm Therapeutics. For a tRNA
methyltransferase inhibitor, standard high throughput screening small molecule
approaches were taken which include triaging compounds for low nanomolar in vitro
potency, high target selectivity, and decreased in vitro cell proliferation for multiple
cancer cell lines. Lead candidate STM9006 decreased m7G at residue 46 tRNA levels,
global proteomics changes, and in vivo tumor inhibition (Sapetschnig et al, 2024;
Yankova et al, 2025). Modulating tRNA biology emphasizes the use and development of
new RNA screening techniques such as misincorporation tRNA sequencing (Behrens et
al, 2021). We look forward to following this first-in-class inhibitor into the clinic as it may

provide an unique approach to targeting a wide variety of cancers.

ALKBH8/TRMT9B

Modifications at the anticodon wobble position, position 34 (Us4), that has been well
studied in yeast. tRNA methyltransferase 9 (Trm9) methylates Us4 for proper anticodon-
codon interactions and protein translation (Crick, 1966; Gerber & Keller, 1999;
Schaffrath & Leidel, 2017; Smith et al, 2024). The exact Uss modification pathway has
been debated and to date remains incomplete (Chen et al, 2011). Yeast studies have
shown that the elongator complex (Elp) metabolizes the first step of Ussto 5-
carbonylmethyluridine (cm°U) (Huang et al, 2005; Jablonowski et al, 2006). Trm9 forms
a heterodimer with tRNA methyltransferase 112 (Trm112) to methylate cm°U to 5-
methyoxycarbonylmethyluridine (mcm®U, ) and further modifications occur
downstream ((Kalhor & Clarke, 2003; Lentini et al, 2018), )- Elp and Trm9
deficient yeast have also been used to explore frameshift rates at ribosomal A- and P-
sites for loss of each Uss modification (Tukenmez et al, 2015). Trm9 modification of Uz4

restricts wobble base pairing for tRNAAUCY) and tRNACUYYC) (Kalhor & Clarke, 2003).

10



Trm9 deficient yeast have decreased levels of proteins whose transcripts are enriched
for cognate codons AGA and GGA, including proteins associated with DNA repair and
cell cycle growth (Begley et al, 2007). Ribosomal profiling also highlighted a similar
decrease in Trm9-dependent-codon-enriched mRNA translation in cells deficient of the

wobble uridine modifications (Deng et al, 2015).

Metazoa have evolved two Trm9 homologs, ALKBH8 and TRMT9B (also known as
C80ORF79, KIAA1456, and TRM9L), both enzymes encode predicted S-adenosyl
methionine (SAM)-dependent Class | methyltransferases based on high conservation of
class-defining sequences. ALKBHS8 has evolved additional structural domains, including
an RNA recognition motif (RRM) and an oxidoreductase (AlkB) domain (Fu et al, 2010b;
Songe-Moller et al, 2010). ALKBH8 has been shown to drive wobble uridine metabolism
to mem®Uaq in flies, mice, human ALKBHS cells (Fu et al, 2010a; Fu et al., 2010b;
Madhwani et al, 2024; Songe-Moller et al., 2010). In mice, ALKBH8-dependent wobble
uridine modifications are also required for selenoprotein synthesis as a protective
mechanism against oxidative stress conditions (Leonardi et al, 2020; Songe-Moller et al.,
2010). In flies, ALKBH8 has been reported as a regulator of selenoprotein synthesis,
synaptic growth and memory formation (Madhwani et al., 2024). A growing number of
patients have been identified with with ALKBHS8-linked ID, including missense mutations
in the methyltransferase and frameshift mutations leading to premature stop codons that
lead to decreased wobble uridine modifications (Maddirevula et al., 2022; Monies et al.,
2019; Saad et al., 2021; Waqas et al., 2022; Yilmaz et al., 2024). Conversely, high
expression of ALKBH8 has been shown to promote cancer progression and
tumorigenesis in bladder cancers through c-Jun NH2 terminal kinase and p38 mitogen-
activated protein kinase stress response pathways (Ohshio et al, 2016; Shimada et al,

2009).
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Based on the small number of ALKBH8-modified tRNAs, overexpression tRNA
selenocysteine may provide a compelling therapeutic avenue. In flies, ALKBH8-deficient
cognitive recall was restored with media supplemented with an antioxidant, which
suggests a possible interventional therapy for ALKBH8-associated intellectual disability
patients (Madhwani et al., 2024). Furthermore, understanding changes in tumor or
neuronal based proteomics profiles may point towards identifying other key mechanisms

to target.

Although TRMT9B is not required for the canonical Trm9 wobble uridine methylation,
evolution conservation of both ALKBH8 and TRMT9B points towards deviation of
substrate and function. TRMT9B is down-regulated in numerous cancers and high
TRMTO9B expression in lung, breast, ovarian, and colorectal cancer tumors correlated
with improved patient survival (Begley et al, 2013; Chen et al, 2017; Flanagan et al,
2004; Voeghtly et al, 2012; Wang et al, 2018; Wang et al, 2017). Cancer cell lines
expressing ectopic human TRMT9B showed decreased tumor growth under HIF-a.
hypoxic conditions and a recent study found that TRMT9B is regulated by an ERK/MAP
kinase signaling cascade (Begley et al., 2013; Gu et al, 2018). More recently TRMT9B
has been studied in the nervous system, where Hogan and colleagues showed that
TRMT9B has a synaptic growth methyltransferase domain-dependent mechanism and
methyltransferase independent mechanism which regulates synapse function (Hogan et
al, 2023). With relevance in cancer and neuronal development and availability of new
genetic models, possible renewed interest in pursuing TRMT9B as a therapeutic target

appears likely.
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NSUN2

Another wobble position modification, 5-methylcytidine (m5C, ) is mediated by
Saccharomyces cerevisiae tRNA methyltransferase 4 (Trm4), which has a human
ortholog NOP2/Sun methyltransferase 2 (NSUN2). Trm4 localizes to the nucleus and
methylates an intron containing pre-tRNA". (Motorin & Grosjean, 1999). In fission
yeast, Trm4a demonstrates conserved biochemical function and methylates tRNA™" at
the wobble position. More broadly, m5C modifications have also been sequenced at

several positions in the T-loop and variable loops (Motorin & Grosjean, 1999).

NSUNZ2-linked to neuronal developmental disorders are NSUN2 modifications that
methylates tRNA at position 34 to m5C. Patients with NSUN2-associated with
intellectual disability have variants that include nonsense, missense and spliced
mutations, and single nucleotide deletion that leads to a premature stop codon. These
variations have all reported decreased levels of m5C levels (Abbasi-Moheb et al, 2012;
Khan et al, 2012; Komara et al, 2015; Sun et al, 2020). Although molecular mechanisms
are unknown NSUNZ2-deficient human cell lines demonstrates changes in neuronal stem
cell differential and NSUN2-deficient mice show depletion in tRNA®Y pools that decrease
global proteomic changes associated with neurotransmission and synaptic signaling
(Blaze et al, 2021; Flores et al, 2017). In mice and flies, cognitive and social behavior
changes are also noted in the absence of NSUN2-mediated tRNA modifications (Blaze

et al, 2024; Gonskikh et al, 2025).

In oncology settings, hyper-m5C tRNA modifications were reported in thyroid cancers to
promote tumorigenesis via anti-apoptosis pathways (Li et al, 2023). However, NSUN2
has multi-specific modifications, tRNA and mRNA, which further complicates narrowing

down a specific molecular mechanism (Li & Huang, 2024). High m5C driven mRNA
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modifications were noted in pancreatic cancer (Chen et al, 2022). Varying levels of
NSUN2 were reported in other cancers however m5C tRNA or mMRNA modifications
were not measured (Okamoto et al, 2012). NSUN2 mediated cell proliferation in
gallbladder cancer was modified through depletion of a ribosomal protein-partner, large
ribosomal subunit protein 6, and not RNA modifications (Gao et al, 2019). Conversely,
high levels of NSUN2 with low levels of insulin growth factors had improved rates of

progression-free survival in ovarian cancers (Yang et al, 2017).

Despite a strong link in both cancer and neurodevelopmental disorders, targeting
NSUN2 presents a challenge in specificity. NSUN2 can also modify mRNA and non-
coding RNA (Chellamuthu & Gray, 2020; Hussain et al, 2013; Wang, 2016). A selective,
covalent NSUN2 inhibitor was generated using an activity based proteomic profiling
approach that targeted a core cysteine residue in the Class | SAM-dependent
methyltransferase active site of NSUN2. This azetidine acrylamide lead candidate
showed low specificity towards NSUN5-7 and effective m5C tRNA reduction in a human
leukemia cell line (Tao et al, 2023). Preclinical and proteomic characterizations would be
critical next steps in evaluating this potential drug hit and development to a lead

candidate.

TRMT1

Methylation of guanosine at position 26, a hinge point between the D-loop and anticodon
stem, leads to N2,2-dimethylguanosine (m2,2G, ) an essential modification
driven by yeast tRNA methyltransferase 1 (Trm1) (Edqvist et al, 1992; Ellis et al, 1986).
Trm1 has nuclear and mitochondrial localization, and this modification can be found on

most tRNAs (Ellis et al., 1986). In the absence of Trm1, yeast show in increased
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sensitivity to oxidative stress with changes in metabolic and amino acid synthesis
associated with upregulation of Gen4 (Chou et al, 2017). The m2,2G modification also
promotes proper tRNA folding through base-pairing confirmations with five nucleosides
in the D- and variable loops (Edqvist et al., 1992). More recently, Bavi and colleagues
have used molecular dynamics approaches to assess preferred m2,2G base pairing
confirmation with adenosine and uridine (Bavi et al, 2013). tRNAs without the m2,2G
modifications are removed through rapid tRNA decay (Dewe et al, 2012). Trm1 also has
a non-catalytic role with tRNA chaperone La to promote tRNA maturation (Porat et al,

2023).

Trm1 has two mammalian orthologs, tRNA methyltransferase 1 (TRMT1) and tRNA
methyltransferase like-1 (TRMT1L) (Liu & Straby, 2000). TRMT1 performs the canonical
function of Trm1 and protects against oxidative stress (Dewe et al, 2017), while the
biochemical function of TRMT1L has only been recently discovered. TRMT1L
dimethylates guanosine at position 27 and is required for another tRNA modification, 3-
(3-amino-3-carboyxypropyl)uridine (Hwang et al, 2025; Zhang et al, 2025). Researchers
have generated human cell lines, including TRMT1 null or patient derived mutations and
observed reduced cell proliferation, m2,2G modifications, global translation rates as well
as developmental delays and behavioral impairments in an in vivo TRMT1 deficient
zebrafish model (Dewe et al., 2017). TRMT1 has a growing patient cohort linked to
neurodevelopmental disorders and tRNA metabolism. Thirty-one patients have been
identified with TRMT1-linked intellectual disability variants in a SAM-dependent
methyltransferase domain, where variants include truncated proteins due to premature
frame shifts/premature stops, splice variants, and missense mutations (Davarniya et al.,
2015; Efthymiou et al., 2025; Zhang et al., 2025). This tRNA body methylation is found in

an extensive number of tRNAs; careful coordination of the modifications is required for
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translational control (Dewe et al., 2017). With the growing patient populations, available
resources in cell lines and an in vivo model, identifying key regulators altered in TRMT1-

translation would be attractive therapeutic candidates.

CONCLUSION

The role of tRNAs has greatly evolved from merely a small adapter which facilitates
translation to a critical piece of RNA biology that promotes homeostasis and function.
tRNA post-transcriptional modifications maintain structural stability, codon-anticodon
recognition, tRNA charging and function. Disrupted tRNA methylation in the tRNA body
or anticodon stem/loop has been linked to numerous cancers and neurodevelopmental
disorders. Growing evidence indicates that the expanded tRNA modifiers, particularly,
tRNA methyltransferase family has evolved in animals to regulate gene expression in
new ways. Research investigating the impact of changing tRNA pool availability and
translation control is an exciting new opportunity to target tRNA modifying enzymes and
downstream targets in disease. Continued research is needed to understand the
structure-function relationship between tRNA and ribosome and tRNA and tRNA
methyltransferase. For tRNAs with conserved function across species, there are
opportunities to investigate underlying molecular mechanisms traditional cell line and
mice as well as non-model organisms, including zebrafish and Drosophila, may provide
key mechanistic insights to downstream effects of gain- or loss-of-function of the

modifying enzymes.
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Figure 1.1. tRNAs mediate translation

A-B. Graphical illustration of tRNA cloverleaf structure (A) with representative modified
positions discussed are numbered (bold font) with (B) representative chemical structures
of nucleoside methylations (blue), where R equals the ribose. tRNA modification
abbreviations - mcm5U: 5-methyoxycarbonyl-methyluridine; m5C: 5-methylcytidine;
m7G: 7-methylguanine; m2,2G: N2,N2-dimethylguanosine.

C-D. Tertiary tRNA structure (C) adopted from (Suzuki, 2021) highlighting acceptor stem
(light blue), D-loop (green), anticodon stem and loop (dark blue and gray respectively),
variable loop (purple), T-loop (orange) and (D) charged tRNAs in translation. Panels C

and D were created in BioRender (https://BioRender.com).
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Figure 1.2. lllustration of suppressor tRNAs function

Graphical representation of (A) uninterrupted translations which generates a fully formed
polypeptide chain, (B) interrupted translation due to a premature stop codon (PTC, red)
that results in a truncated protein and (C) corrected mistranslation with the addition of an
engineered suppressor tRNA (orange, charged tRNA with amino acid) that stabilizes the
PTC (red) and results in a fully formed polypeptide chain. Figure adapted from (Porter et

al., 2021) and created in BioRender (https://BioRender.com).
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Figure 1.3. Wobble uridine (Uss) methylation in yeast adapted from (Hogan et al., 2023).
Abbreivations - Elp: elongator complex; cm°U: 5-carbonylmethyluridine; Trm9: tRNA
methyltransferase 9; Trm112: tRNA methyltransferase 112; mecm°U: 5-methyoxy-
carbonylmethyluridine; CTU: cytosolic thiouridylase; mcm®s2U: 5-methoxy-
carbonylmethyl-2-thiouridine; ncm®U: 5-carbamoylmethyluridine; ncm®s?U: 5-

carbamoylmethyl-2-thiouridine
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ABSTRACT

Nervous system function rests on the formation of functional synapses between
neurons. We have identified TRMT9B as a new regulator of synapse formation and
function in Drosophila. TRMT9B has been studied for its role as a tumor suppressor and
is one of two metazoan homologs of yeast tRNA methyltransferase 9 (Trm9), which
methylates tRNA wobble uridines. Whereas Trm9 homolog ALKBHS is ubiquitously
expressed, TRMT9B is enriched in the nervous system. However, in the absence of
animal models, TRMT9B’s role in the nervous system has remained unstudied. Here, we
generate null alleles of TRMT9B and find it acts postsynaptically to regulate
synaptogenesis and promote neurotransmission. Through liquid chromatography-mass
spectrometry, we find that ALKBH8 catalyzes canonical tRNA wobble uridine
methylation, raising the question of whether TRMT9B is a methyltransferase. Structural
modeling studies suggest TRMT9B retains methyltransferase function. In vivo, disruption
of key methyltransferase residues blocks TRMT9B’s ability to rescue synaptic
overgrowth, but not neurotransmitter release. These findings reveal distinct roles for
TRMTO9B in the nervous system and highlight the significance of tRNA methyltransferase

family diversification in metazoans.
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INTRODUCTION

Complex nervous systems are composed of thousands to billions of neurons connected
through synapses in neural circuits that control behavior and thought. To achieve this
functional organization, neurons must form synaptic connections in appropriate numbers
and strength during development. Synapse number and strength are also substrates for
the neuronal plasticity that underlies experience-dependent changes to brain function
(Citri & Malenka, 2008). Dysregulation of synapse formation and plasticity have been
broadly linked to neurodevelopmental disorders, including autism spectrum disorder and
other forms of intellectual disability (Guang et al, 2018; Zoghbi & Bear, 2012). While we
have learned a great deal about a small subset of genes underlying neurodevelopmental
disorders, a recent study found that the majority of genes in the human genome are
understudied — including those associated with human disorders (Stoeger et al, 2018).
With the increasingly broad application of clinical sequencing in individuals with
neurodevelopmental delay, new genes whose function in the nervous system remains
unknown are being uncovered. A lack of foundational understanding of synaptic gene
function is a significant obstacle for translating clinical identification of causative variants

into effective treatments for neurodevelopmental disorders.

To uncover conserved, uncharacterized genes with roles in the formation of functional
synapses, we first looked for genes expressed ‘in the right place at the right time.” Using
ModENCODE data (Brown et al, 2014; Graveley et al, 2011) we observed that many
Drosophila synaptic genes exhibit a unique spatio-temporal transcriptional profile during
development. Expression is enriched in the nervous system and transcription is
generally low with peaks during each of the two periods of extensive synaptogenesis,
late embryonic and pupal ( ). We reasoned that uncharacterized genes with this

expression pattern might be enriched for genes involved in synapse formation and/or
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function and compared the expression pattern of every gene in the genome with this
profile. Focusing on genes with the highest correlation coefficients that were
uncharacterized and conserved in mammals, we began generating CRISPR loss-of-
function and endogenously tagged alleles to assess potential roles in synapse
development at the well-characterized glutamatergic neuromuscular junction (NMJ).
Computed Gene 42261 (CG42261) emerged as a potential negative regulator of
synaptic growth. CG42261, which was also identified in an RNAi screen as a potential
regulator of thermal nociception and named fire dancer (Honjo et al, 2016), encodes the
Drosophila homolog of human TRMT9B. TRMT9B has been studied for its role as a
tumor suppressor and is downregulated in colorectal, breast, bladder, cervical, ovarian
and testicular carcinomas (Begley et al, 2013; Chen et al, 2017; Flanagan et al, 2004;
Wang et al, 2018). TRMT9B is one of two metazoan homologs of yeast tRNA
methyltransferase 9 (Trm9), which methylates tRNA wobble uridines (Begley et al, 2007;
Begley et al., 2013; Fu et al, 2010a; Kalhor & Clarke, 2003; Songe-Moller et al, 2010).
Trm9 homolog ALKBH8 has a demonstrated role in catalyzing tRNA wobble uridine
methylation in mammals (Fu et al., 2010a; Songe-Moller et al., 2010), whereas it has
remained unknown if TRMT9B plays a similar role despite years of study. Intriguingly, an
emerging body of work demonstrates that enzymes in the expanded metazoan tRNA
methyltransferase family have evolved to methylate new substrates, including rRNAs,
mRNAs and proteins (Abbasi-Moheb et al, 2012; Chellamuthu & Gray, 2020; Chen et al,
2011; Xu et al, 2017). Methylation of each of these substrates provides a reversible level
of regulation that modulates biological processes ranging from transcription to splicing to
translation to protein interactions, pointing to diverse regulatory roles for these tRNA

methyltransferases (Greenberg & Bourc'his, 2019; Murn & Shi, 2017; Zhou et al, 2020).

45



Here, we detail the first animal model of TRMT9B to investigate its biological role in the
nervous system. Using endogenously tagged lines, we find that TRMT9B is expressed in
neuronal, glial and muscle cell bodies, and at synapses. At the NMJ, TRMT9B functions
postsynaptically to regulate synaptic growth and promote neurotransmitter release.
Through quantitative RNA mass spectrometry, we determined that TRMT9B is
dispensable for baseline tRNA wobble uridine methylation, raising the possibility that it
has evolved a new function. Our modeling studies and genetic rescue experiments
suggest that TRMT9B regulates synapse formation through a methyltransferase-
dependent mechanism whereas its role in neurotransmission appears to be independent
of enzymatic function. Together our findings highlight the expanding roles of the tRNA
methyltransferase family in animals and reveal critical requirements for TRMTO9B in

nervous system development.

RESULTS

TRMT9B negatively regulates synaptic growth

As part of an ongoing effort to identify and characterize new regulators of synapse
formation and function, we used ModENCODE developmental RNA-Seq data to identify
uncharacterized, conserved neuronal genes whose expression in Drosophila
corresponds to periods of synaptogenesis (Graveley et al., 2011). We then began
generating CRISPR alleles of top candidate genes (Dietzl et al, 2007; Hu et al, 2017; Ni
et al, 2011) and investigating synapse number at glutamatergic motor synapses. As
detailed below, loss of CG42261, which encodes one of two Drosophila homologs of
yeast wobble uridine methyltransferase Trm9, resulted in significant ectopic synapse
formation. CG42261 was also identified in an RNAi screen for candidate regulators of

thermal nociception and named fire dancer (fid); (Honjo et al., 2016). Here, we follow
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recently established nomenclature for members of the tRNA methyltransferase family

and refer to CG42261/Fid as TRMT9B (Tweedie et al, 2021).

We used CRISPR-based gene editing to generate two independent null alleles: (1)
TRMT9B*®, in which the exons coding for 1366/1391 amino acids are removed and
replaced with a visible marker and attP landing site and (2) TRMT9B"* in which an
HA peptide tag and a cassette encoding a visible marker flanked by piggyBac inverted
terminal repeat sequences is inserted after the sole TRMT9B translational start site (

). The visible marker cassette disrupts the open reading frame to generate a null
allele, and its subsequent removal by piggyBac transposase yields an in-frame epitope-

tagged allele (Bruckner et al, 2017).

At well-characterized Drosophila larval NMJs, individual motorneurons form tens to
hundreds of glutamatergic synapses with postsynaptic muscle targets in a stereotyped
manner. We quantified synaptic growth by counting synaptic boutons at the highly
stereotyped NMJ 4 formed between motorneuron 4-1b and muscle 4. We observed a
significant increase in bouton number in homozygous TRMT9BX®, homozygous
TRMT9B"™ ' and heteroallelic TRMTIBXOHA4*C mutants ( ). All three
TRMT9B allelic combinations exhibited a 30-35% increase in bouton number relative to
control. We observe similar synaptic overgrowth in TRMT9B*C over a deficiency and in a
line with artificial stop codons (TRMT9BMMIC-STOPy that is partially restored to wild type
when one copy of the stop cassette is replaced with GFP (TRMT9BYMIC-GFP :
(Nagarkar-Jaiswal et al, 2015; Venken et al, 2011). We also observe synaptic
overgrowth at NMJ 6/7 ( ), consistent with a broader role in restraining

synapse formation.
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To further confirm loss of TRMT9B as the cause of synaptic overgrowth, we restored
gene function under endogenous control by removing the interfering cassette in
TRMT9B"*C to generate N-terminally tagged TRMT9B". Bouton number at TRMT9B
NMJs was restored to near control levels, suggesting the endogenous tag may have a
minor effect on protein function ( )- Together, these findings reveal a

requirement for TRMTO9B in restraining synaptic growth.

TRMT9B promotes neurotransmitter release

To investigate the impact of loss of TRMT9B on nervous system function, we assessed
neurotransmission at TRMT9B null NMJs. To assess neurotransmission in our mutants,
we measured spontaneous and evoked synaptic potentials through current clamp
recordings at muscle 6, which is innervated by one type Ib and one type Is motorneuron.
We observed significantly reduced excitatory junction potentials (EJPs) together with
normal miniature EJP (mEJP) amplitude (quantal size) in TRMT9B null mutants (

)- These findings indicate a 51% decrease in neurotransmitter release (quantal
content; ). Restoration of endogenous TRMT9B function through removal of the
TRMT9B"*'C interfering cassette fully rescued EJPs ( , TRMT9B"™). mEJPs
were slightly increased and, thus, quantal content was not fully restored to wild-type
levels ( ), suggesting again that the endogenous tag may have a small
effect on TRMT9B function. Thus, in addition to its role in restraining synaptic growth,

TRMT9B promotes synaptic function.

TRMT9B is expressed in neurons, glia and muscle
Consistent with its roles in synapse development, TRMT9B is enriched in Drosophila
and mammalian nervous systems in contrast to ALKBHS8, which is ubiquitously

expressed across species (Brown et al., 2014; GTEXx, 2015; Uhlén et al, 2015; Yue et al,

48



2014). To investigate the cellular and subcellular expression of TRMT9B in the nervous
system and at the NMJ, we turned to our endogenously tagged alleles. In N-terminally
tagged TRMT9B®"" we observe expression in neuronal cell bodies ( ) and the
synaptic neuropil of the larval ventral ganglion as indicated by colocalization with active
zone protein Brp ( ). To determine which cell types express TRMT9B in the
nervous system, we conducted colocalization studies with the neuronal marker Elav and
glial marker Repo. We found that TRMT9B is strongly expressed in neuronal as well as
glia cell bodies ( )- TRMTOB is also expressed in muscle, where it is broadly
cytoplasmic with peri-nuclear accumulation ( ). Finally, we observe TRMT9B at
the NMJ where it primarily colocalizes presynaptically with the neuronal membrane
marker HRP. In contrast, we do not observe expression at the postsynaptic density (

)- While we cannot rule out the possibility that the tag has a minor effect on
subcellular localization, we observe a similar expression pattern, albeit at lower levels, in
TRMT9B™, which largely rescues synaptic growth and function ( ; See Figs
1 and 2), indicating that tagged alleles localize similarly in the nervous system.
TRMT9B’s broad cellular and subcellular expression pattern in neurons, glia and muscle
raises the intriguing possibility of a role for TRMT9B in methylating different substrates in

distinct cells and subcellular locations, including at synapses.

TRMT9B functions postsynaptically to regulate synaptic growth

Synapse formation involves a complex interplay between pre- and postsynaptic cells,
both of which express TRMT9B. Our endogenous rescue system offers the advantage of
driving expression at biological levels, but does not allow spatial control of gene
expression. To determine the site of TRMT9B function in regulating motor synapse
formation, we conducted cell-specific rescue using C155-Gal4 and 24B-Gal4 to drive

expression of a full-length TRMT9B transgene in presynaptic neurons and postsynaptic
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muscle, respectively. We found that muscle, but not neuronal, expression of TRMT9B
fully rescues synaptic growth at the NMJ ( ). Thus, TRMT9B acts

postsynaptically to attenuate synaptic growth.

We next quantified individual active zones labeled with Brp and found that the number of
active zones per NMJ is wild type in TRMT9B mutants due to a decrease in active zone
number per bouton that offsets the increase in bouton number ( )- This
indicates that a previously described homeostatic mechanism for maintaining overall
active zone number at NMJs (Goel et al, 2019) is intact in the absence of TRMT9B.
Coupled with the decrease in neurotransmitter release, this further suggests that
individual TRMT9B synapses are impaired. Thus, TRMT9B regulates both NMJ growth
and the formation of functional synapses — defining fundamental neurodevelopmental

roles for this member of the expanded family of tRNA methyltransferases.

Wobble uridine methylation in the absence of TRMT9B

We next sought to determine whether TRMT9B retains canonical tRNA
methyltransferase function. Both TRMT9B and its paralog ALKBH8 are homologous to
yeast Trm9, yet it has remained unknown if both proteins methylate wobble uridines. Of
the two metazoan homologs, TRMT9B has a domain structure more similar to Trm9 with
a well-conserved Class | SAM-dependent methyltransferase domain ( )-In
contrast, ALKBHS, in addition to a conserved methyltransferase domain, contains an
RNA-binding motif and a 20G-Fe (ll) oxygenase domain that catalyzes an animal-
specific tRNA modification ( , (Fu et al, 2010b; van den Born et al, 2011). Mouse
and human ALKBHS8 have been shown to methylate tRNA wobble uridines (Fu et al.,
2010a; Songe-Moller et al., 2010), whereas TRMT9B’s biochemical function has

remained unknown in the absence of animal models. To investigate the respective roles
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of the two Drosophila Trm9 paralogs in tRNA methylation, we generated a null allele of
Drosophila ALKBHS, currently identified as CG17807. To our knowledge, this is the first
animal model in which both paralogs have been knocked out, allowing us to investigate

the molecular function of each protein.

Most of our understanding of tRNA wobble uridine modification comes from studies in
yeast (Schaffrath & Leidel, 2017). In one branch of the wobble uridine modification
pathway, the Elongator complex is thought to act first to generate 5-
carbonylmethyluridine (cm5U, , purple). Trm9 then acts in concert with obligate
cofactor Trm112 to add a second methyl group and generate 5-
methoxycarbonylmethyluridine (mcm5U, , pink). Further modification by the
Ncs2-Ncsb6 thiolase complex generates a terminal mecm5s2U modification ( ,
green). In a second branch, wobble uridines in certain tRNAs are converted to the amide

modification ncm5U by an unknown enzyme (Fig. 5B, orange (Johansson et al, 2008).

To analyze tRNA wobble uridine modification in our null alleles, we conducted
quantitative liquid chromatography-mass spectrometry (LC-MS). Briefly, total RNA
isolated from heads of mated male and female control, TRMT9BX°, and ALKBH8"° flies
was nuclease digested and dephosphorylated to generate individual ribonucleosides
followed by LC-MS analysis of nucleoside modifications (Cai et al, 2015; Dewe et al,
2017; Fu et al., 2010a). We found that the mcm5s2U modifications, which is tRNA
specific and in yeast depends on Trm9, is present in nucleosides isolated from control
and TRMT9BX flies, but reduced to near background levels in ALKBH8"° flies (

)- Similarly, mcm5U, which is the terminal modification for a single tRNA and thus
present at low levels near our resolution of detection, was observed at similar levels in

control and TRMT9BXC flies (control: 92.13 + 14.59, TRMT9BX®: 101.70 + 26.45,
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P=0.92) and not detected in the absence of ALKBH8. Notably, we detected an increase
in the accumulation of ncm5U and ncm5S2U in ALKBH8K® flies, but not control or
TRMTIB flies ( )- These findings are consistent with studies in yeast showing
that loss of Trm9 leads to loss of mcm5s2U concomitant with the accumulation of amide
intermediates (Chen et al., 2011). Based on these findings, we conclude that ALKBH8

methylates tRNA wobble uridines independently of TRMT9B under basal conditions.

We next explored the possibility that TRMT9B catalyzes a different tRNA methylation — a
possibility hinted at in previous overexpression studies (Begley et al., 2013). Specifically,
we investigated a panel of well-characterized tRNA modifications at multiple tRNA sites,
the majority involving methylation. Further confirming our results above, we found that
mcm5s2U was decreased to near background levels in ALKBHS8C flies while no major
change in mecm5s2U was detected in TRMTIBXC flies ( ). For the remaining
modifications with levels within a quantifiable range, we observed a slight variation in
levels for a subset of nucleosides isolated from the ALKBH8"® flies when compared to
control flies, suggesting that loss of ALKBH8-catalyzed wobble uridine modifications
could impact other tRNA modifications. In contrast, no modification exhibited more than

a 2-fold change in the TRMT9B"° compared to control.

Finally, we explored the possibility that TRMT9B has a developmental role in tRNA
wobble uridine modification by analyzing wobble uridine modifications in third-instar
larvae. We isolated the nervous system and body walls to assess both neuronal and
muscle roles. Again, we found that mcm5s2U is lost while ncm5U and ncm5S2U are
increased in ALKBH8, but not TRMT9B, mutants ( ). While our findings do not
rule out the possibility that TRMT9B plays a conditional role in tRNA wobble uridine

methylation or methylates a small subset of tRNAs not detectable by bulk analysis, these
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observations indicate that ALKBHS is the primary paralog carrying out the canonical

Trm9 tRNA wobble uridine methyltransferase role and suggest a new role for TRMT9B.

TRMT9B has a structurally conserved methyltransferase domain

This finding raises the question of whether TRMT9B has maintained function as a
methyltransferase or evolved a non-enzymatic role. To investigate TRMT9B’s potential
role as a methyltransferase, we first aligned the predicted methyltransferase domains of
yeast Trm9 with Drosophila and human TRMT9B ( )- Although
methyltransferases are not generally well conserved at the level of primary sequence
(Martin & McMillan, 2002), we observe conservation throughout the methyltransferase
domain, including residues known to be important for methyltransferase function. The
defining sequence features of Class | SAM-dependent methyltransferase are (1) an
acidic residue at the end of the first beta strand and (2) a GxGxG SAM-binding motif —
both of which are critical for SAM binding and conserved in yeast Trm9 and fly and
human TRMT9B ( , blue boxed residues; (Kozbial & Mushegian, 2005; Martin &
McMillan, 2002). Additional acidic residues in beta strands 2, 3 and 4 and glycines in
beta strand 5 that are highly conserved across Class | SAM-dependent
methyltransferases are also present in fly and human TRMT9B ( , blue
residues; (Kozbial & Mushegian, 2005). We next assessed residues found to be critical
for SAM binding and enzymatic activity in a comprehensive mutational analysis of yeast
Trm9 (Létoquart et al, 2015), and found that these residues are also highly conserved in
Drosophila and human TRMT9B and ALKBHS8 ( , black and red boxed residues).
Together, these observations are consistent with the model that both paralogs retain

methyltransferase function.
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To investigate tertiary structure, we generated structural homology models of the
methyltransferase domains of Drosophila and human TRMT9B and ALKBHS8. For an
unbiased approach, we used Modeller to model the methyltransferase domains against
known crystal structures reported in the RCSB Protein Data Bank (Pieper et al, 2014),
and identified Trm9 as a match for each enzyme, lending further support for the
hypothesis that both TRMT9B and ALKBH8 maintain methyltransferase function. To
evaluate structural conservation, we used Chimera to compare our Drosophila TRMT9B
methyltransferase domain model to the yeast Trm9 structure determined by X-ray
diffraction of Yarrowia lipolytica Trm9 and its obligate co-factor Trm112 ( ;
(Létoquart et al., 2015). Class | methyltransferases form a seven-stranded beta sheet
flanked by alpha helices. In our model, this folded structure is maintained and key
residues are superimposed ( , orange ribbon). We observed similar structural
conservation between yeast Trm9 and our model of human TRMT9B ( . We
next overlaid our models of TRMT9B with Drosophila and human ALKBHS8 and observed
significant structural conservation between the four methyltransferase domains (

)- Finally, we assessed the predicted structure of the Drosophila TRMT9B
methyltransferase domain using AlphaFold (Jumper et al, 2021; Varadi et al, 2022).
Strong alignment was observed between the AlphaFold predicted model, the Drosophila
TRMT9B model predicted using Modeller, and the yeast Trm9 crystal structure (

). Thus, multiple independent in silico modeling approaches support structural
conservation of TRMT9B’s methyltransferase domain across species, suggesting

TRMTO9B functions as a methyltransferase in flies and humans.
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Disruption of TRMT9B’s methyltransferase domain blocks rescue of synaptic
growth

To experimentally determine if TRMT9B functions as a methyltransferase, we sought to
generate a methyltransferase-dead rescue construct for expression under GAL4 control
and compared its ability to rescue synaptic growth deficits in TRMT9B mutants to wild-
type rescue constructs. To disrupt methyltransferase function, we replaced two residues
identified by Létoquart and colleagues as critical for SAM substrate binding and catalytic
activity in Trm9 with alanines (See Fig. 6A, red boxed residues; (Létoquart et al., 2015).
Absent a known substrate for TRMT9B, we cannot biochemically assess the disruption
of methyltransferase function, so we confirmed that the residues correspond in our
structural alignments and modeled the effect of alanine substitutions on protein structure
to confirm that tertiary protein structure remains intact, consistent with prior studies (

; (Létoquart et al., 2015). We integrated wild-type (UAS-TRMT9B) and
methyltransferase-dead (UAS-TRMT9B"P) transgenes at the same genomic site and
expressed each transgene under the control of 24B-Gal4 in TRMT9B nulls. While
expression of wild-type TRMT9B fully rescued synaptic overgrowth as observed above,
expression of TRMT9BM failed to rescue ( ), consistent with the conclusion
that methyltransferase activity is required for TRMT9B’s role in regulating synaptic
growth. To confirm proper translation and localization of methyltransferase-dead
TRMT9B, we generated V5-tagged versions of the wild-type and methyltransferase-dead
transgenes and confirmed expression of the correct size proteins at comparable levels
by western blot (Fig. S5A, B) and similar localization patterns when expressed in
neurons or muscle ( ). Consistent with our sequence and structural
analyses, these data provide additional support for the model that TRMT9B functions

through a methyltransferase-dependent mechanism to regulate synaptic growth.
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TRMT9B regulates neurotransmitter release through a distinct mechanism

Our findings indicate that TRMT9B promotes neurotransmitter release independently of
its role in regulating synapse number. To determine if methyltransferase function is also
required for TRMT9B'’s role in neurotransmission, we first conducted cell-specific rescue
and found that postsynaptic expression of TRMT9B fully rescues neurotransmitter
release ( ). In contrast, presynaptic expression of TRMTOB fails to rescue
(TRMTOBKOMAYIC g C155; TRMTI9B*®/UAS-TRMT9B, TRMT9B"A*/°: P=0.408, ANOVA
followed by Tukey’s test). We next attempted to rescue synaptic function with
TRMT9B"™ and found that methyltransferase-dead TRMT9B also restores
neurotransmitter release ( ). We assessed neurotransmission upon
postsynaptic overexpression of either methyltransferase-dead or wild-type TRMT9B and
observed no effect ( ), ruling out additive effects. Thus, TRMT9B can
promote neurotransmitter release independently of its methyltransferase function. These
findings indicate diverse functions for TRMT9B in synaptogenesis and neurotransmitter
release and underscore the important role of the expanded tRNA methyltransferase

family in the nervous system.

DISCUSSION

We hypothesized that we could identify new, conserved regulators of synapse formation
among uncharacterized genes whose transcription specifically correlates with peak
periods of synaptogenesis during Drosophila embryonic and adult nervous system
development. This otherwise unbiased approach led to the surprise discovery of a
member of the tRNA methyltransferase family. Through biochemical, structural modeling
and genetic studies, we found that TRMT9B regulates synaptogenesis through a

methyltransferase-dependent mechanism and may have evolved in animals to methylate
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a novel substrate. Our data also suggest that TRMT9B can promote neurotransmitter
release through a non-enzymatic mechanism. These findings highlight both the
important regulatory role of methylation in the nervous system and the expanding

functions of tRNA methyltransferase family members.

In Drosophila, TRMT9B transcription peaks in late embryogenesis shortly before
synaptogenesis begins in the developing nervous system. TRMT9B is primarily
expressed in the nervous system, with lower levels of expression in carcass (muscle and
epidermis), fat body, imaginal discs, and testes (Brown et al., 2014). Similarly, mouse
and human TRMT9B are highly expressed in the nervous system, including the
cerebellum, visual cortex, hippocampus and cerebral cortex (GTEx, 2015; Uhlén et al.,
2015; Yue et al., 2014). Nonetheless, to date TRMT9B has only been studied in the
context of non-neuronal cancers, although a recent study found that TRMT9B
expression is significantly increased along with a host of gene regulatory proteins during
NeuroD1-mediated conversion of astrocytes to neurons (Ma et al, 2022). An RNAi
screen in Drosophila identified a putative role for Drosophila TRMT9B in promoting
dendrite outgrowth in class IV multidendritic sensory neurons and in thermal nociception
(Honjo et al., 2016). We find that TRMT9B negatively regulates synaptogenesis at the
NMJ and TRMT9B mutants display significant impairment in neurotransmitter release.
While bouton number is increased in TRMT9B mutants, a homeostatic decrease in the
number of active zones per bouton normalizes synapse number per NMJ. This indicates
that abnormal synaptic transmission in TRMT9B mutants is due to functional impairment
of the individual synapses that compose the NMJ rather than altered synapse number,
pointing to a requirement for TRMT9B in regulating both synapse number and the

formation of functional synapses.
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In 2004, TRMT9B was first identified as a potential tumor suppressor in colorectal
cancer (Flanagan et al., 2004). Since that time, reduced TRMT9B expression due to
genomic rearrangements or epigenetic silencing has been observed in ovarian, lung,
and other carcinomas (Begley et al., 2013; Chen et al., 2017; Flanagan et al., 2004;
Wang et al., 2018). Restoration of TRMT9B expression in colon, lung, and ovarian
cancer cells reduces proliferation and significantly reduces colon tumor growth in vivo,
confirming an important tumor suppressor role for TRMT9B (Blanco et al, 2014; Chen et
al., 2017; Wang et al., 2018). Despite the numerous links to cancer, the biological role of
TRMT9B function has remained unknown. Although insight into TRMT9B’s biochemical
role has been limited by the lack of an animal model, a gain-of-function study found that
TRMT9B promotes expression of tumor suppressor LIN9, a core member of the DREAM
complex that represses cell cycle-dependent gene expression, and blocks HIF1-a-
dependent adaptation to a hypoxia (Begley et al., 2013). A more recent study found that
stress-dependent phosphorylation modulates TRMT9B's interactions with the 14-3-3
gamma, epsilon, and eta signaling molecules and its ability to suppress proliferation and

hypoxic adaptation (Gu et al, 2018).

The tRNA methyltransferase (Trm) family of enzymes has expanded from 18 Trm
proteins that form 15 holoenzymes in yeast to 34 Trm homologs in humans, with all
yeast tRNA methyltransferases represented in animals and more than half represented
by two or more paralogs in humans (Towns & Begley, 2012). Many of the additional
family members in animals are yet to be characterized, raising the question of whether
they maintain redundant roles as canonical tRNA methyltransferases or have evolved
new functions. Of the two metazoan homologs of yeast Trm9, mammalian ALKBH8 has
been shown to methylate tRNA wobble uridines (Fu et al., 2010a; Kalhor & Clarke, 2003;

Songe-Moller et al., 2010). Our quantitative mass spectrometry studies demonstrate that
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ALKBHS is similarly responsible for the methylation of tRNA wobble uridines in
Drosophila. Interestingly, ALKBH8 has recently been linked to intellectual disability in
several families, and, we have found, acts through a tRNA methyltransferase-dependent
mechanism to regulate nervous system development (Maddirevula et al, 2022; Monies

et al, 2019; Saad et al, 2021).

In contrast, we find that TRMT9B is either dispensable for tRNA wobble uridine
methylation or plays a conditional role not detected in our analysis. Our findings are
consistent with the previous observation that ALKBHS8, but not TRMT9B, can rescue
tRNA methylation in a yeast deletion of Trm9 (Begley et al., 2013) and suggest TRMT9B
may have evolved a new function. TRMT9B might also function as a tRNA wobble
uridine methyltransferase under specific conditions or methylate only one or a few,
possibly brain-enriched, tRNAs as has recently been demonstrated for a mammalian
homolog of yeast Trm140, which methylates tRNAs in the anticodon loop (Xu et al.,
2017). This possibility would be consistent with the recent finding that overexpression of
TRMTO9B leads to subtle, but significant changes in tRNAs with an mem5U terminal

modification, although mcm5S2U levels remain unchanged (Jungfleisch et al, 2022).

To explore how TRMT9B might function biochemically, we investigated TRMT9B’s
sequence and structural homology with SAM-dependent methyltransferases. Several
lines of evidence suggest that TRMT9B retains methyltransferase function: (1) residues
required for enzymatic function in yeast are highly conserved, including the canonical
Class | SAM-dependent methyltransferase GxGxG motif and acidic amino acid at the
end of the second beta strand, both of which mediate SAM binding; (2) structural
modeling reveals remarkable similarity between the methyltransferase domains of yeast

Trm9 and fly and human TRMT9B and ALKBHS; and (3) disruption of two residues
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critical for methyltransferase function in yeast eliminates the ability of a TRMT9B
transgene to rescue synaptic growth without disrupting its ability to fold or localize
properly. Although these highly conserved residues appear to be critical for
methyltransferase function in Drosophila TRMT9B, without a substrate we cannot
confirm this biochemically. In contrast to synaptic growth, we found that TRMT9B8"P
restores neurotransmitter release in TRMT9B mutants. Thus, TRMT9B appears to have
evolved an entirely novel methyltransferase-independent role, possibly as a scaffolding

protein or competitive interactor of TRM112. Future genetic and biochemical studies to

identify functional interactors will be important.

Another major next step will be identifying TRMT9B’s substrate(s). A previous study
identified changes to a number of tRNA modifications upon expression of TRMT9B
(Begley et al., 2013). However, it is unclear if any of these modifications are direct
targets of TRMT9B as many tRNA modifications depend on prior modifications. To
investigate the possibility that TRMT9B catalyzes a distinct modification on tRNAs, we
assessed a panel of tRNA post-transcriptional modifications in our mutants via
quantitative mass spectrometry. We did not identify a TRMT9B-dependent modification
among our panel, which includes nine of the 12 modifications affected in the Begley et
al. (Begley et al., 2013) study. However, it remains possible that TRMT9B catalyzes a
modification we were unable to evaluate, including an animal-specific tRNA modification
yet to be identified. As most of our understanding of tRNA methylation comes from
studies in single-cell organisms, it would not be surprising if additional tRNA
modifications specific to animals, and possibly enriched in specific tissues such as the
nervous system, remain undiscovered. Another possibility is that TRMT9B methylates a
non-tRNA substrate. In fact, several members of the expanded metazoan tRNA

methyltransferase family methylate non-tRNA substrates. For example, the NSUN family
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of yeast Trm4 homologs, methylate not only tRNAs, but mRNA, rRNA, and noncoding
RNAs, and have important roles in both cancer and neurodevelopment (Abbasi-Moheb
et al., 2012; Chellamuthu & Gray, 2020; Chen et al, 2021). Intriguingly, we have found
that both fly and human TRMT9B immunoprecipitate TRMT112, the homolog of obligate
yeast Trm9 co-factor Trm112, in IP-LC-MS/MS experiments (2 unique peptides, 11%
peptide coverage; (Gu et al., 2018), respectively). TRMT112 promotes the methylation of
diverse substrates as an obligate cofactor for several tRNA, rRNA, and protein
methyltransferases — an indication of the expansive landscape of potential TRMT9B
substrates (Gao et al, 2020; Garcia et al, 2021; Guy & Phizicky, 2014; van Tran et al,
2019; Yang et al, 2021). A recent study of the Trm112 interactome in Archaea identified
a similarly broad array of interacting methyltransferases as well as small molecule
methyltransferases involved in steroid and vitamin biosynthesis (van Tran et al, 2018),
raising still more diverse possibilities. Especially exciting is the possibility hinted at by its
endogenous expression pattern that TRMT9B methylates distinct targets in different
cellular and sub-cellular contexts, including synaptic targets. Given TRMT9B’s
fundamental roles as a regulator of synapse formation and function and a tumor
suppressor, it will be of great interest and clinical significance to identify target(s) of

TRMT9B methylation in future studies.

MATERIALS AND METHODS

Drosophila genetics and gene editing

The following stocks used in this study are available through the Bloomington Drosophila
Stock Center (BDSC): w''"® (RRID:BDSC_5905), vasa-Cas9 (RRID:BDSC_51324),
piggyBac transposase (RRID:BDSC_8283), attP2 (RRID:BDSC_25710), elav*'*° Gal4

(RRID:BDSC_458), 248 Gal4 (RRID:BDSC_92172). y' w’; Mi(mod et af)fig"'1329
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(TRMT9B MiMIC®°?) and y' w’; Mi{PT-GFSTF.1}dfig"3%%-GFSTET (TRMT9B MiMICCF)
were generated through the Gene Disruption Project and obtained from the BDSC
(RRID:BDSC_59229 and RRID:BDSC_66771) (Nagarkar-Jaiswal et al., 2015; Venken et
al., 2011). All crosses were set up with 10 males and 10 females in 25°C incubators with

humidity control and 12h light/dark cycles.

CRISPR-based homology directed repair strategies were used to generate knockouts
and in-frame endogenous tags. Target sites were selected using CRISPR Optimal

Target Finder program (http://targetfinder.flycrispr.neuro.brown.edu; (Gratz et al, 2014)).

The following gRNAs were used: TRMT9BX®: 5-~AATCCATCGTCCTGAAATAG-3', 5'-
AGTCTATTACTCTAGTCGGC-3’; TRMT9B"*'¢: 5.CGACGGCTTTGTTGAATGCG-3'".
gRNA and donor plasmids were generated as described in (Gratz et al., 2014). Vasa-
Cas9 embryos were injected with a mixture of two gRNA plasmids (100ng/uL, each) and
a double stranded DNA donor plasmid (500ng/uL) by BestGene, Inc., crossed to w'""®
flies after eclosion, and progeny screened for DsRed expression in the eye. Knock-out
alleles were generated by replacing the majority of the endogenous locus with a visible
marker and attP landing site (Gratz et al, 2013). Endogenously tagged alleles were
created using a scarless CRISPR-piggyBac approach (https://flycrispr.org; (Bruckner et
al., 2017)). An HA or superfolder GFP (sfGFP) tag flanked by flexible linkers and a
visible marker flanked by piggyBac inverted terminal repeat sequences were inserted
immediately downstream of the sole TRMT9B or ALKBH8 (CG17807) translational start
sites. This generates null alleles due stop codons in the inverted repeat sequences.
TRMT9B lines were crossed to piggyBac transposase to remove the marker cassette

and generate in-frame tags. All engineered lines were confirmed by PCR and Sanger

sequencing.
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UAS rescue lines were generated by cloning full-length Drosophila and human TRMT9B
coding sequence into pUAST-C5 (Drosophila Genomics Resource Center #1261). To
generate methyltransferase-dead Drosophila TRMT9B, mutations to critical residues in
the methyltransferase domain were introduced via KLD reaction. Specifically, we
mutated codon 417 (GAG to GCC) and codon 693 (CAC to GCC) to introduce E139A
and H231A mutations. These amino acids correspond to yeast residues D72 and H116,
which were identified as critical for methyltransferase function (Létoquart et al., 2015). In
parallel, we generated V5 tagged wild-type and methyltransferase-dead Drosophila
TRMTO9B transgenes to confirm localization. All transgenes were integrated into the

attP2 landing site by BestGene, Inc. (Groth et al, 2004).

Immunostaining and confocal imaging

Male third instar larvae were dissected in Ca**-free saline and fixed for 10 minutes with
4% paraformaldehyde in PBS. Dissected larvae were washed and permeabilized in PBS
with 0.1% Triton-X then blocked overnight at 4°C in PBS containing 0.1% Triton-X and
1% BSA. Dissected larvae were incubated with primary antibodies for two hours at room
temperature and secondary antibodies for one hour at room temperature, then mounted
in Vectashield (Vector Laboratories). For localization studies, male third-instar larvae
were dissected in ice-cold Ca?*-free saline and fixed for 6 min in Bouin’s Fixative.
Dissected larvae were washed and permeabilized in PBS with 0.1% Triton-X then
blocked overnight at 4°C in PBS containing 0.1% Triton-X, 5%NGS and 1% BSA,
followed by overnight incubation with primary and secondary antibodies, then mounted
in Vectashield (Vector Laboratories). The following antibodies were used at the indicated
concentrations: mouse anti-Bruchpilot (Brp) at 1:100 (Developmental Studies Hybridoma
Bank (DSHB) #nc82; RRID: AB_2314866), rabbit anti-HA at 1:500 (Cell Signaling

Technology C29F4), mouse anti-V5 (1:500, ThermoFisher Scientific #R960-25;
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RRID:AB_2556564), anti-HRP conjugated to Alexa Fluor 647 at 1:500 (Jackson
ImmunoResearch Laboratories, Inc., #123-605-021; RRID:AB_2338967), rabbit anti-
GFP conjugated to AlexaFluor 488 at 1:500 (Thermo Fisher Scientific, #A-21311;
RRID:AB_221477), and secondary antibodies Alexa Fluor 488, Alexa Fluor 568, and
Alexa Fluor 647 at 1:500 (Thermo Fisher Scientific). Images were obtained on a Nikon

A1R HD confocal microscope with Plan Apo 40x and 60X oil-immersion objectives.

Electrophysiology

Electrophysiological baseline readings were performed on male third instar larvae.
Larvae were dissected in low Ca®* modified hemolymph-like saline (HL3 in mM: 70 NaCl,
5 KCI, 20 MgClz, 10 NaHCOs3, 115 sucrose, 5 trehalose, 5 HEPES and 0.2 Ca?*, pH 7.2).
Excitatory junction potentials were recorded using 1.0MM x 0.58MM, 4” borosilicate
glass sharp electrode (electrode resistance between 10 and 15 MQ ) filled with 3M KCI.
Recordings were performed in hemolymph-like saline solution containing 0.6 mM Ca**
on muscle 6 of abdominal segments A3 and A4. A 1.5MM x 1.12MM, 4” borosilicate
polished glass electrode was used to suction nerves. Recordings were performed on a
Nikon FN1 microscope using a 40x (0.80 NA) water-dipping objective, and acquired
using an AxoClamp 900A amplifier, Axon Digidata 1550B low-noise data acquisition
system, and pClamp 11.0.3 software (Molecular Devices). Electrophysiological sweeps
were digitized at 10 kHz, and filtered at 0.1 kHz. Miniature excitatory junctional potentials
(mEJPs) were recorded with no external stimulation. For each recording, at least 100
mEJPs were analyzed using Mini Analysis (Synaptosoft) to obtain a mean mEJP
amplitude value per muscle. Cut motor axons of each segment were stimulated for
0.5ms with an A-M Systems Isolated pulse stimulator to elicit EJPs. Stimulus intensity
was adjusted to consistently elicit compound responses from both type Ib and Is

motorneurons. At least 30 consecutive EJPs were recorded for each cell and analyzed in
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pClamp to obtain mean amplitude. Quantal content (QC) was determined for each
recording by calculating the ratio of mean EJP amplitude to mean mEJP amplitude then
averaging recordings across all NMJs for a given genotype. Muscle input resistance
(Rin) and resting membrane potential (Vrest) were monitored during each experiment.
Recordings were only performed if the V/est was between -50 and -80 mV and membrane

resistance was 4 MQ or higher.

Sequence alignment, phylogeny, and homology modeling

Alignments of the methyltransferase domains as defined by Pfam (Mistry et al, 2021)
were conducted using T-Coffee (Notredame et al, 2000) using the following UniProt
sequences: P49957 (Saccharomyces cerevisiae Trm9), Q9VBJ3 (Drosophila TRMT9B),
Q9P272 (human TRMT9B), Q9W232 (Drosophila ALKBH8), and Q96BT7 (human
ALKBHS). A phylogenetic tree was determined by PhyML maximum likelihood and
visualized with TreeDyn in phylogeny.fr (Dereeper et al, 2008; Lemoine et al, 2019).
Template-based structural homology models of the methyltransferase domains of
Drosophila and human TRMT9B and ALKBH8 were performed using Modeller (Pieper et
al., 2014) through the ModWeb online service

(https://modbase.compbio.ucsf.edu/modweb). Best scoring models for all four proteins

included Yarrowia lipolytica Trm9, obtained from 2.5 A X-ray diffraction of Trm9-Trm112,
PDB: 5CM2 chain Z (Létoquart et al., 2015). All homology models built with PDB 5CM2
chain Z were reliable with GA341 score of >0.99989 and normalized DOPE (zDOPE)
score < 0). Drosophila and human TRMT9B models were built with residues 39 to 160 of
Y. lipolytica, with 39% and 46% sequence identity, respectively. The Drosophila ALKBH8
model was built with residues 39 to 191 with 40% sequence identity and the human
ALKBH8 model was built with residues 16 to 174 with 46% sequence identity. To model

the mutations in methyltransferase-dead TRMT9B, we again used residues 39 to 160.
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Additional details on the best scoring models can be found in the protein data bank files
((Hogan et al, 2023) Supplemental Files S1-S5). Models were visualized and compared
to PDB 5CM2 chain Z using UCSF ChimeraX (Pettersen et al, 2021). A template-free
model for Drosophila TRMT9B was obtained from AlphaFold version 1 predictions and is
provided in the supplemental files ((Hogan et al, 2023), Supplemental Files S6 from
(Jumper et al., 2021; Varadi et al., 2022). The AlphaFold model confidently predicted
(pLDDT > 70) the methyltransferase domain, residues 123-278, although a biological
function was not defined. Confidence scores for critical methyltransferase activity
including the GxGxG domain, the acidic residue, and SAM binding histidine were very

high (pLDDT between 89.8 - 95.7).

Liquid chromatography-mass spectrometry of RNA modifications

Vials containing adult fly heads were flash frozen in liquid nitrogen and stored at —-80°C.
Twenty-five milligrams of frozen adult flies were homogenized with a plastic pestle in a
1.5 mL microfuge tube while adding 250 uL of TRIzol reagent at a time until 1 mL was
added. RNA was then extracted via an adapted TRIzol extraction protocol (Bogart &
Andrews, 2006). RNA was resuspended in RNase-free ddH20. Total RNA was
processed and analyzed by LC-MS as previously described (Su et al, 2014; Zhang et al,
2020). Briefly, total RNA (20 ug) was digested and dephosphorylated with Benzonase,
Phosphodiesterase, and Calf Intestinal phosphatase for 3 hours at 37°C. Enzymes and
undigested RNAs were removed using a 10,000-Da MWCO spin filter (Amicon) and
purified ribonucleosides were stored at -80°C until further analysis. For fly larval
preparations, wandering third instar larvae were dissected in HL3 with RNAse and
paraformaldehyde free tools. The CNS and body walls were manually homogenized with

a plastic pestle in 200uL TRIzol reagent, frozen and stored at -80°C before extraction
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using the Direct-zol RNA micropep kit (Zymo Research), and processed as described
above. Ribonucleosides were separated using a Hypersil GOLD™ C18 Selectivity
Column (Thermo Scientific) followed by nucleoside analysis using a Q Exactive Plus
Hybrid Quadrupole-Orbitrap. The modification difference ratio was calculated using the
m/z intensity values of each modified nucleoside between control and mutants following

normalization to the sum of intensity values for the canonical nucleosides A, U, G and C.

IP-MS analysis of TRMT9B-interacting proteins

We pulled down endogenous TRMT9B protein and interacting proteins in y' w’; Mi{PT-
GFSTF.1}dfig""399%-GFSTE1 'in which TRMTOB is tagged with GFP and FLAG (Nagarkar-
Jaiswal et al., 2015). Whole adult flies were flash frozen in liquid nitrogen and manually
homogenized. Cells were then lysed in lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM
NaCl, 1 mM EDTA, 1% Triton X-100 supplemented with a protease inhibitor cocktail).
Lysates were cleared by centrifugation and immunoprecipitated with anti- FLAG-
antibody-conjugated agarose beads. Beads were washed three times with FLAG-wash
buffer (50mM Tris-HCI, pH 7.5, 500mM NaCl, 1mM EDTA, 1% Triton X-100) and twice
with TBS buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl). EGFP-FIAsH-Strepll-3xFLAG -
tagged TRMT9B was eluted with 100 pg/ml of 3xFLAG peptide in TBS buffer. As a
control, an identical purification was performed in w1118 control flies. A silver stain was
performed to confirm the presence of proteins in the eluted fractions, which were then
subjected to trypsin digestion and tandem mass spectrometry. We used a 1% false
discovery rate peptide threshold and 99% protein threshold to identify interacting

proteins identified by at least two unique peptides.
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Western blots

Protein samples were prepared from wandering third instar larvae in the 2X Laemmli
buffer followed by boiling at 95°C for 5 min. The following antibodies were used: mouse
anti-V5 (1:5000, RRID:AB_2556564,ThermoFisher Scientific # R960-25) and mouse
anti-tubulin (1:4000, RRID: AB_2315513, Developmental Studies Hybridoma Bank
#E7c). Secondary antibodies (Jackson Immunochemicals) were used at 1:10000.

Quantification was performed using Image J software.

Experimental Design and Statistical Analysis

Quantifications were conducted blind to genotype. Sample sizes were based on prior
published studies. Statistical analyses were conducted in GraphPad Prism 8 and 9. One-
way ANOVA followed by Tukey’s test was used for multiple comparisons of normally
distributed data with equal variance. Multiple comparisons of non-normally distributed
data were performed using the Kruskal-Wallis test followed by Dunn’s multiple
comparisons test. Significance is reported as values less than 0.05, 0.01, 0.001, and
0.0001 represented by one, two, three, or four stars, respectively. Unless otherwise
indicated, significance refers to the indicated genotype compared to control. Error bars

represent the mean * s.e.m. or standard deviation as indicated.

DATA AVAILABILITY

Source data for all figures are at the Harvard Dataverse repository.
https://dataverse.harvard.edu/privateurl.xhtml?token=2e306968-cd38-4ba9-aa9a-
68c2¢c3d909d1

For supplemental PDB files, refer to supplemental files provided in the online version of

(Hogan et al 2023).
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Figure 2.1. TRMT9B attenuates synaptic growth

A. Schematic of the TRMT9B locus with alleles used in this study. Red triangles

represent insertion alleles and the red line delineates the extent of the deletion in the

TRMT9BC.

B-F. Representative confocal images of NMJ4 in wild type (grey), three allelic

combinations of TRMT9B null mutants (blue), and rescue (green). Scale bar: 10 ym.

G. Quantification of bouton number per NMJ4 from B-F. Data points represent individual

NMJs (w'""8: 44, TRMT9BXC: 40, TRMT9B"*'°. 39, TRMT9BKOMAYIC: 42. TRMT9B™: 39)

from 8-10 biological replicates per genotype. Mean £ s.e.m is indicated. Kruskal-Wallis
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test followed by Dunn’s multiple comparisons test. ****P<0.0001, **P = 0.004, *P =

0.034.
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Figure 2.2 TRMT9B promotes neurotransmitter release

A-C. Representative traces of EJPs and mEJPs from current clamp recordings at muscle
6 in wild type (grey), TRMT9B null (blue), and rescue (green). Stimulus artifacts have
been removed from EJPs for clarity.

D-F. Quantification of average mEJP amplitude, EJP amplitude, and quantal content for
genotypes in A-C. Data points represent individual NMJs (w'""%: 11, TRMT9BXOHA+IC. 10;
TRMT9B™: 10) from 5-8 biological replicates per genotype. Mean + s.e.m is indicated.

ANOVA followed by Tukey’s test. ****P<0.0001, ***P=0.0002, *P<0.05.
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Figure 2.3. TRMT9B is expressed in neuronal, glial, and muscle cell bodies and at
synapses

A. Confocal Z-projections of a TRMT9BS™*" larval ventral ganglion co-labeled with
antibodies against GFP (green) and the neuronal membrane marker HRP (magenta)
showing expression in cell bodies.

B. Confocal Z-projections of a TRMT9B®* |arval ventral ganglion co-labeled with
antibodies against GFP (green) and the synaptic marker Brp (magenta) showing

expression in the synaptic neuropil. C. Confocal Z-projections of a TRMT9B®" |arval
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ventral ganglia co-labeled with antibodies against GFP (green) and neuronal marker
Elav (magenta) or glial marker Repo (yellow) showing expression in neurons and glia.
D. Confocal Z-projections of a TRMT9B*" NMJ/muscle co-labeled with antibodies
against GFP (green) and neuronal membrane marker HRP (magenta) showing
expression in boutons and muscle with perinuclear accumulation. Scale bars for A-D: 10

um.
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Figure 2.4. TRMT9B functions postsynaptically to regulate synaptic growth

A-C. Representative confocal images of NMJ4 in control (grey), TRMT9B null (blue), and
presynaptic rescue (green).

D. Quantification of bouton number per NMJ4 from A-C. Data points represent individual
NMJs (C155 Gal4/+: 26, C155 Gal4/+; TRMT9BKOMAYIC: 36; C155-Gal4;
TRMTI9B*/UAS-TRMT9B, TRMT9B"*°: 30) from 10 biological replicates per genotype.
E-G. Representative confocal images of NMJ4 in control (grey), TRMT9B null (blue), and

postsynaptic rescue (green).
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H. Quantification of bouton number per NMJ4 from E-G. Data points represent individual
NMJs (24B-Gal4/+: 41, 24B-Gal4, TRMT9BKOHA*IC: 42: 24B-Gal4, TRMT9B"°/UAS-
TRMT9B, TRMT9B"*°: 40) from 8-10 biological replicates per genotype.

I-K. Representative high-resolution confocal images of NMJs with individual active zones
labeled with Brp in in control (grey) and TRMT9B null (blue).

L. Quantification of active zone (AZ) number per NMJ4 from |-K. Data points represent
individual NMJs (24B-Gal4/+: 59, 24B-Gal4/+, TRMT9BXO"A*IC: 59; 24B-Gal4,

TRMTI9B*/UAS-TRMT9B, TRMT9B"A*°: 53) from 10 biological replicates per genotype.

Data Information: Mean * s.e.m is indicated. Kruskal-Wallis test followed by Dunn’s

multiple comparisons test. ****P<0.0001, *P=0.02. Scale bars: 10 pm.
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Figure 2.5. TRMT9B is not required for baseline tRNA wobble uridine methylation
A. Phylogenetic tree of yeast Trm9, fly and human TRMT9B, and fly and human
ALKBHS8 determined by maximum likelihood from alignments of their methyltransferase
domains.

B. Yeast wobble uridine methylation pathway.

C. Peak intensity areas of modified uridines normalized to the canonical nucleosides A,
U, G, and C measured by liquid chromatography-mass spectrometry (LC-MS) in total
RNA isolated from w''’®, TRMT9B"° and ALKBH8"® heads (three biological replicates).
D. Log2 fold change in the levels of the indicated tRNA modification in TRMT9B*° and
ALKBH8"® heads relative to w''’® control.

E. Peak intensity areas of modified uridines normalized to the canonical nucleosides A,
U, G, and C measured by LC-MS in total RNA isolated from w'"’®, TRMT9BX° and
ALKBHB8*® larval nervous system and body walls (four biological replicates).

Data Information: Mean * standard deviation is indicated. Kruskal-Wallis test followed by

Dunn’s multiple comparisons test. ****P<0.0001, **P<0.01, *P=0.039.
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Figure 2.6. TRMT9B encodes a conserved methyltransferase

A. Sequence alignment of yeast Trm9, Drosophila TRMT9B, and human TRMT9B

methyltransferase domains. Class | methyltransferase defining sequences are blue and

boxed. Additional residues highly conserved across class | methyltransferases are

indicated in blue. Critical residues identified in yeast by Létoquart et al. 2015 are boxed

in black or red, with red indicating the amino acids mutated in our methyltransferase-
dead transgene. Identical amino acids are marked with asterisks, conserved
substitutions are marked with two dots, and semi-conserved substitutions with single

dots.
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B. Structural homology model of the Drosophila TRMT9B methyltransferase domain
(blue) with yeast Trm9 structure (gray, PBD ID: 5CM2 chain Z). The class |
methyltransferase GxGxG motif (orange) is in conserved positions across species. C.
Extension of the homology model shows conserved tertiary structure between
Drosophila (blue) and human (green) TRMT9B and Drosophila (purple) and human

(yellow) ALKBH8 methyltransferase domains.
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Figure 2.7. TRMT9B regulation of synaptic growth requires methyltransferase
function

A. Homology model of TRMT9B with methyltransferase-disrupting mutations.
Superimposition of wild-type (blue) and methyltransferase-dead (MTD, light orange)
TRMT9B methyltransferase domain models with yeast Trm9 structure (gray, PBD ID:
5CM2 chain Z) indicates the preservation of tertiary structure in TRMT9BM™®. Insert
shows mutated residues in TRMT9BM'™.

B-E. Representative confocal images of NMJ4 in control (grey), TRMT9B null (blue),

postsynaptic TRMT9B rescue (green), and postsynaptic TRMT9B™ rescue (blue).

Scale bar: 10 uym.
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F. Quantification of bouton number per NMJ4 from B-E. Data points represent individual
NMJs (24B-Gal4/+: 60, 24B-Gal4, TRMT9BKOHA*IC: 59: 24B-Gal4, TRMT9B"°/UAS-
TRMT9B, TRMT9B"*/°. 57; 24B-Gal4, TRMTIB*°/UAS-TRMT9B"'®, TRMT9B"A*)
from 10 biological replicates per genotype. Mean £ s.e.m is indicated. ANOVA followed

by Tukey’s multiple comparisons test. ****P<0.0001, ***P= 0.0003, *P=0.03.
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Figure 2.8. TRMT9B regulates neurotransmitter release through a distinct
mechanism

A-G. Representative traces of EJPs and mEJPs from current clamp recordings at
muscle 6 in control (grey), two TRMT9B null alleles (blue), TRMT9B and TRMT9BM™
rescue (green), and overexpression (purple). Stimulus artifacts have been removed from
EJPs for clarity.

H-J. Quantification of average mEJP amplitude, EJP amplitude, and quantal content for
genotypes in A-G. Data points represent individual NMJs (24B-Gal4/+: 31, TRMT9BX°:
14, TRMTOBKOHAYC: 11, 24B-Gal4, TRMT9BX°/UAS-TRMT9B, TRMT9B"4*'C: 10; 24B-
Gal4, TRMT9B*°/UAS-TRMT9BY™®, TRMT9B"**'°: 11 from 4-11 biological replicates per
genotype. Mean * s.e.m is indicated. Kruskal-Wallis non-parametric test followed by
Dunn’s multiple comparisons test for EJPs and mEJPs. ANOVA followed by Tukey’s test

for normally distributed QC. ****P<0.0001, ***P<0.001, **P<0.01.
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Chapter 2 Supplemental Figures
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Figure 2.S1. Developmental transcriptional profile of representative synaptic
genes and TRMT9B. Temporal transcriptional profiles of 10 representative synaptic
genes (green), TRMT9B (blue), and 10 random non-synaptic CNS-enriched genes
(grey) throughout development reveals characteristic peaks of synaptic and TRMT9B
gene expression during embryonic and adult nervous system development. Analysis of

ModENCODE data (Graveley et al., 2011).
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Figure 2.S2. TRMT9B attenuates synaptic growth

A. Quantification of bouton number per NMJ4 in wild type (grey), three allelic
combinations of TRMT9B null mutants (blue), and rescue (green). Data points represent
individual NMJs (w'""8: 46, TRMT9B"°: 66, TRMT9BX°/Df. 53, TRMT9B MiMIC3™°: 58;
TRMT9B MiMICCFFSTOP: 49) from 11-16 biological replicates per genotype. Mean + s.e.m
is indicated. Kruskal-Wallis test followed by Dunn’s multiple comparisons test.
****P<0.0001, ***P=0.0005, **P=0.0037.

B. Quantification of bouton number per NMJ6/7 in wild type (grey) and TRMT9B null
mutants (blue). Data points represent individual NMJs (control: 52, TRMT9BKOHA*IC: 46)

from 13 biological replicates per genotype. Mean + s.e.m is indicated. Unpaired t-test,

P=0.0005.
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Figure 2.S3. TRMT9B expression in TRMT9B"A, (A-C) Confocal Z-projections of
TRMT9B"™ larval ventral ganglia or NMJ/muscle co-labeled with antibodies against HA
(green) and the neuronal membrane marker HRP (magenta) or synaptic marker Brp

(magenta). Scale bars: 10 ym.
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Figure 2.S4. Structural models of TRMT9B and yeast Trm9

A. Structural homology model of the human TRMT9B methyltransferase domain (green)

with yeast Trm9 structure (gray, PBD ID: 5CM2 chain Z).

B. Superimposition of the predicted AlphaFold Drosophila TRMT9B model (purple) with

the Modeller-predicted Drosophila TRMT9B model (blue) and yeast Trm9 structure

(gray, PBD ID: 5CM2 chain Z).
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Figure 2.S5. Expression of wild-type and methyltransferase-dead TRMT9B
transgenes.

A. Representative western blot images of third instar larval extracts from 24B-Gal4/+
control, 24B-Gal4>UAS-V5::TRMT9B and 24B-Gal4>UAS-V5::TRMT9BYP stained for
V5 and Tubulin.

B. Quantification of postsynaptic expression of V5-tagged TRMT9B transgenes (3
biological replicates). Mean * s.e.m is indicated. Welch’s t-test, P=0.261 (n.s.).

C-E. Confocal Z-projections of larval ventral ganglia in 24B-Gal4/+ control, 24B-
Gal4>UAS-V5::TRMT9B and 24B-Gal4>UAS-V5:: TRMT9BM™® co-labeled with antibodies
against V5 (green) and the neuronal membrane marker Hrp (magenta).

F-H. Confocal Z-projections of larval NMJs in 24B-Gal4/+ control, 24B-Gal4>UAS-
V5::TRMT9B and 24B-Gal4>UAS-V5::TRMT9B"'P co-labeled with antibodies against V5
(green) and the neuronal membrane marker Hrp (magenta).

Scale bars for C-H: 10 pym.
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ABSTRACT

Precise and dynamic regulation of protein expression is critical for nervous system
development and function, and disruption of these processes is linked to diverse
neurological disorders. Transfer RNAs (tRNAs) are extensively modified to maintain
structural stability and ensure efficient and accurate mRNA decoding during protein
synthesis. Human tRNA methyltransferase 1 (TRMT1), which dimethylates guanosine 26
to N2,N2-dimethylguanosine (m2,2G), has been linked to a rare form of intellectual
disability; however, how the loss of this modification disrupts the nervous system
remains unknown. We used CRISPR gene editing to generate a Drosophila model and
show that loss of TRMT1 leads to reduced synapse formation at the glutamatergic larval
neuromuscular junction and memory impairment. TRMT1 is primarily expressed in glia
and muscle nuclei and, interestingly, reexpression of TRMT1 specifically in ensheathing
glia fully restores both synapse formation and memory impairment. Global nervous
system proteomic changes in the absence of TRMT1 demonstrate dysregulation of
translation for glial pathways including metabolic homeostasis and phagocytosis.
Overall, our findings demonstrate Drosophila as a tractable in vivo model system to
understand TRMT1’s role in the nervous system and suggest glia-neuron interactions
underlie TRMT1-associated intellectual disability, with promise of identifying future

therapeutic targets.
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INTRODUCTION

Precise regulation of gene expression is required for proper nervous system
development and cellular function (Klann & Dever, 2004). Proper translation control
influences neuronal differentiation and function, including synapse formation, maturation
and elimination and directly reflects memory formation and storage (Flavell &
Greenberg, 2008; Holt & Schuman, 2013; Sossin & Costa-Mattioli, 2019). Transfer
RNAs (tRNAs) function as adapters between mRNA transcripts and growing
polypeptides by binding both codons and amino acids to decode mRNA. To promote
stability and the fidelity of codon recognition, tRNAs are highly post-transcriptionally
modified, with over 170 modifications reported (Agris et al, 2017; Cappannini et al, 2024;
Jackman & Alfonzo, 2013; Lei et al, 2023; Motorin & Helm, 2010; Rigden & Fernandez,
2024). Extensive foundational research on tRNA biogenesis, transport, and enzymatic
activity has been conducted over the past 60 years, primarily in single cell organisms
(Phizicky & Hopper, 2015). More recently, inappropriate tRNA modifications have been
associated with human disorders and classified as ““RNA modopathies” (Chujo &
Tomizawa, 2025; Suzuki, 2021). Increasing evidence indicates that careful regulation of
post-transcriptional tRNA modifications, particularly where and when these modifications
occur across development, drives function. Disrupted post-transcriptional tRNA
processing has been linked to multiple neurodevelopmental diseases, underscoring their
importance in the brain (Chujo & Tomizawa, 2025). Mutations in tRNA synthetases,
which attach amino acids to tRNAs, decrease protein synthesis and lead to peripheral
neuropathy (Blocquel et al, 2019; Sauter et al, 2015; Storkebaum, 2016; Wei et al,
2019). Variants in the enzymes that catalyze a number of modifications on the tRNA
anticodon loop and tRNA body have been linked to intellectual disability (Abbasi-Moheb

et al, 2012; Alazami et al, 2013; Monies et al, 2019; Nagayoshi et al, 2021; Shaheen et

103



al, 2016; Zhang et al, 2020). Despite these growing links, the roles of tRNA modifying

enzymes in the nervous system are not well studied.

A growing number of human genetic studies are identifying genes linked to rare forms of
intellectual disability (Najmabadi et al, 2011). Variants in tRNA methyltransferase 1
(TRMT1) have been identified in patients with autosomal recessive intellectual disability,
( , (Davarniya et al, 2015; Efthymiou et al, 2025; Zhang et al., 2020). Human
TRMT1 is an ortholog of yeast tRNA methyltransferase 1 (Trm1) (Ellis et al, 1986;
Hopper et al, 1982; Phillips & Kjellin-Straby, 1967). Trm1 is known to methylate
guanosine at position 26 in the tRNA body to generate N2,N2- dimethylguanosine
(m2,2G) and support proper tRNA structure and function (Adler et al, 1958; Bromberg et
al, 1957; Liu & Straby, 2000). In Trmt1-deficient human cells and patient-derived cell
lines demonstrate absence of m2,2G tRNA modifications, protein synthesis and cell
proliferation (Dewe et al, 2017; Efthymiou et al., 2025; Zhang et al., 2020). In a
neuroblastoma cell line, high-potassium induced depolarization induces a relocalization
of TRMT1 to the nucleus, where TRMT1 modifies cytosolic tRNAs (Jonkhout et al, 2021;
Pogodalla et al, 2021). In Trmt1 deficient mice and zebrafish, changes in exploratory
motor behaviors (Vauti et al, 2007) and hyperactivity have been observed (Efthymiou et
al., 2025), respectively. This growing body of research reveals the importance of

studying how tRNA modification impacts the nervous system.

To study the nervous system role of TRMT1 in vivo, we used CRISPR gene editing to
generate a Drosophila loss-of-function model and an endogenously tagged allele.
Consistent with human cell- based TRMT1%° models and patient cells, m2,2G is absent
in TRMTT1 null flies. Using the well-characterized glutamatergic larval neuromuscular

junction model synapse, we found that loss of TRMT1 disrupts synapse formation.
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TRMT1 null flies also exhibit impaired memory formation. Notably, we find that TRMT1 is
primarily expressed in glia and muscle nuclei and cell-specific expression of TRMT1 in
phagocytic ensheathing glia, but not muscle, neurons or other glial cell types, fully
restores both synapse formation and memory impairment. We conducted whole-brain
proteomics in the absence of TRMT1 and identified dysregulation of proteins in glial
pathways, including the innate immune system. Overall, our findings demonstrate that
TRMT1 plays a critical role in the development and function of the nervous system and
point to glia-neuron interactions that may provide mechanistic insight into TRMT1-

associated intellectual disability.

RESULTS

TRMT1 catalyzes the m2,2G base modification in Drosophila tRNAs

To evaluate using Drosophila as a model system to study TRMT1, we assessed the
conservation of TRMT1 sequence and structure across species. TRMT1 is responsible
for the addition of two methyl groups on guanosine at position 26 to N2,N2-
dimethylguanosine (m2,2G) and is a homolog of yeast Trm1 (Ellis et al., 1986; Hopper et
al., 1982; Niederberger et al, 1999; Phillips & Kjellin-Straby, 1967). Similar to yeast
Trm1, mouse and human TRMT1 contain a catalytically active Class | S-adenosyl-L-
methionine dependent methyltransferase domain that drives canonical function, and
additionally contain nuclear and mitochondrial targeting signals ( , (Dewe et al.,
2017)). Vertebrate genomes also encode a paralog, tRNA methyltransferase like
(TRMT1L) gene, which contain a methyltransferase domain and has been recently
shown to be responsible for the dimethylation of guanosine at residue 27 and
maintenance of 3-(3-amino-3carboypropyl)uridine levels (Zhang et al., 2020; Zhang et al,

2025). Drosophila TRMT1 includes a methyltransferase domain and nuclear localization
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signal, but lacks a mitochondrial targeting signal ( ). Primary sequence analysis
of the Drosophila TRMT1 methyltransferase domain shows a 39% and 60% sequence
identity and similarity, respectively, with yeast Trm1 methyltransferase domain and 49%
and 64% sequence identity and similarity, respectively, with human TRMT1
methyltransferase domain ( )- We next turned to homology modeling to
investigate tertiary structure using Modeller through Chimera (Pettersen et al, 2021;
Pieper et al, 2009; Sali & Blundell, 1993) to compare the yeast, fly, mouse, and human
TRMT1 methyltransferase domains against the best predicted template, a crystal
structure of Trm1 from Pyrococcus horikoshii (PDB:2EJT (lhsanawati et al, 2008)). Our

model ( ) indicates high structural conservation across all species.

Given the conservation of TRMT1 across species, we generated a null allele of
Drosophila TRMT1 (CG6388) using a CRISPR-gene editing approach (Bruckner et al,
2017; Gratz et al, 2019) for in vivo studies. Briefly, an interfering cassette containing a
sfGFP and a visible marker flanked with piggyBac inverted repeat sequences was
inserted immediately downstream of the TRMT1 AUG start site ( ). Disruption of
the open reading frame by the inserted cassette generates a null allele (TRMT14°) and
cassette removal by piggyBac transposase restores the reading frame to generate an

endogenously tagged allele (TRMT156FF),

TRMT1 is responsible for the addition of two methyl groups on guanosine at position 26
to m2,2G and is a homolog of yeast Trm1 ( (Ellis et al., 1986; Hopper et al.,
1982; Niederberger et al., 1999; Phillips & Kjellin-Straby, 1967). Previously, primer
extension and TRMT1 RNAi knock down studies conducted in S2R+ cells demonstrate
conserved TRMT1 biochemical function in flies (Funk et al, 2020). To measure

methyltransferase activity in vivo in the absence of TRMT1, we conducted quantitative
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nucleoside liquid chromatography mass spectrometry (LC-MS). Bulk RNA from control,
TRMT1%°, and TRMT15°*F was isolated from adult heads. RNA was digested and
dephosphorylated before isolating small RNAs before nucleosides were analyzed by LC-
MS. We found that m2,2G was absent in adult flies deficient in TRMTT ( )- We
also observed complete restoration of wild-type levels of m2,2G in our TRMT 15
endogenous rescue line. No other significant changes to nucleoside modifications were
observed ( ). Our findings demonstrate Drosophila TRMT1 has conserved

enzymatic function and confirm we’ve generated both a null allele and a biologically

active endogenously tagged allele.

TRMT1 promotes synaptic growth
To investigate the neurodevelopmental role of TRMT1, we turned to the Drosophila
larval neuromuscular junction (NMJ), a well-characterized glutamatergic model system in
which single motor neurons innervate a single postsynaptic muscle. Each motor neuron
forms a stereotyped number of boutons, which contain ~10 individual synapses. We can
readily identify and quantify synaptic boutons and individual synapses using the
neuronal membrane marker Horseradish peroxidase (HRP) and the presynaptic active
zone marker, Bruchpilot (Brp), respectively. In the absence of TRMT1, we observed a
26% decrease in boutons per NMJ4 ( )- We observed similar synaptic
undergrowth in male and female TRMT1X° flies and in TRMT1X° over a deficiency (
)- Restoration of endogenous TRMT1 returned bouton number to control levels (

)- The number of synapses per bouton was increased, leaving the total number of

synapses unchanged ( ). This likely reflects a compensatory homeostatic

mechanism as previously observed at the Drosophila NMJ (Goel et al, 2019).
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TRMT1 promotes short-term memory

A growing number of variants have been associated with TRMT7-linked intellectual
disability, however underlying mechanisms that explore synapse and cognitive function
are unclear. TRMT1-variants were all identified in the methyltransferase domain and 7 of
11 missense mutations are in amino acids conserved in Drosophila ( :
(Davarniya et al., 2015; Efthymiou et al., 2025; Zhang et al., 2020). Drosophila serves as
an excellent model to investigate the potential behavioral consequences of an impaired
nervous system (Abbasi-Moheb et al., 2012; Coll-Tane et al, 2019; Madhwani et al,
2024). We turned to an aversive gustatory memory assay to assess short-term memory
formation (Abbasi-Moheb et al., 2012; Amrein & Thorne, 2005; Coll-Tane et al., 2019;
Keene & Waddell, 2007; Madhwani et al., 2024; Scott, 2005). Taste aversion assays
assess how starved, 1 week old adult flies learn to associate the presentation of a sweet
tastant (sucrose) to taste receptors on their tarsi (legs) with presentation of a bitter
tastant (quinine) to the proboscis (mouth) by monitoring the proboscis extension
response (PER) ( , (Keene & Waddell, 2007; Kirkhart & Scott, 2015; Masek &
Keene, 2016; Masek & Scott, 2010)). Under basal conditions, flies demonstrate a strong
preference for sweet tastants compared to bitter tastants ( ). In TRMT1K°

flies, PER suppression was minimal, consistent with impaired learning and/or memory

formation compared to wild-type ( ). Similarly, we also observed impaired
memory in TRMT1%° over a deficiency ( ). Finally, restoration of endogenous
TRMT1 restores averse taste memory to wild-type levels ( ). These findings

support Drosophila as a tractable system for uncovering the molecular and cellular

mechanisms underlying TRMT1-associated intellectual disability.
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TRMT1 is expressed in glia and muscle

TRMT1 localization has been characterized in human cells where it localizes in the
mitochondria and nucleus (Dewe et al., 2017; Jonkhout et al., 2021). To investigate
where TRMT1 is expressed in the nervous system under baseline conditions, we used
our endogenously tagged allele. TRMT1 endogenous tag size was confirmed by western
blot ( ). We first looked at the expression of N-terminally tagged TRMT15¢FP
(green) in the larval ventral nerve cord to determine which cell types express TRMT1.
We observe striking colocalization with a pan-glial nuclear marker Repo ( ) and
surprisingly, we do not observe colocalization with neuronal nuclei, marked with the pan-
neuronal marker Elav (magenta; ). Although Drosophila TRMT1 lacks a
mitochondrial localization signal, by super resolution microscopy we find the
endogenous TRMT1 may localize with mitochondria, marked with the ATP synthase
complex ATP5A, near glial nuclei ( ). We also observe TRMT1 expression in

muscle nuclei and not muscle mitochondria ( )-

TRMT1 functions in glial to promote synaptogenesis and memory

To evaluate where TRMT1 function is required to promote synapse formation and
memory, we first used a cell-specific screening approach using an independent TRMT1
RNA. line (TRMT1RNA (Perkins et al, 2015)). First, TRMT1R"" was validated by
measuring TRMT1 protein knockdown. We measured GFP levels in flies expressing one
copy of our TRMTS®FF with and without TRMT1"N" expressed in all glia using the repo-
Gal4 driver. We observed a decrease in 60% and 70% in adult heads ( ) and
larval ventral nerve cord ( ), respectively. To determine where TRMT1
functions, we drove RNAI expression using a ubiquitous (act5C), pan-neuronal (elav,
(Robinow & White, 1988)), pan-glial (repo, (Sepp et al, 2001)), or pan-muscle (24B,

(Brand & Perrimon, 1993)) Gal4 driver and assessed bouton number at NMJ4.
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Ubiquitous and pan-glial knockdown of TRMT1 resulted in a decrease of boutons by
27% and 30%, respectively, compared to their individual Gal4 controls ( ).
Surprisingly, we observed no effect on NMJ growth when TRMT1 was knocked down in
all neurons or muscle ( ). These findings suggest TRMT1 functions in glial cells

to regulate synaptic growth.

To validate the hypothesis that TRMT1 plays a neurodevelopmental role in glial cells, we
conducted cell-specific rescue using repo-Gal4 to drive a full-length TRMT1 transgene in
all glial cells. We found that expressing TRMT1 in all glial cells restores synaptic growth
at the NMJ4 ( ). Overexpression of TRMT1 or an N-terminal tagged V5-
TRMTT1 in glial cells showed no effect on bouton number ( ). Thus, we

conclude that TRMT1 acts in glial cells to promote NMJ development.

Next, we sought to investigate if TRMT1 also functions in glial cells to promote memory.

We again used repo-Gal4 to restore TRMT1 in all glial cells and observed full restoration
of memory impairment ( )- All lines exhibit normal basal preferences for sucrose

and quinine ( ). Together, our findings demonstrate that TRMT1 functions in

glia to promote synapse formation and memory.

TRMT1 acts in ensheathing glia to regulate synaptic growth and memory
Drosophila glial subtypes are well defined based on morphology and function in larval
and adult nervous systems (Bittern et al, 2021; Coutinho-Budd et al, 2024; Freeman,
2015; Ito et al, 1995; Lee & Sun, 2015; Yildirim et al, 2019). In third instar larvae, glial
cells that associate with the neuropil include astrocyte-like, cortex, and ensheathing glia,
while the perineurial and subperineurial glia cells form the blood brain barrier (

,(Bittern et al., 2021)). We hypothesized that reduction of TRMT1 in one or more
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glial subtypes might phenocopy the neuronal results. To test this, we knocked down
TRMTT1 in five previously characterized subtype-specific glial drivers and assessed
synaptic growth at NMJ4. Ensheathing glial knockdown of TRMT1 using the 56F03E12-
Gal4 driver (Kremer et al, 2017; Stahl et al, 2018) resulted in a 32% decrease in boutons
number compared to control ( ). In contrast, we observed no effect on bouton
number when TRMT1 was knocked down in perineurial (c527-gal4 driver (Hummel et al,
2002)), subperineurial (moody.SPG-gal4 (Bainton et al, 2005; Padiath et al, 2006)),
cortex (65B12-gal4 (Jenett et al, 2012)), and astrocyte-like glial cells (alrm-gal4 (Doherty
et al, 2009), )). To confirm our findings, we used a second, more specific
ensheathing glial Gal4 line, 83E12-Gal4 (Pogodalla et al., 2021), and again phenocopied
pan-glial knockdown with a -24% reduction in boutons per NMJ4 compared to controls

( ). Thus, we hypothesize that TRMT1 functions in ensheathing glia to promote

NMJ development.

To validate this hypothesis, we conducted cell-specific rescue using both ensheathing
glial Gal4 drivers. We again found that expressing TRMT1 in all ensheathing glial cells
restores synaptic growth at the NMJ4 ( ). We next investigated
TRMT1’s role in memory and found that restoration of TRMT1 specifically in ensheathing

glial cells restores memory impairments ( )-

TRMT1-dependent modifications regulate the nervous system proteome
To understand how TRMT1 might function in glia, we conducted global proteomics in the
larval and adult nervous system. We isolated total protein from the larval CNS and body

wall or adult heads of control and TRMT1X°

animals (4 independent
replicates/genotypef/tissue). Unlabeled proteomics was performed by high resolution

liquid chromatography with tandem MS (LC-MS/MS) using a Thermo Scientific Orbitrap
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Astral MS. We quantified 7922 and 6698 proteins in the larval and adult TRMT1%°
nervous system, respectively. To identify differentially expressed proteins, proteins were
narrowed based on adjusted p-value < 0.05 and log2fold change (log2FC), where
upregulated proteins (orange) are 663 in larva and 65 in adult (larval, log2FC > 1.3;
adult, log2FC > 1) and downregulated proteins (blue) are 388 in larval and 66 in adult

(larval, log2FC < -1.3; adult, log2FC < -1, ).

We conducted GeneOntology to investigate enrichment of biological processes and
molecular function in the absence of TRMT1. In larval and adult, we observed
downregulation of muscle and myofibril components ( ). In parallel,
upregulation of metabolic and oxidoreductase activity were seen at both developmental
stages ( ). While top Gene Ontology categories indicated dysregulation of
metabolism, we also were interested in known synaptic proteins based on our robust
synaptic phenotypes studied. Manual assessment of proteomics dataset, postsynapse
scaffolding proteins including DIg1 (log2FC -0.54) and calcium channel subunits Cac

(log2FC +0.45) and Stj (log2FC +0.43) showed minor changes at the protein level.

We used STRING-DB analysis to evaluate protein-protein association networks shared
across the larval and adult development stages. To understand altered pathways in
TRMT1%° larval and adult, we investigated the 41 differentially expressed proteins at the
intersection of the two datasets ( ). Enrichment of glial processes included
phagocytosis (NimC1, Eater, TotA, SPE, GNBP3), and metabolism/transport (MDR,
SLC22A, GSTD2-3, CYP9C1, CYP9B2; SLC22A; CNT2, Adgf-D, Adk, and Veil;

)- We are currently investigating the role of these pathways in TRMT1 phenotypes
through genetic interaction studies. Together, our findings suggest a model where

TRMT1 dimethylates guanosine at position 26 in tRNAs to ensure proper protein
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translation in glia and downstream regulation of these proteins promotes synaptic bouton

growth and memory retention.

DISCUSSION

We generated a TRMT1 loss-of-function model in Drosophila to gain new insights to its
role in the intact nervous system. Through biochemical, structural modeling, and imaging
studies, we found that TRMT1 carries out the conserved methyltransferase function and
is expressed in glial and muscle nuclei. Rigorous genetic studies indicate that TRMT1
acts in ensheathing glia to promote synaptic growth and memory. Our proteomics data
raises the possibility that loss of TRMT1 may lead to the dysregulation of phagocytosis
as well as xenobiotic and adenosine metabolism. These findings highlight Drosophila as
a versatile model to gain mechanistic insight into TRMT 1-associated intellectual

disability and identify protein-based therapeutic targets.

Cross-talk between glial cells and neurons is an exciting and continuously evolving field
of cell-to-cell communication building on evolutionary conservation (Fields & Stevens-
Graham, 2002; Freeman & Doherty, 2006; Lyons & Talbot, 2014) and human models of
neurodevelopment and neurodegenerative disorders (Lee & Sun, 2015). Drosophila glial
cells regulate synapse formation, function, the blood brain barrier, and response to injury
and have been well reviewed by others (Bittern et al., 2021; Yildirim et al., 2019).
Ensheathing glial cells establish a barrier between the neuropil to help maintain
homeostasis (Flores-Valle et al, 2025). This specialized cell type comprises transporters,
lipids, cytoskeletal components including Breavy Spectrin (Pogodalla et al., 2021). Other
functions include regulation of metabolic homeostasis and neuronal activity through

glutamate homeostasis driven by mitochondrial sulfite oxidase Shopper (Otto et al,
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2018). We find metabolic dysregulation at the protein level including regulators of
adenosine metabolism (Lee et al, 2018; Singer et al, 2012; Theparambil et al, 2024) and
multiple transporters that are critical to maintenance of the blood brain barrier (Gai et al,
2016; Hindle & Bainton, 2014). Our model supports the absence of TRMT1 in
ensheathing glial leads to impaired cognitive function as seen in zebrafish and human
(Davarniya et al., 2015; Efthymiou et al., 2025; Zhang et al., 2020). Although Drosophila
lack myelin, ensheathing glia wrap around the neuropil region and those that wrap axons
are also known as wrapping glia; together these cells modulate immune response
through phagocytosis, similar to mammalian oligodendrocytes and microglia (Freeman &
Doherty, 2006), respectively. Continued generation of ensheathing and wrapping glia
genetic reagents would be helpful to differentiate their functions (Kottmeier et al, 2020).
Phagocytic receptors such as Draper and SIMU have been investigated in Drosophila in
response to injury and axon degeneration (Hilu-Dadia et al, 2018; Logan et al, 2012; Lu
et al, 2017; Macdonald et al, 2013; McLaughlin et al, 2019; Purice et al, 2017). Synapse
pruning is an important function between ensheathing (Leier et al, 2025) and astrocyte-
like glial (Ackerman et al, 2021) and neurons to remove dying neurons, maintains
homeostasis during critical periods (Hilu-Dadia et al., 2018; Jindal et al, 2023; Manaka et
al, 2004; McLaughlin et al., 2019; Nelson et al, 2025). Our proteomics dataset points
toward the upregulation of the immune system and specifically two phagocytic receptors,
NimC1 and Eater. Immune responses were also upregulated in a TRMT1 zebrafish
model (Efthymiou et al., 2025). TRMT1 has also been shown to be cleaved and
inactivated by the SARS-Cov2 protease, although an underlying mechanism of how
decreased TRMT1-mediated translation contributes to viral pathogenesis is unknown
(D'Oliviera et al, 2025; Li et al, 2021; Lu & Zhou, 2023; Zhang et al, 2024). Post-mortem
brain tissue from patients with COVID-19 and brain organoids infected with COVID-19

demonstrated increased synapse elimination drive by microglia phagocytosis and
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synaptic signaling (Partiot et al, 2024; Samudyata et al, 2022; Yang et al, 2021). Further
investigation is required and of great interest to understand the role of TRMT1-mediated
translation and synapse formation and function with respect to the innate immune

response in the brain.

Complementing work done in other model systems, our data supports Drosophila
TRMT1 dimethylates m2,2G (Davarniya et al., 2015; Dewe et al., 2017; Efthymiou et al.,
2025; Ellis et al., 1986; Funk et al., 2020; Hopper et al., 1982; Niederberger et al., 1999;
Phillips & Kjellin-Straby, 1967; Vaulti et al., 2007; Zhang et al., 2020; Zhang et al., 2025).
TRMT1 is a primary tRNA modifier and has been shown to methylate 12 total tRNAs
cytosolic and mitochondrial to maintain proper tRNA structure and function (Dewe et al.,
2017; Zhang et al., 2025). Generation of the methyltransferase domain mutations would
allow for future in vivo studies to explore the non-catalytic activity of Trm7 observed in
yeast (Porat et al, 2023). We observed impaired synaptic function and builds on in vitro
findings that TRMT1 has altered in vitro sub-cellular expression under stressed,
neuronal cell culture conditions (Jonkhout et al., 2021). TRMT1 has been shown to be
ubiquitously expressed in Drosophila, mice, pigs, and human (Brown et al, 2014;
Sjostedt et al, 2020; Tushaus et al, 2023) across development but disproportionate loss
of TRMT1 in the brain has led to intellectual disability in humans (Davarniya et al., 2015;
Efthymiou et al., 2025; Zhang et al., 2020). Future studies to investigate global changes
in protein synthesis (Dewe et al., 2017; Efthymiou et al., 2025; Zhang et al., 2020)
mitochondrial versus cytosolic translation (Kimura et al, 2022) in the absence or
overexpression of TRMT1 as well as cell-specific ribosomal profiling (Chen & Dickman,

2021; Thomas et al, 2012) will provide greater insight on the role of TRMT1 in the brain.
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Numerous tRNA modifying enzymes have been linked to rare neurodevelopmental
disorders (Ramos & Fu, 2019; Suzuki, 2021). Recent reports have called for an increase
in the number of genetic tools, access to therapeutic intervention outside of gene
therapy, and greater understanding of the underlying molecular mechanisms for rare
genetic diseases (Fox & Booth, 2024; Sankar et al, 2024). Thirty-one patients have
been identified with TRMT 1-linked intellectual disability. Variants identified are all in the
methyltransferase domain and include shifts/premature stops, splice variants, and
missense mutations, 7 of 11 of which are in amino acids conserved in Drosophila
(Davarniya et al., 2015; Efthymiou et al., 2025; Zhang et al., 2020). Studies in cells with
patient mutations reveal both loss of m2,2G modifications and decreased protein
translation (Efthymiou et al., 2025; Zhang et al., 2020). An in vivo TRMT1 zebrafish
knockout model similarly shows decreased m2,2G modification as well as changes in
activity levels, locomotion, and immune function (Efthymiou et al., 2025). Our studies
provide an additional in vivo model and reveal impaired synapse development and
memory formation. Our studies further demonstrate that TRMT1 is highly expressed in
glia and regulates these functions through a role in ensheathing glia, which have been
well characterized for their role in phagocytosis. Interestingly, our nervous system-wide
proteomics data reveals differential expression of proteins involved in phagocytosis in
the absence of TRMT1, suggesting potential protein therapeutic targets. These data also
highlight changes in xenobiotic enzymes and transporters in the brain, which should be
carefully assessed for small molecule therapeutic approaches. These findings provide a
foundation for further investigation of the pathology behind TRMT1-associated
intellectual disability and new insights into potential avenues for the development of

therapeutics.
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Materials and Methods

Drosophila genetics and gene editing

All fly experiments were performed at 25°C in an incubator (60% humidity, 12 h
light/dark cycle; Darwin Chambers, St Louis, MO) using a molasses-based media in
narrow vials (Fly Food R, Lab Express, Catalog #7003-NV) unless noted otherwise.
Independent crosses were flipped every 2-3 days and performed under non-crowding
conditions for both third wandering instar larvae and adult experiments. Stocks obtained
from the Bloomington Drosophila Stock Center (BDSC, NIH P400D018537) include the
following: w'’"® (RRID:BDSC_5905), piggyBac transposase (RRID: BDSC_8283),
TRMT1 deficiency (RRID: BDSC_7516;(Parks et al, 2004)), UAS-TRMT 1" (RRID:
BSDC_603563, (Perkins et al., 2015)). For RNAi screening and UAS/Gal4 follow up
approaches the following fly lines were used: act5C-Gal4 (ubiquitous expression, RRID:
BDSC_3954), elav®’**-Gal4 (pan-neuronal expression, RRID: BDSC_458, (Robinow &
White, 1988)), 24B-Gal4 (pan-muscle expression, RRID: BDSC_92172, (Brand &
Perrimon, 1993)), repo-Gal4 (pan-glial expression, RRID: BDSC_7415, (Sepp et al.,
2001)), alrm-Gal4 (astrocyte-like glia expression, RRID:BDSC_67032, (Doherty et al.,
2009)), 83E12-Gal4 (ensheathing glia expression, RRID:BDSC_40363, (Pogodalla et al.,
2021), 56F03-Gal4 (ensheathing glia expression, RRID: BDSC_39157, (Kremer et al.,
2017; Stahl et al., 2018)), 55B12-Gal4 (cortex glia expression, RRID:BDSC_39103,
(Jenett et al., 2012)), moody-Gal4 (subperineurial glia expression, RRID:BDSC_90883,
(Bainton et al., 2005; Padiath et al., 2006)), and c527-Gal4 (perineurial glia expression,
RRID:BDSC_90391, (Hummel et al., 2002)). A detailed description of BDSC stocks are
included in . In addition to this study, the following genetic lines were

generated: TRMT1%°, UAS-TRMT1, and UAS-V5-TRMTA.
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A CRISPR approach using homology-directed repair was used to generate a null and an
in-frame endogenous tagged allele. Target sites were selected using CRISPR Optimal
Target Finder program (http://targetfinder.flycrispr.neuro.brown.edu) and a gRNA
(TRMT1X°: 5-TTAACTCATCCAAATGGAAG-3’) was generated using methods
described in (Gratz et al, 2014). Vasa-Cas9 embryos were injected with gRNA plasmids
(100 ng/uL) and a double stranded donor plasmid (500 ng/uL) by BestGene, Inc. Post
eclosion, flies were crossed to w1118 flies and progeny were screened for the visible
marker, DsRed, expressed in the eye. An endogenously tagged allele was created using
a scarless CRISPR-piggyBac approach (https://flycrispr.org; (Bruckner et al., 2017)). A
sfGFP (5’ -
GTGTCCAAGGGCGAGGAGCTGTTCACCGGCGTGGTGCCCATCCTGGTGGAGCTG
GATGGCGACGTGAACGGCCACAAGTTCAGCGTGCGCGGCGAGGGCGAGGGCGAC
GCCACCAACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCG
TGCCCTGGCCCACCCTGGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCG
CTACCCCGATCACATGAAGCAGCACGATTTCTTCAAGAGCGCCATGCCCGAGGGC
TACGTGCAGGAGCGCACCATCAGCTTCAAGGATGACGGCACCTACAAGACCCGCG
CCGAGGTGAAGTTCGAGGGCGATACCCTGGTGAACCGCATCGAGCTGAAGGGCAT
CGATTTCAAGGAGGATGGCAACATCCTGGGCCACAAGCTGGAGTACAACTTCAACA
GCCACAACGTGTACATCACCGCCGATAAGCAGAAGAACGGCATCAAGGCCAACTT
CAAGATCCGCCACAATGTGGAGGATGGCTCCGTGCAGCTGGCCGATCACTACCAG
CAGAACACCCCCATCGGCGACGGCCCAGTGCTGCTGCCCGATAACCACTACCTGA
GCACCCAGAGCGTGCTGTCCAAGGACCCCAACGAGAAGCGCGATCACATGGTGCT
GCTGGAGTTCGTGACCGCCGCCGGCATCACCCTGGGCATGGATGAGCTGTACAAG
- 3') tag flanked by flexible linkers and a visible marker flanked by piggyBac inverted
terminal repeat sequences were inserted immediate downstream of the TRMT1

translation start site. The insertion generated a null allele (TRMT1X°). To generate an
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endogenously N-terminal sfGFP tagged line, piggyBac transposase was used to remove

the inserted marker cassette. Lines were molecularly verified by Sanger sequencing.

Generation of UAS lines

UAS fly lines were generated by cloning untagged TRMT1 coding sequence into a
pUAST-C5 vector. An N-terminal V5 tagged TRMT1 transgene was similarly generated
to assess localization. Best Gene, Inc inserted the transgenes into the attP2 site landing
site according to published methods (Groth et al, 2004). Plasmids were validated by
Sanger sequencing and fly lines were validated by Sanger sequencing, western blot and

immunostaining.

Immunostaining and confocal imaging

Third-instar larvae (male and female mixed, unless otherwise noted) were dissected in
Ca?*-free saline and fixed with Bouin’s fluids for 6 min. Fixed tissues were washed and
permeabilized in 1X phosphate buffered saline (PBS) with 0.1% triton X-100, blocked
with PBS containing 1% bovine serum albumin and 0.1% triton X-100 for 1 h at room
temperature or overnight at 4°C, followed by primary antibodies overnight at 4°C,
secondary antibodies incubated at 4 h at room temperature and mounted in VectaShield,
and cured overnight. Primary antibodies include mouse anti-bruchpilot, mouse anti-repo,
rat anti-elaV, mouse anti-ATP5A, mouse anti-V5 tag, while secondary include goat anti-
species specific antibodies conjugated with either Alexa Fluor 488, 567, or 647.
Complete antibodies details and concentrations used are provided in . For
localization studies, the block also contained 5% normal goat serum to reduce
nonspecific binding. Superresolution studies were mounted with ProLongGlass Antifade

Mountant or Fluoromont-G.
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Images were acquired on a Nikon A1R HD confocal microscope with a Plan-Apo 60X
1.49 NA oil-immersion objective at a pixel resolution of 100 nm. Superresolution images
were acquired on a Nikon CSU-W1 SoRA (Spinning Disk Super Resolution by Optical
Pixel Reassignment) with a Photometrics Prime BS| sCMOS camera and a 60x 1.49 NA
oil-immersion objective, where images were acquired using a Richardson-Lucy
deconvolution with 15-20 iterations. Image analysis was performed using ImageJ and
Nikon Elements General Analysis software. Representative images were background
subtracted using a roll ball method and equally adjusted for brightness and contacts for

all genotypes.

Sequence alignment, phylogeny, homology modeling

Alignment of the Pfam defined methyltransferase domains (Mistry et al, 2021) were
performed using T-Coffee (Notredame et al, 2000) for the following UniProt identifying
sequences: P15565 (yeast Trm1), Q9VK89 (Drosophila TRMT1), Q3TX08 (mouse
TRMT1), A2RSY6 (mouse TRM1L), QINXH9 (human TRMT1) and Q7X2T5 (human

TRM1L). Phylogenetic tree was generated using phyloTv2 (https://phylot.biobyte.de/).

Mitochondrial targeting sequence searches were performed with DeepMito (Savojardo et
al, 2020) and Motofates (Fukasawa et al, 2015). Nuclear localization signal search was
performed with NLStradamus (Nguyen Ba et al, 2009) Homology modeling of the
methyltransferase domains of yeast, Drosophila, mouse and human TRMT1 was
conducted using Modeller (Pieper et al., 2009) using ChimeraX (Pettersen et al., 2021;
Sali & Blundell, 1993). Models were built using the best scored template, the
methyltransferase domain of Pyrococcus horikoshii Trm1 (PDB: 2EJT, (lhsanawati et al.,
2008), methyltransferase domain residues 43-489 (yeast), 18-451 (Drosophila), 56-498
(mouse) and 43-499 (human) that resulted in best fit models with e-values < 1.64E-37

and scores > 142.
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Mass spectrometry centered analysis

For mass spectrometry studies, third wandering instar larvae were dissected in PBS,
cleaned to retain cuticle (body wall) and larval brain (N = 6/genotype; 4 biological
replicates), flash frozen under liquid nitrogen, and at -80°C. Adult flies (mixed gender, 3
— 5 days post eclosure, nucleotide analysis: N = 300/genotype; proteomics N =
100/genotype, 4 biological replicates per experiment) were briefly anesthetized and
sorted on a fly pad. Flies were flash frozen under liquid nitrogen. Adult heads (250 ym)
were separated from whole bodies at the cuticle by shaking over dry ice pellets and
sorted from bodies (710 ym) and wings and legs (53 pm) using a three-tiered sieve and

stored at -80°C.

RNA modifications — Adult fly heads (~25 mg) were manually homogenized with a plastic
pestle in 1.5 mL microcentrifuge tubes in 250 uL of TRIzol Reagent and subsequent 250
WL aliquots were added until TRIzol reached 1 mL total volume. Total RNA was
extracted as previously described (Bogart K, 2006) and resuspended in RNase-free
water. Total RNA (20 ug) was treated with benzonase, phosphodiesterase, and calf-
intestinal phosphatase for 3 h at 37°C to digest and dephosphorylate. Digested samples
were filtered with a 10,000-Da MWCO spin filter (Amicon) and undigested RNA were
stored at -80°C until use. Using a Hypersil™ GOLD C18 Selectivity Column (Thermo
Scientific), ribonucleosides were separated and analyzed on a Q Exactive Plus Hybrid
Quadrupole Orbitrap. The ratio of modified to unmodified nucleoside was calculated
using the mass to charge (m/z) intensity between control and TRMT1%° and ratios were

normalized to the sum intensity values for the canonical nucleosides (A,U,G, and C).
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Proteomics — Tissues, larva (brain and body wall) and adult heads, were lysed, protein
concentration was measured by BCA (Thermo Fisher Scientific) and sample lysates
were cleaned using S-Trap columns (Protiff LLC). Cleaned, digested, label-free samples
were run on an Orbitrap Astral Mass Spectrometer (Thermo Fisher Scientific, Waltham,
MA). Samples were analyzed using Proteome Discoverer software platform (Thermo
Fisher Scientific) using Sequest-HT search algorithms against the Drosophila
melanogaster RefSeq protein database. Proteomics datasets were narrowed to peptides
> 3 in two or more replicates, statistically significant proteins (p-value < 0.05), and
differentially expressed proteins were narrowed by p-value < 0.05 and log2foldchange
(log2FC), to determine upregulated (log2FC > 1 for adult heads; > 1.3 for larva) and
downregulated (log2FC < -1 for adult head; < -1.3 for larva) proteins. Statistically
significant proteins were trimmed using REVIGO ((Supek et al, 2011);
http://revigo.irb.hr/) and Gene Ontology enrichment of molecular function, cellular
component, and biological processes was assessed through gProfiler (Kolberg et al,
2023; Reimand et al, 2007) using R Studio 2024.12.1+. Protein-protein interactions were
assessed with StringDB (Snel et al, 2000; Szklarczyk et al, 2023) and the intersection of
differentially expressed proteins between development stages was completed using

Venny2.0 (https://bioinfogp.cnb.csic.es/tools/venny/).

Western blots

Protein samples were prepared from adult fly heads (N = 20 heads/genotype/replicate)
by homogenizing tissue with plastic pestles in lysis buffer consisting of 2x Laemmli buffer
and 2-mercaptoethanol. Tissue homogenates were boiled at 95°C for 5 min and
centrifuged at 8,000 rpm for 6 min to remove tissue debris. Protein samples were run on
a stacking gel at 50V for 30 min and run on a 10% SDS-PAGE gel at 90 V until the

protein ladder was resolved. Gels were transferred onto a nitrocellulose membrane (BIO
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RAD Catalog # 162-0116) at 15V for 30 min. Membranes were briefly stained with
Ponceau-S staining solution to assess relative transfer efficiency and washed in PBS
before being blocked in freshly prepared 5% (w/v) bovine serum albumin in PBS with
0.1% Tween-20 at room temperature for 30 min. Primary antibodies include rabbit anti-
GFP and mouse-anti-syntaxin and affiniPure goat anti-species specific secondary
antibodies; all vendor details and dilutions are included in . Briefly, primary
antibodies were prepared in 5% bovine serum albumin in PBS with 0.1% tween-20 and
incubated overnight at 4°C. Blots were washed in PBS with 0.1% tween-20 for 30 min
before incubation with secondary in PBS with 0.1% tween-20 for 2 h at room
temperature. Blots were washed in PBS with 0.1% tween-20 for 30 min and then in PBS
for 10 min. Blots were developed with SuperSignal™ West Femto Maximum Sensitivity
Substrate (Thermo Fisher Scientific) developing solution and imaged on a ChemiDoc
MP Imaging System (BIO RAD). Before reprobing for loading control proteins, blots were
stripped at room temperature in 3% acetic acid for 45 min and washed in PBS for 30
min. Quantification was performed using ImageJ software. Net protein bands were
calculated as mean value - average background value; protein bands were then
normalized to respective loading controls. TRMT1*" knockdown efficiency percent was
calculated by dividing the endogenously tagged TRMT1 protein levels with pan-glial
TRMT1 knockdown by the TRMT1 protein levels in an heterozygous endogenously

tagged TRMT1.

Behavior and development experiments

Taste Preference — To test preference to sweet or bitter tastants, assays were adapted
from (Kirkhart & Scott, 2015; Masek & Keene, 2016). One-week old mated female flies
(N >19/genotype/experiment) were starved in narrow vials (Lab Express, Cat #8002-5)

with water (750 yL milliQ-water on 2.5cm x 4 cm filter paper) for 24 h incubated at 25°C,
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before mounting on microscope slides (5 flies/row, 2 rows/slide, Fisher Scientific Cat #
12-550-143) and acclimated upright in a dark, humid chamber for 2.5 h before testing.
Solutions were administered using a 1 mL syringe (VWR, Cat # BD-309628) fitted with a
20 L pipette tip (RAININ, Cat # 30389291). Flies were sasitated with milliQ-water post
acclimation. Flies were presented with freshly prepared tastants, 500 mM sucrose
(sweet tastant, Fisher Scientific, Cat # BP220-212) or 50 mM quinine (bitter tastant,
Sigma Aldrich, Cat # Q1125-5G) on their tarsi for 2-3 sec in triplicate with 10 sec
between tests. Number of proboscis extension reflexes (PER) were recorded. Flies were
washed with a droplet of water and recovered for 2 min between tastant trials. PER was
calculated as the number of proboscis extensions by the number of tasting
presentations. Mean PERs for each solution were calculated from three independent,

biological replicates.

Taste Aversion — Taste aversion studies were prepared as described for taste
preference and followed previously reported protocols (Kirkhart & Scott, 2015; Masek &
Keene, 2016). Following acclimation, flies (one-week old, mated female flies, n >25
/genotype/gender) were given water until satiated and pre-tested to measure PER with
three applications of 500 mM sucrose to their tarsi in 10 s intervals. Flies with < 3 PER
responses were excluded from training. Flies were trained with paired sweet/bitter
tastants, where 500 mM sucrose was presented to their tarsi and 50 mM quinine to their
proboscis for 2-3 sec. Flies were washed with a droplet of water and recovered for 2 min
between sessions, three total. After the final training, flies were given 5 min rest. To test
memory formation, flies were exposed to sucrose on their tarsi and the number of PER
were recorded. Suppression of PER was calculated one minus the percentage of
proboscis extension by the number of tasting presentations. Mean suppression of PER

for three biological replicates was reported.
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Experimental design and statistical analysis

Samples were masked to genotype. All experiments were conducted in triplicate with all
crosses set up at least twice to obtain results from independent replicates. Statistical
differences were calculated using GraphPad Prism 10. Repeated measures and multiple
comparisons will be evaluated for distribution and variance. Normally distributed
datasets with equal variance were analyzed with one-way ANOVA with Tukey’s post hoc
multiple comparisons. Non-normally distributed datasets were analyzed using Kruskal-
Walllis test with Dunn’s post hoc multiple comparisons. Error bars report mean +
standard mean error (SEM) unless otherwise noted. Statistical details and sample sizes

are listed in each figure legend and full genotypes are reported in
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Chapter 3 Figures
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Figure 3.1. Drosophila as model to investigate TRMT1

A. Representative domains include methyltransferase domain (dark blue filled box), zinc
finger (light blue filled box), mitochondrial targeting sequence schematics (white box with
black outline), and nuclear targeting sequence (orange box).

B. Structural homology model of the methyltransferases domain demonstrates
conserved structure between yeast Trm1 (grey), Drosophila TRMT1 (light blue), mouse
TRMT1 (blue), human TRMT1 (dark blue) with P. horiskoshii Trm1 crystal structure
(orange, PDB ID: 2EJT).

C. Schematic of the TRMT1 locus with the allele used in this study. Triangle represents

insertion allele.
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Figure 3.2. Drosophila TRMT1 is required for m2,2G tRNA modification

A. Chemical modification of guanosine 26 (Gzs) to dimethylguanosine (m2,2Gzs).

B. Peak intensity of dimethyl-guanosine normalized to the canonical nucleosides A, U, G
and C measured by LC-MS in total RNA isolated from w'’"® (grey), TRMT1%° (blue), and
TRMT15'°F (orange) adult heads. Mean #* standard deviation is indicated. Brown-
Forsythe and Welch ANOVA followed by Dunnett T3 multiple comparisons. **** P <
0.0001, *** P =0.0001, ns = 0.1289 (four biological replicates).

C. Comprehensive tRNA nucleotide modifications remain unchanged in the absence of
TRMT1. Log2fold change in the levels of the indicated tRNA modifications in TRMT1X°
(blue) and TRMT15°*F (orange) relative to w'’"® control. Data represented as mean +

SEM (four biological replicates/genotype).
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Figure 3.3. TRMT1 promotes size and synaptic growth

A-C. Representative confocal images of NMJ4 in wild type (grey), TRMT1%° (blue), and
TRMT15°*F rescue (orange). Scale bar: 10 ym.

D. Quantification of bouton number per NMJ4 from A-C. Data points represent individual
NMJs (w'""8: 48, TRMT1%°: 52, TRMT15¢": 47) from 9-12 biological replicates per
genotype. Mean £ SEM is indicated. Brown-Forsythe and Welch ANOVA with Dunnett
T3 multiple comparison **** p < 0.0001, ns 0.9848.

E. Quantification of active zone number per bouton at NMJ4 from Fig2A-C. Data points
represent individual NMJs (w'""8: 48, TRMT1X°: 52, TRMT15'°*P: 42) from 9-12 biological
replicates per genotype. Mean + SEM is indicated.Krustal-Wallis with Dunn’s multiple

comparison **** P< 0.0001, ***P= 00002, ns > 0.9999.
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Figure 3.4. TRMT1 promotes gustatory memory

A. Representative taste aversion scheme modified from (Masek & Keene, 2016).

B. Quantification of Proboscis Extension Reflex (PER) suppression of wild type (grey),
TRMT1%° (blue), and TRMT15°*" rescue (orange) flies. Data points represent average
PER suppression of three biological replicates (w''’%: 85, TRMT1%°: 104, TRMT 156"

98) from > 28 biological replicates/genotype/experiment. ANOVA with Tukey’s multiple

comparison **P < 0.0017, ns = 0.9105.
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Figure 3.5. TRMT1 is expressed in glial and muscle nuclei

A. Confocal Z-projections of TRMT15°F larval ventral ganglion co-labeled with
antibodies against GFP(green) and the nuclear pan-glial marker Repo (magenta)
showing expression in glial nuclei.

B. Confocal Z-projections of TRMT15° |arval ventral ganglion co-labeled with
antibodies against GFP(green) and the neuronal marker Elav (magenta) showing
TRMT1 is not expressed in neurons.

C-D. Super resolution (C) Z-projections of TRMT 15" |arval ventral ganglion co-labeled
with antibodies against GFP (green) and the mitochondrial marker ATP5A (magenta)
where a zoomed single Z-projection of a single glial cell (D) shows TRMT1 does

colocalize with mitochondria (E, white arrows). Scale bar (C) 10 ym and (D) 2 ym.
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Figure 3.6. Cell-specific expression of TRMT1 in glial cells rescues synaptic
growth and memory

A-C. Representative confocal images of NMJ4 in control (grey), TRMT1X° (blue), and
pan-glial rescue (orange). Scale bar: 10 pm.

D. Quantification of bouton number per NMJ4 from A-C. Data points represent individual
NMJs (repo-Gal4/+: 44, TRMT19%0; repo-Gald/+: 46, TRMT1X9%C; repo-Gal4/UAS-
TRMT1%°: 44) from 8-10 biological replicates per genotype. Mean + SEM is indicated.
ANOVA with Tukey’s multiple comparison **** P < 0.0001, ns = 0.2688.

E. Quantification of Proboscis Extension Reflex (PER) suppression of control (grey),
TRMT1%° (blue), and pan-glial rescue (orange) flies. Data points represent average PER
suppression of three biological replicates (repo-Gald/+: 92, TRMT1X9%C; repo-Gal4/+ 94,
TRMT1X9K0; repo-Gal4/UAS-TRMT1X°: 79) from > 25 biological
replicates/genotype/experiment. ANOVA with Tukey’s multiple comparison ***P =

0.0009, **P =0.0012, ns = 0.9107.
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Figure 3.7. Expression of TRMT1 in ensheathing glial cell rescues synaptic growth
and memory

A. Representative illustration of types of glial subtypes from an orthogonal section of the
ventral nerve cord modified from (Bittern et al., 2021).

B. Quantification of bouton number per NMJ4 from TRMT1"N4 subglial cell type screen.
Data points represent individual NMJs (UAS-TRMT1RNA/+: 71, ¢527-Gal4/+: 40, UAS-
TRMT1”-NAY+: ¢527-Gal4/: 40, moody-Gald/+: 31, moody-Gal4/UAS-TRMT1RVA/: 43,
55B12-Gald/+: 44, UAS-TRMT1"NA/+; 55B12-Gald/+: 34, alrm-Gal4/+: 47, UAS-

TRMT 1R+ alrm-Gald/+: 44,83E12-Gald/+: 59, UAS-TRMT1"NA /+: /83E12-Gal4/+:45,
56F03-Gal4/+: 49, UAS-TRMT1RVA/+: 56F03-Gal4/+: 47) from 7-16 biological replicates
per genotype. Mean + SEM is indicated. ANOVA with Sidak’s multiple comparison ****P
=<0.0001, ns > 0.3121.

C-E. Representative confocal images of NMJ4 in control (grey), TRMT1%° (blue), and

pan-glial rescue (orange). Scale bar: 10 um.
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F. Quantification of bouton number per NMJ4 from C-E. Data points represent individual
NMJs (83E12-Gal4/+: 53, TRMT1<9%C; 83E12-Gal4/+: 53, TRMT1X9%°; 83E12-
Gal4/UAS-TRMT1X°: 52) from 10 biological replicates per genotype. Mean + SEM is
indicated. ANOVA with Tukey’s multiple comparison **** P < 0.0001, ns 0.7562.

G. Quantification of Proboscis Extension Reflex (PER) suppression of control (grey),
TRMT1%° (blue), and pan-glial rescue (orange) flies (83E12-Gal4/+: 25, TRMT1K0K0;
83E12-Gal4/+: 26, TRMT1X9K0; 83E12-Gal4/UAS-TRMT1%°: 28) from > 25 biological
replicates/genotype. ANOVA with Tukey’s multiple comparison ****P < 0.0001, ***P =

0.0001, ns = 0.9107.
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Figure 3-8
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Figure 3.8. Global nervous system proteomic reveal candidate pathways

A. For larval proteomics, volcano plots illustrate differentially expressed proteins from

larval central nervous system and body wall. Vertical and horizontal dashed lines

source

represented the cutoffs for upregulated proteins (orange, log2FC > 1.3 and adjusted p-

value < 0.05) and downregulated (blue, log2FC < -1.3 and adjusted p-value < 0.05).

B-C. GeneOntology of molecular function, biological processes, cellular compartment,

and KEGG pathways of differential expressed proteins (B) downregulated and (C)

upregulated in larval TRMT

proteome compared to wild-type.

D. For adult head proteomics, volcano plots illustrate differentially expressed proteins.

Vertical and horizontal dashed lines represented the cutoffs for upregulated proteins
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(orange, log2FC > 1 and adjusted p-value < 0.05) and downregulated (blue, log2FC < -1
and adjusted p-value < 0.05).

E-F. GeneOntology of molecular function, biological processes, cellular compartment,
and KEGG pathways of differential expressed proteins (E) downregulated and (F)
upregulated in adult head TRMT1%° proteome compared to wild-type.

G. Venn Diagram represented the 41 differentially expressed proteins identified in larval
and adult proteomic TRMT1X° datasets.

H. Abbreviated summary of TRMT1X° proteins of interest in the phagocytosis,

metabolism, and known synaptic proteins.
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Chapter 3 Supplemental Figures
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Figure 3.S1. Identified methyltransferase domain missense mutations associated
with TRMT1-linked intellectual disability.

Human TRMT1 domains and features include mitochondrial targeting signal,
methyltransferase domain, and a zinc finger. Insert denotes the sequence alignment of
yeast Trm1, Drosophila (fly), mouse and human TRMT1 methyltransferase domain.
Amino acids are noted as identical (*), conserved (:) and partially conserved (.). Seven of
11 TRMT1-associated intellectual disability variants in the methyltransferase domains
reported by (Efthymiou et al., 2025; Zhang et al., 2020) have conserved amino acids in

flies (blue font).
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Figure 3.S2. TRMT1 promotes synaptic growth

A. Quantification of bouton number per NMJ4 in male (left) and female (right) wild type
(grey) and TRMT1 null mutants. Data points represent individual NMJs (male - w’""%: 56,
TRMT1%°: 64, TRMT1XO"": 64; female - w'""®: 60, TRMT1%°: 60, TRMT1¥OP": 49) from x-
y biological replicates per genotype. Kruskal-Wallis test followed by Dunn’s multiple

****P < 0.0001; *** P=0.0004, ns > 0.5164.
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Figure 3.S3. TRMT1 null mutants have impaired memory and normal taste
preference

A-B. All genotypes show expected Proboscis Extension Reflex (PER) or preference
when presented with sucrose (solid fill) or quinine (hatch fill). Data points represent the
average PER of three biological replicates. (A) w''’®. 85, TRMT1%°: 104, TRMT15F": 98,
ANOVA with Tukey’s multiple comparison ****P < 0.0001. (B) w'""%: 82, TRMT1%9"". 83)
from > 19 biological replicates/genotype/experiment. Non parametric with Kruskal-Wallis
multiple comparisons ***P = 0.0003.

C. Quantification of PER suppression of wild type (grey), TRMT1°" (blue) flies. Data
points represent average PER suppression of three biological replicates (w'’"8: 82,

TRMT1X9"- 83) from > 24 biological replicates/genotype/experiment. Unpaired t-test
***P = 0.0003.
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Fig 3.4
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Figure 3.S4. Expression of endogenous TRMT1
A. Representative western blot of adult head extracts from control and endogenously

tagged TRMT15°FF stained for GFP and SyxA-1.
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- ey

GFP
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B. Confocal Z-projections of TRMT156FP NMJ/muscle co-labeled with antibodies against

GFP (green) and the mitochondrial marker ATP5A (magenta) showing TRMT1 is

expressed in muscle and accumulates in the nucleus and not mitochondria. Scale bar

(A-C) 10 pm.

C. Confocal Z-projections of TRMT15¢F” NMJ/muscle co-labeled with antibodies against

GFP (green), neuronal stain DAPI (yellow), and the neuronal membrane marker HRP

(magenta) showing TRMT1 is expressed in muscle and accumulates in the nucleus.

Scale bar (A-C) 10 pym.
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Figure 3.85. TRMT1 cell specific rescue validation and screening experiments.

A. Representative western blot of adult head extracts from TRMT 15" repo/+ and
TRMT15°FP- repo/UAS-TRMT 17N stained for GFP and Syx1A.

B. UAS-TRMT 1M validation through quantification of normalized TRMT15¢FP protein
expression with and without pan-glial driven UAS-TRMT1R"in adult fly heads (four
biological replicates). Mean + SEM is indicated. Unpaired t-test **P = 0.0012.

C. Quantification of endogenously tagged TRMT 15" with and without pan-glial driven
UAS-TRMT1”N at the larval ventral ganglion (3 biological replicates/genotype). Mean *

SEM is indicated. Mann-Whitney (non-parametric) t-test, ****P < 0.0001.
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D-E. Representative confocal Z-projections of (D) TRMT15°; repo/+ and (E)
TRMT15°FP: repo/UAS-TRMT 17N at the larval ventral ganglion labeled with antibodies
against GFP(green) showing TRMT1"™A knocks down ~70% TRMT1 protein.

F. Quantification of bouton number per NMJ4 from TRMT 15" cell specific synaptic
growth screen. Data points represent individual NMJs (UAS-TRMT1"NA+: 75, act5C-
Gald/+: 62, act5C-Gal4/UAS-TRMT1RNA: 57 repo-Gald/+: 51, repo-Gal4/UAS-
TRMT1RNA: 51, C155-Gal4/+: 40, C155-Gal4/UAS-TRMT1"NA: 45, 24B-Gal4/+: 56, 24B-
Gal4/UAS-TRMT1RNA: 51) from 11-16 biological replicates per genotype. Mean + SEM is
indicated. ANOVA with Tukey’s multiple comparison ****P = <0.0001, ns > 0.1478.

G. Quantification of bouton number per NMJ4 from pan-glial overexpression of TRMT1.
Data points represent individual NMJs (repo-Gal4/+: 49, repo-Gal4/UAS-V5-TRMT1: 52,
repo-Gal4/UAS-TRMT1: 54) from 9-10 biological replicates per genotype. Mean + SEM
is indicated. ANOVA with Tukey’s multiple comparison ns > 0.1478.

H. All genotypes show expected PER or preference when presented with sucrose or
quinine. Data points represent the average PER of three biological replicates from > 22
biological replicates/genotype/experiment. (repo-Gald/+: 73, TRMT1X9C; repo-Gal4/+:
74, TRMT1X9%O;: repo-Gal4/UAS-TRMT1%°: 71) Non parametric with Kruskal-Wallis

multiple comparisons ***P = 0.0003.
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O

Boutons/NMJ4

56F03/+ TRMT1° 56F03 TRMT1
Rescue 10um

Figure 3.S6. TRMT1 reexpression using a second ensheathing glia gal4 driver
rescues synaptic growth

A-C. Representative confocal images of NMJ4 in control (grey), TRMT1X° (blue), and
ensheathing glia rescue (orange). Scale bar: 10 pm.

D. Quantification of bouton number per NMJ4 from B-D. Data points represent individual
NMJs (56F03-Gal4/+: 53, TRMT1%%C; 56F03-Gal4/+: 53, TRMT1<9%°; 56F03-
Gal4/UAS-TRMT1X°: 52) from 9-10 biological replicates per genotype. Mean + SEM is

indicated. ANOVA with Tukey’s multiple comparison **** P < 0.0001, ns 0.9564.
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Chapter 3 Table

Table 3.1. Key Resources Table

REAGENT or RESOURCE | SOURCE IDENTIFIER
Experimental models: Organisms/strains

w118: stGFPTR\T This study NA

w118 TRMT 10 This study NA

w8 UAS-TRMT1 This study NA

w8 UAS-V5-TRMT1 This study NA

TRMT1 Deficiency
w[1118]; Df(2L)Exel6033,
P{w[+mC]=XP-
U}Exel6033/CyO
(Rebalanced stock)

Bloomington Drosophila Stock
Center

RRID:BDSC_7516

TRMT1 RNAI

(y[11 v[1]; P{y[+t7.7]
v[+t1.8]=TRiP.HMS06222}att
P40/Cy0O)

(Rebalanced stock)

Bloomington Drosophila Stock
Center

RRID:BDSC_603563

piggyBac transposase
w[1118]; CyO,
P{w[+mC]=FRT(w[+])Tub-
PBac\T}2/wg[Sp-1]

Bloomington Drosophila Stock
Center

RRID: BDSC_8283

Center

w18 O’Connor-Giles Lab RRID:BDSC_5905
outcrossed line

w ;; acts5C-Gal4 Bloomington Drosophila Stock | RRID: BDSC_3954
Center

w;; 24B-Gal4 Bloomington Drosophila Stock | RRID: BDSC_ 92172

elav®'5-Gal4

Bloomington Drosophila Stock
Center

RRID: BDSC_458

w ;; repo-Gald
(Rebalanced stock)

Bloomington Drosophila Stock
Center

RRID: BDSC_7415

w;; alrm-Gal4
(Rebalanced stock)

Bloomington Drosophila Stock
Center

RRID:BDSC_67032

w ;; GMR83E12-Gal4

Bloomington Drosophila Stock
Center

RRID:BDSC_40363
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w ;; GMR56F03-Gal4

Bloomington Drosophila Stock
Center

RRID: BDSC_39157

w ;; GMR55B12-Gal4

Bloomington Drosophila Stock
Center

RRID:BDSC_39103

w ; moody-Gal4
(Rebalanced stock)

Bloomington Drosophila Stock
Center

RRID:BDSC_90883

w ;; c527-Gal4

Bloomington Drosophila Stock
Center

RRID:BDSC_90391

Primers

TRMT1%C-gRNA TTAACTCATCCAAATGGAA [ NA
G

UAS-V5 TRMT1 FP GCAGCGGCCGCATGGGTA | NA
AGCCTATCCCTAACCCTCT
CCTCGGTCTCGATTCTACG
GAAGTGGACGAGGAAAAG
CCG

UAS-TRMT1 FP GCAGCGGCCGCATGGAAG | NA
TGGACGAGGAA

UAS-TRMT1 RP GCATCTAGATCACGCAGTC | NA
GCCTCCAG

Antibodies

Mouse, anti-bruchpilot Developmental Studies Catalog # nc82

Hybridoma Bank

Immunofluorescence [1:100]
RRID: AB_2314866

Goat anti-mouse conjugated
to Alexa Fluor 488

Thermo Fisher Scientific

Catalog # A-11029
Immunofluorescence [1:500]
RRID: AB_2534088

Goat anti-HRP conjugated to
Alexa Fluor 647

Jackson ImmunoResearch
Laboratories, Inc

Catalog # 123-605-021
Immunofluorescence [1:500]
RRID: AB_2338967

Mouse, 8D12 anti-repo

Developmental Studies
Hybridoma Bank

Catalog # 8D12
Immunofluorescence [1:50]
RRID: AB_528448

Rat, elaV-7E8A10 anti-elav

Developmental Studies
Hybridoma Bank

Catalog # 7E8A10
Immunofluorescence [1:100]
RRID: AB_525218

Mouse, anti-ATP5A,
(mitochondrial marker)

Abcam

Catalog # ab14748
Immunofluorescence [1:100]
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RRID: AB_301447

Goat anti-rabbit GFP
polyclonal antibody
conjugated to Alexa
Fluor488

Thermo Fisher Scientific

Catalog # A11077
Immunofluorescence [1:500]
RRID: AB_2534121

Goat anti-rat conjugated to
Alexa Fluor568

Thermo Fisher Scientific

Catalog # A11031
Immunofluorescence [1:500]
RRID: AB_144696

Goat anti-mouse conjugated
to Alexa Fluor647

Thermo Fisher Scientific

Catalog # A21236
Immunofluorescence [1:500]
RRID: AB_2535805

Goat anti-mouse IgG
AlexaFluor568

Thermo Fisher Scientific

Catalog # A11031
Immunofluorescence [1:500]
RRID: AB_144696

Goat anti-mouse 1gG2a
conjugated to Alexa Fluor
488

Thermo Fisher Scientific

Catalog #A-21131
Immunofluorescence [1:500]
RRID: AB_2535771

Mouse, anti-V5 Tag

Thermo Fisher Scientific

Catalog # R960-25
Immunofluorescence [1:500]
Western Blot [1:1,000]
RRID: AB_2556564

Rabbit, anti-GFP

Rockland Immunochemicals

Catalog # 600-401-215
Western Blot [1:1,000]
RRID: AB_828167

Mouse, anti-beta-tubulin

Developmental Studies
Hybridoma Bank

Catalog # E7
Western Blot [1:2,000]
RRID: AB_2315513

Mouse, anti-syntaxin

Developmental Studies
Hybridoma Bank

Catalog # 8C3
Western Blot [1:500]
RRID: AB_528484

AffiniPure® Goat Anti-Mouse
IgG (H+L)

Jackson ImmunoResearch
Laboratories, Inc

Catalog # 115-005-003
Western Blot [1:10,000]
RRID: AB_2338447

AffiniPure® Goat Anti-Rabbit
IgG (H+L)

Jackson ImmunoResearch
Laboratories, Inc

Catalog # 111-005-003
Western blot [1:10,000]
RRID: AB_2337913

Chemicals/Commercial kits

Bouin’s fixative

Sigma Aldrich

Catalog # HT10132

Vectashield

Vector Laboratories

Catalog # H-1000-10

ProLong™ Glass Antifade

ThermoFisher Scientific

Catalog #P36980
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Mountant

DAPI Fluoromont-G®

Southern Biotech

Catalog # 0100-20

Bovine Serum Albumin

Sigma Aldrich

Catalog # A7906

Normal Goat Serum

Jackson ImmunoResearch
Laboratories, Inc

Catalog # 005-000-121

Triton X-100

Fisher Scientific

Catalog # BP151-100

TRIzol Reagent

Ambion Life Technologies

Catalog # 15596018

SuperSignal™ West Femto
Maximum Sensitivity

ThermoFisher Scientific

Catalog # 34095

Substrate

Precision Plus Protein Dual BIO-RAD Catalog # 1610374
Color Standards

2X Laemmli Sample Buffer BIO-RAD Catalog # 1610737
2-Mercaptoethanol BIO-RAD Catalog #1610710
30% acrylamide/Bis Solution | BIO-RAD Catalog #1610156
Tetramethylethylene- BIO-RAD Catalog # 1610800
diamine

Ammonium persulfate Sigma Aldrich Catalog # A3678

Tween-20

Fisher Scientific

Catalog # BP337-100

Ponceau S Staining Solution

Research Product
International

Catalog # P56200-500

Sucrose

Fisher Scientific

Catalog # BP220-212

Quinine hydrochloride
dihydrate

Sigma

Catalog # Q1125-5G

Recombinant DNA/Plasmids

LD33880 (TRMT1 cDNA
Gold Clone)

Drosophila Genomic
Resource Center

Catalog # 2317
RRID: DGRC_2317

pUAST-C5 Drosophila Genomic Catalog # 1261
Resource Center RRID:DGRC_1261

UAS-TRMT1 This study NA

UAS-V5-TRMT1 This study NA
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Software

Adobe lllustrator

Adobe Systems

RRID:SCR_010279

ImageJ NIH RRID: SCR_003070
Prism GraphPad Software, Inc RRID: SCR_002798
NIS-Elements Nikon

RRID: SCR_002776

ApE Plasmid Editor

https://jorgensen.biology.utah.

edu/wayned/ape/

RRID:SCR_014266
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Chapter 3 Supplemental Table

Table 3.S1. Complete genotype, sample size and measured absolute values. Full
genotypes, raw measurements for nucleotide LC/MSMS, synaptic growth, and gustatory
memory studies (mean £ SEM) and the relevant sample size and biological replicates

, unless otherwise noted. Compared to the

are provided for each panel of

respective controls, p values and significance are shown for each figure while other
comparisons are noted in the table.

Figure 3.2
Panel Genotype Mean * SEM | n (independent | P value (significance)
replicates)
3.2B wr1é 14975000+ | 4 Normal distribution
335099 (Shapiro-Wilks), Unequal
variance
Brown-Forsyth ANOVA test
with Dunn’s multiple
comparisons
wrte 205750 4 <0.0001 (****)
TRMT1KC 40568
wrte 16350000+ |4 0.1289 (ns)
TRMT1sf6FP 451848 TRMT1KC vs TRMT1s/6FF
0.0001 (***)
Panel tRNA TRMT1KC TRMT1sf6FP n
modification (independent replicates)
Mean Mean
log2FC £ SD | log2FC * SD
3.2C m2,2G -6.3+0.5 0.1+£01 4
ac4C -04+0.1 0.1+£01 4
i6A -0.3+1.0 -0.3+1.0 4
Q -0.1+£0.1 04+01 4
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m2G -0.1+£ 0.1 0.2+0.1
m3C -0.9+£0.0 -0.0+0.1
Gm -0.0+£0.0 0.1+£0.1
acp3U -0.1+£0.1 0.1+£0.1
m62A 0.0+£0.3 -0.0+£0.3
m1G 0.1+£0.1 0.2+0.1
m1l 0.1+£0.1 0.2+0.1
m2A 0.1+£0.1 -0.0+£0.0
m5C 0.1+£0.0 0.1+£0.1
mcmSs2U 0.1+£0.1 0.1+£0.1
Am 0.1+£0.1 0.0+£0.1
v 0.1+£0.1 0.0+£0.1
Cm 0.2+£0.1 0.0+£0.1
m7G 0.2+0.1 0.1+£0.0
t6A 0.2+0.1 0.0+£0.0
Um 0.2+£0.1 0.0+£0.1
I 0.2+0.3 04+01
m1A 0.2+0.1 0.0+£0.1
ncm5U 0.3+£0.1 0.1+£0.1
D 0.3+£0.1 0.0+£0.1
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m5U 0.3+0.1 0.2+0.1 4
m5Um 06+04 0.1+£0.5 4
Figure 3.3
Panel Genotype Bouton # n (NMJs, P value (significance)
animals)
3.3D w18 23.8+0.9 48, Non normal distribution
12 animals
Kruskal-Wallis ANOVA test
with Dunn’s multiple
comparisons
wi1s . 176+ 0.6 52, <0.0001 (****)
TRMT1KO 12 animals
wrte 23.4+0.8 47, >0.9999 (ns)
TRMT1sGFP 11 animals TRMT1KC vs TRMT1
Rescue < 0.0001 (****)
Panel Genotype AZ/Bouton n (NMJs) P value (significance)
3.3E w18 15.1+0.6 48, Non normal distribution
12 animals
Kruskal-Wallis ANOVA test
with Dunn’s multiple
comparisons
wrte 18.5+0.6 52, 0.0002 (***)
TRMT1K0 12 animals
wrte 14.3+0.5 42, >0.9999 (ns)
TRMT1sGFP 11 animals TRMT1KC vs TRMT1
Rescue < 0.0001 (****)
Figure 3.4
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Panel Genotype Suppression | n (animals, P value (significance)
of PER replicates)
Mean * SD
3.3B wr1é 0.6+0.1 85, Normal distribution
3 replicates (Shapiro-Wilk)
Equal variance
One Way ANOVA test with
Tukey multiple
comparisons
wrte 0.3+£0.0 104, 0.0012 (**)
TRMT1KO 3 replicates
wrte 0.6+£0.1 98, 0.9105 (ns)
TRMT1sGFP 3 replicates TRMT1KO vs TRMT15CFP
0.0017 (*)
Figure 3.6
Panel Genotype Bouton # n (NMJs, P value (significance)
animals)
3.6D W18 -+ repo- 23.3+0.8 44, Normal distribution
Gal4 (control) 10 animals (Shapiro-Wilk)
Kruskal-Wallis ANOVA test
with Dunn’s multiple
comparisons
wrte 174 +£0.5 46, <0.0001 (****)
TRMT1K0O/KO . 9 animals
repo-Gal4/+
wrte 23.6+0.7 44, 0.9622 (ns)
TRMT1K0O/KO . 9 animals
repo-Gal4/ W118: TRMT 1500 repo-
UAS-TRMT1 Gal4/+ vs
W”S;TRMT"KO/KO,TGPO-
Gal4/
UAS-TRMT1 < 0.0001
(****)
Panel Genotype Suppression | n (animals, P value (significance)
of PER replicates)
Mean * SD
3.6E w118 -+ repo- 0.6 +0.1 92, Normal distribution
Gal4 (control) 3 replicates (Shapiro-Wilk)

Equal variance
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One Way ANOVA test with
Tukey multiple

comparisons
Wit ; 0.3+0.0 o4, 0.0009 (***)
TRMT1KO/KO - 3 replicates
repo-Gald/+
Wit . 0.6 £0.1 79, 0.9107 (ns)
TRMT1KO/KO - 3 replicates
repo-Gal4/ W118: TRMT 1500 repo-
UAS-TRMT1 Gal4/+ vs

VV’ 1 18’. TRMT1KO/KO,'FGPO-
Gal4/
UAS-TRMT1 0.0012 (**)

Figure 3.7
TRMT1 RNAI glial sub-celltype screen comparisons are between each Gal4 control and RNAI
control to the TRMT1 RVA x respective Gal4 line

Panel Genotype Bouton # n (NMJs, P value (significance)
animals)
3.7B W1'18: JAS- 243 +0.7 71, Normal distribution

TRMT1 RNAi / 16 animals (Shapiro-Wilk)

+ Equal variance

(RNAI control)
One Way ANOVA test with
Sidak’s multiple
comparisons

W18, ¢527- 256+1.0 40, W18, c527-GAL4/+ vs

GAL4/+ 8 animals RNAI control >0.9999 (ns)

W18 UAS- 246+1.0 43, 0.4718 (ns)

TRMT1 RNAi / 8 animals

+,;¢527- W', UAS-TRMT1 RNAi /

GAL4/+ +,0527-GAL4/+ vs RNAI
control  0.3121 (ns)

W8 moody- | 25.6 £ 1.0 31, W'"8: moody-GAL4/+ vs

GAL4 /+ 7 animals RNAI control 0.9978 (ns)

W18 UAS- 246 +£1.0 43, >0.9999 (ns)

TRMT1 RNAI 9 animals

/moody-GAL4

W', UAS-TRMT1 RNAi /
+; moody-GAL4/+ vs RNAI
control  >0.9999 (ns)
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W'""8, 55B12- | 23.4 £ 0.8 44, W'18; 55B12-GAL4/+ vs

GAL4/+ 9 animals RNAI control >0.9999 (ns)

W18 UAS- 245+1.2 34, >0.9999 (ns)

TRMT1 RNAi / 8 animals

+; 55B12- W', UAS-TRMT1 RNAi /

GAL4 +,; 55B12-GAL4/+ vs RNAI

/+ control >0.9999 (ns)

W118: alrm- 26.1+0.8 47, W'18: alrm-GAL4/+ vs

GAL4/+ 10 animals W' UAS-TRMT1/+
0.7707 (ns)

W18 UAS- 254+09 44, >0.9999 (ns)

TRMT1 RNAi / 9 animals

+; alrm- W', UAS-TRMT1 RNAi /

GAL4/+ +; arim-GAL4/+ vs RNAI
control 0.9982 (ns)

W' 83E12- | 23.9 +0.8 59, W18, 83E12-GAL4/+ vs

GAL4/+ 15 animals RNAI control >0.9999 (ns)

W18 UAS- 18.0+£0.8 45, <0.0001 (****)

TRMT1 RNAi / 13 animals

+; 83E12- W', UAS-TRMT1 RNAi /

GAL4/+ +,; 83E12-GAL4/+ vs RNAI
control  <0.0001 (ns)

w1, 26.4+0.8 49, W'18; 56F03-GAL4/+ vs

56F03E12- 10 animals RNAi control  0.5434 (ns)

GAL4/+

W18 UAS- 17.8 0.6 47, <0.0001 (ns)

TRMT1 RNAi / 10 animals

+,; 56F03- W', UAS-TRMT1 RNAi /

GAL4/+ +,; 56F03-GAL4/+ vs RNAI
control  <0.0001 (ns)

3.7D w18 :- 83E12- | 26.0 £ 0.6 53, Normal distribution

Gal4 (control) 10 animals (Shapiro-Wilk)
One Way ANOVA test with
Tukey’s multiple
comparisons

wrte 20.2+0.5 53, <0.0001 (****)

TRMT 1KO/KO - 10 animals

83E12-Gal4/+

wrte 255+0.6 52, 0.7562 (ns)

TRMT 1KO/KO - 10 animals

83E12-Gal4/ W18, TRMT 1KOKO;83E12-

UAS-TRMT1 Gal4/+ vs

W18 TRMT1KO/KO- 83E12-
Gal4/
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UAS-TRMT1 < 0.0001
(****)

Panel Genotype Suppression | n (animals, P value (significance)
of PER replicates)
Mean * SD
3.7G w18 .- 83E12- | 0.8 + 0.1 25, Non normal distribution
Gal4 (control) 1 replicate
Kruskal-Wallis ANOVA test
with Dunn’s multiple
comparisons
wrte 0.3+£0.1 26, <0.0001 (****)
TRMT1KO/KO . 1 replicate
83E12-Gal4/+
wrte 0.8+0.1 28, >0.9999 (ns)
TRMT1K0O/KO . 1 replicate

83E12-Gal4/
UAS-TRMT1

W18 TRMT 1KO/KO-83E12-
Gal4/+ vs

W18 TRMT 1KO/KO-83E12-
Gal4/

UAS-TRMT1 0.001 (***)
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Table 3.S2. Complete genotype, sample size and measured absolute values for
supplemental figures. Full genotypes, log2foldchange for LC/MSMS, synaptic growth
studies, western blots, and gustatory memory studies (mean + SEM) and the relevant
sample size and biological replicates are provided for each panel of

unless otherwise noted. Compared to the respective controls, p values and S|gn|f|cance
are shown for each figure while other comparisons are noted in the table.

PER
Mean = SD

Figure 3.S2
Figure Genotype Bouton # n (NMJs, P value (significance)
animals)
3.82 W8 male 246 +0.7 56, Non normal distribution
(M) 12 animals
Kruskal-Wallis ANOVA test with
Dunn’s multiple comparisons
W' M v W8 F >0.9999 (ns)
TRMT1%°,M | 16.3£0.6 64, < 0.0001 (****)
12 animals
TRMT1KO M v TRMT K0P M
0.5450 (ns)
TRMT1K° M v TRMT1KOF
>0.9999 (ns)
TRMT1KODf 18.1+0.6 64, < 0.0001 (****)
M 12 animals
TRMT1KOPI M v TRMT 1KOPf F
0.8485 (ns)
W18 female | 24.9+0.7 60,
(F) 12 animals
TRMT1KC, F 17.8+£0.6 60, < 0.0001 (****)
12 animals
TRMT1XC F v TRMT1KOPf F
0.5164 (ns)
TRMT1KODT F 1 19.6 £ 0.6 49, 0.0004 (***)
11 animals
Figure 3.S3
Panel Genotype Suppression of | n (animals) P value (significance)
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3.S3A w18 0.7+0.0 85, Normal distribution (Shapiro-
3 replicates Wilk)
Equal variance
Unpaired t-test
wi1s . 0.3+0.0 104, 0.0003 (***)
TRMT1KOof 3 replicates
Panel Genotype, PER n (animals) P value (significance)
+tastant Mean * SD
3.S3B w18 0.8+0.0 59, Non normal distribution
+sucrose 3 replicates Kruskal-Wallis ANOVA
W18 Sucrose vs quinine
< 0.0001 (****)
wrie 0.2+0.1
+quinine
witis . 0.9+0.0 60, W118: TRMT1X° Sucrose vs
TRMT1K0 3 replicates quinine < 0.0001 (****)
+sucrose
wi1s . 0.1+0.0
TRMT1K0
+quinine
witis . 0.9+0.0 70, W118: TRMT15'6FP Sucrose vs
TRMT1sGFP 3 replicates quinine < 0.0001 (****)
+sucrose
wi1s . 0.2+0.0
TRMT1stFP
+quinine
3.83C w18 0.9+0.0 76, Non normal distribution
+sucrose 3 replicates Kruskal-Wallis ANOVA
W'"18 Sucrose vs quinine
< 0.0001 (****)
wrie 0.0+£0.0
+quinine
witis . 0.8+0.1 77, W118: TRMT1KO0f Sycrose vs
TRMT1KOof 3 replicates quinine < 0.0001 (****)
+sucrose
wi1s . 0.0+£0.0
TRMT1KO/Df
+quinine
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Figure 3.S5

Panel Genotype Normalized n (replicates) | P value (significance)
GFP (%)
Mean * SD
3.S5B TRMT1sfeFP -1 100 + 16.8 4 Normal distribution (Shapiro-
repo-Gal4/+ Wilk)
Equal variance
Unpaired t-test
TRMT1/6FF/+ | 40.1 £12.5 4 0.0012 (**)
; repo-Gal4/
UAS-TRMT1
RNAi
Panel Genotype Average GFP | n (cells, P value (significance)
Intensity (%) animals)
Mean * SD
3.85C TRMT1S/GFP - 1100 + 31.3 30, Non normal distribution
repo-Gald/+ 3 animals
Mann Whitney t-test
TRMT1s/6FF/+ | 30.4 + 16.1 30, <0.0002 (****)
; repo-Gal4/ 3 animals
UAS-TRMT1
RNAi
Panel 3.S5F

TRMT1 RNAI cell-type screen comparisons are between each Gal4 control and RNAi control to
the TRMT1 RNAI x respective Gal4 line

Panel Genotype Bouton # n (NMJs, P value (significance)
animals)

3.S5F W', UAS- | 23.3+0.6 75, Non normal distribution
TRMT1 RNAi 16 animals
/+ Kruskal-Wallis ANOVA test with
(RNAI control) Dunn’s multiple comparisons
W18 act5C - | 22.3 £0.7 62, W18 act5C-GAL4/+ vs RNAI
GAL4 /+ 12 animals control  >0.9999 (ns)
W18 UAS- 16.8 £ 0.6 57, < 0.0001 (ns)
TRMT1 RNAi 11 animals
/+ ; actsC- W' UAS-TRMT1 RNAi / +
GAL4/+ ;actbC-GAL4/+ vs RNAI control

<0.0001 (****)

W1'8: repo- 227+0.8 51, W18 repo-GAL4/+ vs RNAI
GAL4 /+ 11 animals control  >0.9999 (ns)
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W18 UAS- 159+ 0.6 52, <0.0001 (****)
TRMT1 RNAi 12 animals
/ +; repo- W'"18: UAS-TRMT1 RNAi / +
GAL4/+ ;repo-GAL4/+ vs RNAI control
<0.0001 (****)
C155-Gal4/+; | 25.3+1.0 40, C155-Gal4/+ vs RNAI control
/+ 12 animals >0.9999 (ns)
C155-Gal4; 25.2+0.9 45, >0.9999 (ns)
UAS-TRMT1 12 animals
RNAI / + C155-Gal4; UAS-TRMT1 RNAi
/+ vs RNAI control >0.9999
(ns)
W'118; 24B- 23.1+0.7 56, W18 24B-GAL4/+ vs RNAI
GAL4 /+ 11 animals control >0.9999 (ns)
W18 UAS- 249+0.8 51, <0.0001 (****)
TRMT1 RNAi 12 animals
/+; 24B- W18 UAS-TRMT1 RNAi / + ;
GAL4/+ 24B-GAL4/+ vs RNAI control
<0.0001 (****)
3.85G W18 - repo- | 26.8 + 0.6 49, Normal distribution (Shapiro-
Gal4/+ 10 animals Wilk)
(control) Equal variance
One Way ANOVA test with
Tukey multiple comparisons
W18 UAS- | 26.7 £0.6 52, 0.9971 (ns)
V5- 10 animals
TRMT1 ;
repo-Gal4/+
W18 - UAS- | 25.2+0.6 54, 0.1478 (ns)
TRMTT1 ; 10 animals
repo-Gald/+ w18 - UAS-TRMT1 ; repo-
Gal4/+ vs W''"8 ; UAS-V5-
TRMT1 ; repo-Gal4/+
0.1617 (ns)
Panel Genotype, PER n (animals) P value (significance)
+tastant Mean * SD
3.S5H W18 - repo- | 0.8 £0.0 73, Non normal distribution
Gal4 (control) 3 replicates Kruskal-Wallis ANOVA
+sucrose Tukey’s multiple comparisons

W18 .- repo-Gal4 (control)
Sucrose vs quinine < 0.0001

(****)
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W18 - repo- | 0.1 £0.0
Gal4 (control)
+quinine
wrte 0.9+0.0 74, W18 » TRMT1K9KC;repo-Gal4/+
TRMT1KOKO 3 replicates Sucrose vs quinine < 0.0001
repo-Gal4/+ (****)
+sucrose
wrte 0.1+£0.0
TRMT1KOKO
repo-Gal4/+
+quinine
wrte 0.9+0.0 71, W18 : TRMT1K9KC;repo-Gal4/
TRMT1KO/KO - 3 replicates UAS-TRMT1
repo-Gal4/ Sucrose vs quinine < 0.0001
UAS-TRMT1 (****)
+sucrose
wrte 0.1+£0.0
TRMT1KOKO
repo-Gal4/
UAS-TRMT1
+quinine
Figure 3.S6
Panel Genotype Bouton # n (NMJs, P value (significance)
animals)
3.86D wrte . 274+0.7 51, Normal distribution (Shapiro-
56F03-Gal4 10 animals Wilk)
(control)
One Way ANOVA test with
Tukey’s multiple comparisons
wrte 19.8 £ 0.6 46, <0.0001 (****)
TRMT1K0O/KO . 9 animals
56F03-Gal4/+
wrte 27.2+0.7 50, 0.9564 (ns)
TRMT 1KO/KO - 10 animals
56F03-Gal4/ W18 TRMT1KO/KO; 56F03-
UAS-TRMT1 Gal4/+ vs
W18, TRMT1KOKO; 56F03-Gal4/
UAS-TRMT1 < 0.0001 (****)
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CHAPTER 4

DISCUSSION AND FUTURE DIRECTIONS
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ABSTRACT

The field of tRNA research has expanded from single-cell organisms to more complex
mammalian systems to understand the dynamic role of these small adaptors that
facilitate translation. Proper tRNAs function and stability is reliant on post-transcriptional
modifications that can range from a single methyl group to the complex combinations of
modifications that occur at the wobble position. Disrupted post-transcriptional tRNA
modification has been linked to numerous cancers and neurodevelopmental disorders.
While engineered tRNAs are being developed as potential therapeutics; the investigation
of tRNA modifying enzymes is an exciting new area of clinical translational research. |
highlighted four tRNA methyltransferases linked to disease and the potential to remodel
biology through tRNA modifying enzymes ( )- In subsequent chapters, | used a
CRISPR gene editing approach in Drosophila, a robust model organism, to study the
impact of disrupted tRNA methylation in the nervous system. | focused on TRMT9B, a
putative tRNA methyltransferase and one of two homologs of the yeast wobble uridine
methyltransferase Trm9. TRMT9B negatively regulates synaptic growth and function
through methyltransferase-dependent and -independent postsynaptic mechanisms,
respectively, but does not methylate wobble uridines ( )- To date, its
biochemical function remains a mystery. | also studied TRMT1, which has been linked to
intellectual disability in a growing number of patients, and discovered that TRMT1
functions in ensheathing glia to modulate synaptic growth and memory formation

( ). Here, | will discuss both tRNA methyltransferases in the nervous system in
the broader perspective of RNA biology and the contribution of glia-neuron interactions.
Finally, | discuss project directions for further exploration of the role of tRNA

methyltransferases in the nervous system.
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THE TRMT9B PARADOX

Although enriched in the nervous system, to date TRMT9B has been primarily studied in
the context of cancer outside the nervous system. High TRMT9B expression in lung,
breast, ovarian, and colorectal cancer tumors correlates with improved patient survival
(Begley et al, 2013; Chen et al, 2017; Flanagan et al, 2004; Voeghtly et al, 2012; Wang
et al, 2018; Wang et al, 2017). Cancer cell lines expressing ectopic human TRMT9B
showed decreased tumor growth under hypoxic conditions and a recent study found that
TRMTOB is regulated by an mitogen-activated-protein kinase signaling cascade (Begley
et al., 2013; Gu et al, 2018). While the biochemical function of TRMT9B is unknown, the
evolutionary conservation of TRMT9B from yeast to human, makes TRMT9B an
attractive candidate to study in flies (Hogan et al, 2023; Towns & Begley, 2012).
Generation of an in vivo genetic model opened the door to exciting new research to

discover its mysterious function.

We identified and developed the first in vivo loss-of-function model for TRMT9B. We
found TRMT9B to be a new regulator of synapse formation and function in Drosophila

( , (Hogan et al., 2023)). Based on mass spectrometry analysis of bulk RNA
nucleosides, TRMT9B is dispensable for the canonical tRNA wobble uridine methylation
carried out by its yeast homolog Trm9. Consistent with current literature, we found that
this role is carried out by TRMT9B paralog ALKBH8. These results raised the question of
whether TRMT9B functions as a methyltransferase or plays a non-enzymatic role. Our
structural modeling studies suggest TRMT9B retains methyltransferase function and in
vivo disruption of key methyltransferase residues prevents TRMT9B rescue of synaptic
overgrowth, but not neurotransmitter release. These findings reveal two distinct roles for
TRMTOB in the nervous system and point to the functional evolution of Trm9 homologs

in metazoans. Our TRMT9B research provides a strong foundation to understand the
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role of TRMT9B in the brain. On-going and future biochemical studies using the in vivo

TRMT9BX° models may also assist in solving TRMT9B’s unknown biochemical function.

Loss of TRMT9B impacts neuronal translation

To investigate divergent and overlapping roles of the two metazoan Trm9 homologs in
the nervous system, we conducted unbiased whole brain RNA-Sequencing (RNA-Seq)
and global proteomic studies in TRMT9BX° and ALKBH8X® adult fly heads. Briefly,
proteomics studies in adult fly heads were conducted as described in , while
RNA-Seq was conducted through a contract research lab, Novogene using standard
lllumina pair-end sequencing. For analysis, proteins were normalized to transcript levels
to identify proteins with altered translation. Differentially expressed proteins were
identified as those with a p-adjusted value < 0.05 and a log2fold change cut-off of > 0.5
(upregulated) and < -0.5 (downregulated). | conducted GeneOntology of differentially
expressed proteins to determine which biological processes or molecular functions were
impacted by loss of each protein. For a preliminary analysis, | focused on the top 5
independent GO terms for upregulated and downregulated proteins in TRMT9BXC (

) and ALKBH8X® adult head proteomes ( ).

My preliminary analysis suggests that both TRMT9B and ALKBHS8 regulate nervous
system function through the regulation of translations. Specifically, upregulation of
known regulators of synaptic plasticity and neurotransmission (Arc1, VGAT, Futsch),
phototransduction signaling opsins (Rh6), and increased sensory perception markers
(odorant binding proteins Obp19a, Obp83a) were observed in the absence of TRMT9B
( ). Similar to yeast Trm9 (Begley et al, 2007; Deng et al, 2015), ALKBH8°
showed downregulation of biological processes and components associated with

translation, including many ribosomal subunit proteins. These changes were not
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observed in TRMT9B mutants, indicating a divergent role. Based on the RNA-Seq and
proteomic differences, it will be of interest to also investigate if ALKBH8 rescues

TRMT9B phenotypes described in

We further explored the proteomic datasets for evidence that TRMT9B methylates a
subset of Trm9-dependent codons. In yeast lacking Trm9, dysregulated proteins are
enriched for GAA and AGA codons and GAA/AGA clusters (Deng et al., 2015). For
proteins exhibiting decreased translation in our TRMT9BX° samples, | analyzed codon
enrichment to identify potential TRMT9B-dependent tRNAs using a previously reported
approach (Begley et al., 2007). Interestingly, my preliminary analysis showed that GGA
(Z-score of 0.198, p-value of 0.0043) and AAA (Z-score of 0.106, p-value < 0.0006) are
over-represented in proteins downregulated in the absence of TRMT9B ( )-
Refined codon analysis will be required to investigate the impact of clusters of specific
codons. This analysis will complement on-going research which supports tissue-specific
codon enrichment (Allen et al, 2022). Alternative methods to identify codons dependent
on TRMT9B include codon reporters in Drosophila (Hudson et al, 2021; Stewart et al,

2024).

This preliminary codon analysis supports a model in which TRMT9B methylates a small
subset of tRNAs that we were unable to observe in our bulk RNA analysis. Excitingly,
our endogenously tagged line provides the opportunity to determine if TRMT9B interacts
with specific tRNA isodecoders or tRNA fragments in vivo. Preliminary RNA-
immunoprecipitation studies using a 3XFLAG-tagged TRMTOB line did not detect RNA
(data not shown). In contrast, 3XFLAG-tagged TRMT9B system efficiently
immunoprecipitated TRMT112, the homolog of obligate yeast Trm9 co-factor Trm112, in

protein immunoprecipitation mass spectrometry (IP LC-MS) experiments (Gu et al.,
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2018). RNA immunoprecipitation studies using a different tagged approach (endogenous
C-terminal sfGFP TRMT9B) may provide improved pull-down efficiency for future
studies. Alternatively, future sequencing approaches with improved library preparation
that take into account steric hindrances from to tRNA modifications (Behrens &
Nedialkova, 2022; Behrens et al, 2021; Hu et al, 2021; Scheepbouwer et al, 2023). To
complement the multi-omics approach, | would also conduct cell-specific ribosomal
profiling (Chen & Dickman, 2017, 2021) in neurons. | expect to identify proteins
associated with synapse formation that may open new avenues for in vivo genetic

interaction studies.

A mysterious methyltransferase with unknown biochemical function

It is also possible that TRMT9B has evolved to methylate a non-tRNA substrate. Recent
research has shown broad substrate expansion for Class | S-adenosyl-L-methionine
(SAM)-dependent methyltransferases (Abbasi-Moheb et al, 2012; Chellamuthu & Gray,
2020; Chen et al, 2011; Xu et al, 2017). For example, DNA methyltransferase 2 and
tRNA methyltransferases 10A methylate both DNA/RNA and mRNA/tRNA, respectively
(Jeltsch et al, 2017; Ontiveros et al, 2020). Additionally, lysine methyltransferase 9, a
SAM-dependent methyltransferase that methylates a tRNA mimic, was recently found to
also methylate H4 lysine 12 with the co-factor TRMT112 (Metzger et al, 2019). We have
established collaborations with Dr. Kevin Clark at Tufts University and Dr. Simone Sidoli
and Dr. Chandan Guha at Albert Einstein College of Medicine to assess if TRMT9B
methylates ribosomal RNA or small proteins through high resolution mass spectrometry

approaches, respectively.

While evolution of a non-tRNA substrate is an exciting possibility to examine; TRMT9B

may also serve as scaffolding-protein. Our genetic studies elucidated that TRMT9B
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regulates synaptic growth and neurotransmission through a methyltransferase domain
dependent and independent postsynaptic mechanisms, respectively ( , (Hogan
et al., 2023)). In Drosophila, careful coordination of pre- and post-synaptic proteins are
required to maintain synapse plasticity and function (Ataman et al, 2006). If TRMT9B
acts as a post-synaptic scaffolding protein, identifying and evaluating protein partners
from the pilot protein IP LC-MS data collected using the 3XFLAG-tagged TRMT9B
system and which pulled-down TRMT112, triaging for any known post-synapse proteins
or signaling mechanisms. This proteomics data set could also be reinforced with IP LC-
MS data from pan-neuronal overexpression of our V5-tagged wild-type TRMT9B or V5-
TRMT9B with a disrupted methyltransferase domain (TRMT9BMP) transgene system to
distinguish protein partners specific to synaptic growth and neurotransmission. Improved
Drosophila adult head sample preparation strategies, ranging from adult brain
dissections to detergents, may enrich proteomics obtained from central nervous system
tissue from cuticle/fat body (Depner et al, 2014; Lutzkendorf et al, 2025; Nuwal et al,

2011; Owald et al, 2010; Perlegos et al, 2022; Zhang & Nezis, 2022).

The role of TRMT9B in the central nervous system

Future genetic and biochemical studies will be important for further explore the distinct
role of TRMT9B in the central nervous system compared to ALKBHS. In flies, mice and
human, ALKBH8-driven tRNA methylation modulates selenoprotein synthesis and
promote cellular homeostasis (Fu et al, 2010; Madhwani et al, 2024; Songe-Moller et al,
2010). Previous work from our lab demonstrates that ALKBH8 regulates oxidative stress

to promote synapse development and memory (Madhwani et al., 2024).

A recent study demonstrate that the disordered C-terminal domain of TRMT9B is a

downstream substrate of the oxidative stress-activated mitogen-activated protein kinase
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kinase-extraceullar signal regulated kinase-ribosomal protein S6 kinase (MEK-ERK-
RSK) signaling cascade (Gu et al., 2018). While mammals have four RSK isoforms,
Drosophila have one (SK6lI), which has been used as a model system to study the X-
linked intellectual disability disorder Coffin-Lowry syndrome (Fischer & Raabe, 2018;
Putz et al, 2004; Zeniou et al, 2002). Notably, SK61l was found to be required for
restraining synaptic growth (Beck et al, 2015), similar to TRMT9B, and promoting

learning and memory (Putz et al., 2004).

To assess memory in the absence of TRMT9B, | turned to the aversive gustatory
memory assay, described in . Under basal conditions, all lines demonstrate
preference for sweet tastants over bitter tastants as expected ( ). | trained flies to
associate sweet tastants presented to their tarsi (legs) with a bitter tastant to their
proboscis. Following training, wild-type flies exhibit a low proboscis extension reflex
(PER) when tested with a sweet tastant (Amrein & Thorne, 2005; Kirkhart & Scott, 2015;
Madhwani et al., 2024; Masek & Scott, 2010; Scott, 2005). In TRMT9BX° flies, the PER
was not suppressed, indicating impaired learning and/or memory compared to wild-type
( ). Reexpression through our endogenous tag (TRMT9B") approach or through
expression of either wild-type TRMT9B or TRMT9BM™® in all neurons restored memory
formation ( ). These preliminary experiments suggest that TRMT9B’s role in
learning and memory is methyltransferase-independent. To assess conservation from
flies to human, we generated a human TRMT9B transgene. Excitingly, reexpression of
human TRMT9B also restored memory in preliminary experiments ( ), and
supports conservation of function. Future genetic interaction studies to determine if
TRMTO9B functions in a pathway with S6KII/RSK to regulate memory will be of interest.

Overall, the genetic tools and findings detailed in and here demonstrate
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TRMTO9B’s key roles in the nervous system and exciting new opportunities for further

exploring underlying cellular mechanisms and defining TRMT9B’s biochemical function.

TRMT1-DRIVEN TRANSLATION IN GLIA MODULATES NERVOUS SYSTEM
DEVELOPMENT AND FUNCTION

The emergence of links between the tRNA methyltransferase, TRMT1, and disrupted
neurodevelopmental in humans led us to study its in vivo role in the nervous system
using a Drosophila model. | found that loss of TRMT1 in ensheathing glia leads to
reduced synapse formation and memory impairment ( ). Global nervous system
proteomic changes in the absence of TRMT1 point to dysregulated translation of glial
pathways, including metabolic homeostasis and phagocytosis. Our data demonstrate
Drosophila as a tractable in vivo model system to understand TRMT1’s role in the
nervous system and suggest disrupted glia-neuron interactions may underpin clinical
TRMT1-linked intellectual disability. Building on our foundational studies, it will be of
interest to assess synaptic plasticity through electrophysiological assays and to define
TRMT1 protein localization in the adult central nervous system. While synaptic growth
and memory impairment observed in TRMT1 null alleles were linked to ensheathing glia
through TRMT1"N screens and UAS/Gal4 system for glial subcell types; further
localization studies to determine if TRMT1 drives translation in other cell types will be of
interest. | would use a genetic approach to co-express our endogenous tagged

TRMT15'°FF with a UAS-mCherry reporter with glial subcell Gal4 drivers.

Glia-neuron interactions modulating synapse function
Drosophila ensheathing glia are similar to mammalian oligodendrocytes and microglia

(Freeman & Doherty, 2006). Ensheathing glia are critical for the formation of a diffusion
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barrier around synaptic neuropils (Pogodalla et al, 2021). While ensheathing glia were
recently shown to regulate neuronal activity, through glutamate homeostasis (Otto et al,
2018), their primary function is phagocytosis. These specialized cells engulf synapse to
maintain function and connectivity through phagocytosis pathways during injury (Bittern
et al, 2021; Freeman & Doherty, 2006; Logan et al, 2012; Macdonald et al, 2013;
McLaughlin et al, 2019; Purice et al, 2017; Yildirim et al, 2019) and critical periods in
development (Hilu-Dadia & Kurant, 2020; Jindal et al, 2023; Manaka et al, 2004;
McLaughlin et al., 2019; Nelson et al, 2025). Based on the TRMT1X° proteomics and
endogenous TRMT1 localization studies, future evaluation of upregulated phagocytic
receptors, NimC1 and Eater, would add value to understanding ensheathing glia and

glia-neuron communication that regulates synapse formation and memory.

We obtained an overexpression line of an upregulated phagocytic receptor, Eater from
the Bloomington Drosophila Stock Center. Future investigations could investigate if
overexpression of Eater phenocopies TRMT1 synaptic growth or memory phenotypes.
Recent work in Drosophila has also linked disruption of another phagocytic receptor
Draper to neurodegeneration and dysregulation of the innate immune system by
monitoring vacuolization in the adult brain (Elguero et al, 2023; Liu et al, 2024). The
TRMT1%° proteomics dataset supports dysregulation of the immune system, further
evaluating morphology changes in the brain in the absence or overexpression of TRMT1
could provide further insight into TRMT1-linked phagocytosis. To study synapse pruning
in TRMT1%© adult flies, we have also established collaborations with Dr. Heather Broilier

at Case Western University.
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TRMT1-dependent modifications impact neuronal translation

In addition to understanding genetic interactions and potential molecular mechanisms, it
would be of interest to further understand TRMT1-driven translation. TRMT1 is
responsible for the m2,2G modifications on many nuclear and mitochondrial tRNAs;
however, in flies we see only partial localization with mitochondria at the ventral nerve
cord. It would be of interest to determine which mitochondrial tRNAs are modified by
Drosophila TRMT1 by primer extension assays. Reverse transcriptase extension is
blocked based on the steric hindrance of tRNA modifications. In RNA isolated from
TRMT1%° adult fly heads compared to control, | would expect to see reverse
transcription read through for tRNAs associated with TRMT1 driven m2,2G
modifications. Recently 22 mitochondrial tRNAs in Drosophila were identified and
annotated; reported 2-dimensional structures are mostly unknown (Marygold et al,
2022). Alternative to generation of multiple primers per each tRNA containing a
guanosine at position 26, we could investigate modified Drosophila tRNAs through an
RNA-Seq approach aimed at improved tRNA library preparation (Behrens & Nedialkova,
2022; Behrens et al., 2021; Hu et al., 2021; Lucas et al, 2024; Scheepbouwer et al.,

2023; Zhang et al, 2025).

To complete the investigation of TRMT1’s effect on global mRNA translation, | would
complement whole brain proteomics data with RNA-Seq studies and cell-specific
ribosomal profiling (Chen & Dickman, 2017, 2021) in glia. | expect identified proteins will
provide further insight into how the regulation of translation in ensheathing glia impacts
synaptogenesis and memory. Finally, we established a collaboration with Dr. Erik
Storkebaum in Radboud University to further understand global changes in proteomics
in the absence of TRMT1 using fluorescent non-canonical amino acid tagging (FUNCAT)

approach (Niehues et al, 2015).
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Using Drosophila a model organism to investigate TRMT1-associated intellectual
disability

Drosophila is a flexible model system to study human disease (Chow, 2016; Chow &
Reiter, 2017). Studies conducted in the TRMT1 null model are robust and 7 of 11
reported TRMT1 methyltransferase domain missense mutations are conserved in flies

( , (Efthymiou et al, 2025)). To determine the impact of the human pathological
variants on nervous system development, | would generate (1) human TRMT1
transgenes for cell-specific rescue and (2) introduce TRMT1 patient mutations into the
Drosophila TRMT1 locus along with an endogenous tag for following protein localization.
| would determine how patient variants impact (1) synaptic growth, synapse function,
and short-term memory, (2) TRMT1-patient variant protein stability and localization, and
(3) tRNA modifications, tRNA binding, and translation. Work in a TRMT1 null and
TRMT1-linked patient mutations could also be used to evaluate other phenotypic
changes in flies. My preliminary characterization of TRMT1 null flies indicates smaller
body size (data not shown) and increased lifespan ( ). With age, | find that
TRMT1%° flies demonstrate a seizure-like phenotype (data not shown). Further
evaluation of seizure through mechanical or temperature sensitivity assays (Mituzaite et
al, 2021) as well as baseline activity through Drosophila Activity Monitors (DAM)
(Pfeiffenberger et al, 2010; Vecsey et al, 2024) will be of interest. At the larval stage, no
changes in locomotion were observed (data not shown). As adults, at 1 week old TRMT1
null flies show impaired locomotor function (climbing ability), although over time, TRMT1
null flies show improved climbing compared to wild-type flies ( )- We
established a collaboration with Dr. Dragony Fu to translate our insights from Drosophila
to human iPSC-derived cells and organoids. Together, these experiments will yield
critical insight into the role of tRNA modification in the nervous system and may identify

candidate targets for therapeutic intervention in TRMT1-associated intellectual disability.
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CONCLUSIONS

Despite their size, ~70-90 nucleotides, tRNA are small but mighty. A growing number of
rare tRNA-linked neurodevelopmental disorders have been reported (Abbasi-Moheb et
al., 2012; Blocquel et al, 2019; Chujo & Tomizawa, 2025a, b; Efthymiou et al., 2025;
Monies et al, 2019; Nagayoshi et al, 2021; Sauter et al, 2015; Storkebaum, 2016;
Suzuki, 2021; Zhang et al, 2020). The underlying molecular mechanisms and reasons
for the disproportionate effect on nervous system development and function are poorly
understood. tRNA modifying enzymes are highly conserved between Drosophila and
humans, providing an exciting opportunity to study how tRNA function is critical to
nervous system development. Drosophila studies benefit from extensive genetic tools
and a compact nervous system that regulates complex behaviors. Our findings provide
insights to the role of a putative tRNA methyltransferase, TRMT9B, which promotes
synapse development and function through independent mechanisms. We also found
that TRMT1-driven glia-neuron communication is critical for synapse and memory
formation. The findings, genetic tools, and multiple-omic datasets in this study advance
our understanding of the role of tRNA methyltransferases in the nervous system and

establish a path for future in vivo investigations of tRNA modifying enzymes.
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Figure 4.1. Multi-omics approach to study ALKBH8 and TRMT9B in the nervous

system

A-B. Trimmed top 5 distinct GeneOntology categories for differentially expressed

proteins (|log2fold change| > 1, p-adj < 0.05) in TRMT9B° (A, blue) and ALKBH8° (B,

black) adult heads.

C. Volcano plot of differentially expressed proteins (DEP) in TRMT9BX® adult heads.

D. Preliminary Trm9 codon enrichment of downregulated proteins in TRMT9*° heads.
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Figure 4.2. TRMT9B promotes short-term memory in a methyltransferase domain
independent mechanism

A. All genotypes show expected Proboscis Extension Reflex (PER) or preference when
presented with sucrose (solid fill) or quinine (hatch fill). Data points represent the
average PER of three biological replicates (w''"%: 69, TRMT1"4*/°: 63, TRMT1"4: 68)
from > 20 biological replicates/genotype/experiment. Non parametric with Kruskal-Wallis
multiple comparisons ***P < 0.0001 and ns > 0.9999.

B. Quantification of PER suppression of wild type (light grey), TRMT174*/° (light blue),
and TRMT 1" rescue (light orange) flies. Data points represent average PER
suppression of three biological replicates (w''"8: 57, TRMT1"4*C. 54, TRMT1": 56) from
> 12 biological replicates/genotype/experiment. ANOVA with Tukey’s multiple
comparison ****P < 0.0004, ns = 0.4778.

C.Quantification of PER suppression of C155/+ (dark grey), TRMT1"4*¢0 (dark blue),
and pan-neuronal TRMT9B rescue, pan-neuronal TRMT9B methyltransferase dead and

pan-neuronal human TRMT9B rescue (dark orange) flies. Data points represent PER
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suppression of two independent experiments (C155/+: 85, C155/+;; TRMT1"A*¢K0 g7
C155/+;; TRMT1%°/ UAS-TRMT9B, TRMT9B"*/° 65, C155/+;; TRMT 1%/ UAS-
TRMT9BM™® TRMT9B"*'C 39; C155/+;; TRMT1“°/UAS-human TRMT9B, TRMT9B"*/
38) from > 15 biological replicates/genotype/experiment. Non parametric with Kruskal-

Wallis multiple comparisons ****P < 0.0001 and ns > 0.9999.
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Figure 4.3. TRMT1 impacts lifespan and adult locomotor function

A-B. (A) TRMT1%° in males (blue, solid line, N = 284, mean survival of 59 days) extends
lifespan by 55% compared to wild-type (grey, solid line, N = 294, mean survival of 38
days; Log-rank ****P <0.0001). (B) TRMT1%© in females (blue, dashed line, N = 291 flies,
mean survival of 65 days) shows an 8% change in lifespan compared to wild-type (grey
dashed line, N = 286 flies, mean survival of 65 days; Log-rank **P = 0.0044)

C. Quantification of adult locomotor function by a climbing performance index (PI). At 1
week TRMT 1% flies show decreased climbing ability at week 1 and improved climbing
with age in males (C) and females (D) compared to controls. (Males: Multiple Man-
Whitney tests ****P <0.0001, **P <0.0091, *P <0.0171, and ns = 030646; Females:

Multiple Man-Whitney test ***P = 0.0009, **P =0.0056, *P = 0.0157, and ns >0.2072).
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