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Long viewed as an intermediary in protein translation, there
is a growing awareness that tRNAs are capable of myriad other
biological functions linked to human health and disease. These
emerging roles could be tapped to leverage tRNAs as diagnostic
biomarkers, therapeutic targets, or even as novel medicines.
Furthermore, the growing array of tRNA-derived fragments,
which modulate an increasingly broad spectrum of cellular
pathways, is expanding this opportunity. Together, these mol-
ecules offer drug developers the chance to modulate the impact
of mutations and to alter cell homeostasis. Moreover, because a
single therapeutic tRNA can facilitate readthrough of a genetic
mutation shared across multiple genes, such medicines afford
the opportunity to define patient populations not based on
their clinical presentation or mutated gene but rather on the
mutation itself. This approach could potentially transform the
treatment of patients with rare and ultrarare diseases. In this
review, we explore the diverse biology of tRNA and its frag-
ments, examining the past and present challenges to provide a
comprehensive understanding of the molecules and their
therapeutic potential.

Since their initial description in 1958, tRNAs have largely
been viewed as intermediaries in the translation of the genetic
code into proteins. Recent research, however, continues to
reveal that although protein translation is their predominant
role, tRNAs perform many more functions within the cell,
dictating both health and disease. The growing understanding
of the origins and relevance of small noncoding RNAs that
result from tRNA fragments has further expanded our un-
derstanding of the diversity of tRNA biology (1-3). These
studies revealed that tRNA-derived fragments (tRFs) were not
simply degradation intermediates of tRNA turnover but were
instead processed precisely with distinct expression patterns,
suggesting possible functions in cell biology. As detailed later
(see also review by Qi Chen and Tong Zhou in this issue), the
array of cellular functions and correlations with human disease
have only grown, expanding the therapeutic potential of tRFs
and by extension, tRNAs.

The central role of tRNA in so many biological processes,
including protein translation, makes it an attractive molecule
for therapeutic development, offering researchers an oppor-
tunity to control an array of functions with a single molecule.
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The mechanisms by which tRNAs function also offer an op-
portunity to intervene in human health in ways unlike other
DNA- and RNA-based therapies that aim to replace or
modulate the activity of specific genes (Table 1).

The codon—anticodon pairing between tRNAs and mRNA
transcripts means that a single tRNA medicine could poten-
tially modulate the impact of a shared genetic mutation in-
dependent of the gene in which that mutation resides or where
within the gene it is located (Fig. 1A). From a clinical
perspective, using a single tRNA medicine to treat multiple
and varied disorders would be transformative, enabling the
novel grouping of patients based on their underlying mutation,
rather than their clinical presentation or the identity of the
mutated gene (Fig. 1B). This approach would impact clinical
care and patient lives by enabling more tenable and
commercially viable drug development for unaddressed rare
and ultrarare diseases that currently have no or few treatment
options.

Therapeutic potential of tRNAs

The therapeutic potential of tRNAs is already being actively
explored, building on decades of research insights. Mutations
within protein coding sequences can disrupt translation by
altering the sequence from an amino acid codon to a stop
codon (premature termination codon or PTC mutations),
deleting or inserting nucleotides to shift the translational
reading frame (frameshift or FS mutations), or changing a
codon to trigger incorporation of a different amino acid
(missense or MS mutation) (Fig. 2). These mutations lead to
the production of sequence- and/or length-altered proteins,
changes that impact the protein’s expression, stability, and
function and that potentially translate to disease pathology.
Engineered tRNAs could be a universal all-in-one tool to
address each of these mutations during translation by intro-
ducing the appropriate amino acid at the mutation site to read
through the PTCs, adjust the reading frame disrupted by the
FS mutation, or correct the MS mutation, allowing the resto-
ration of the wildtype polypeptide (Fig. 2).

Stop codon tRNA medicines

In attempting to overcome PTC mutations, one also has to
consider the influence of these genetic alterations on a natural
mRNA quality control mechanism known as nonsense-
mediated mRNA decay (NMD) (reviewed in Refs. (4-6)).
This  translation-dependent  surveillance = mechanism
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Table 1

Unique features of tRNA medicines as compared with other RNA modalities

Therapeutic mechanism siRNA

& application

mRNA

tRNA

tRF

Mechanism of action Targets specific RNAs
for degradation

Fully leverages endogenous
control pathways

Each disease target

requires full development

Control of target gene
expression

Addressable patient
population for each

Provides a functional mRNA

Encodes in the
exogenous mRNA

Each disease target
requires full

Functionally corrects/recodes
endogenous mutation

Fully leverages endogenous
control pathways

Addresses entire class of
mutations independent

Generally regulates
biological pathways

Fully leverages endogenous
control pathways

Depends on biological
application

medicine development of nature of gene/protein
Specifications siRNA mRNA tRNA tRF
Drug substance/RNA Full scope of combinatorial Primary sequence and Full scope of combinatorial Full scope of combinatorial
optimization sequence and modification higher order structure sequence and modification sequence and modification
exploration optimizes design restricts encoded exploration optimizes exploration optimizes
drug properties* protein sequence and drug properties drug properties*
translationally
competent modifications
Size Small (<25 nucleotides Hundreds to Relatively small Small (<40 nucleotides)
for single strand) thousands of nucleotides (<100 nucleotides)
Synthesis Chemical Enzymatic Chemical Chemical
Enzymatic Enzymatic
Delivery Nanoparticle Viral Nanoparticle Viral Nanoparticle Nanoparticle
Conjugation Viral Viral
Conjugation Conjugation

A comparison of the molecular mechanisms of action, addressable patient population, and modality design and delivery parameters across RNA modalities, namely siRNA, mRNA,

tRNA, and tRFs.
* With restrictions based on complementarity to target.

accelerates the destruction of some PTC-encoding mRNAs to
limit the cellular impact of the expression of truncated and
potentially toxic proteins. A PTC-reading tRNA therapeutic
could potentially act at two levels—enabling the synthesis of
full-length proteins and restoring native mRNA levels for
continued translation through inhibition of the NMD pathway.

Also of concern is the realization that both PTCs and nat-
ural termination codons (NTCs) rely on the same triplet

sequences—UAA (ochre), UAG (amber), and UGA (opal)—to
terminate translation. This limitation raises the possibility that
any effort to overcome a given PTC might increase the like-
lihood of also inducing readthrough of corresponding NTCs,
whether in the same transcript or in other transcripts (Fig. 2).
Fortunately, several studies have shown that a number of
environmental factors influence termination efficiency and
thereby the “strength” of the termination codon, allowing

A Each tRNA medicine addresses a specific mutation B
independent of the gene mutated or the location
of the mutation on the gene

UGA
oro () sl

tRNA medicines enable disease recategorization
based on underlying mutation

Diseases are traditionally organized
by clinical presentation and

A single tRNA medicine underlying causative gene A single tRNA medicipe
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Figure 1. Transformative clinical potential of tRNA medicines. A, a single tRNA medicine can readthrough a shared genetic mutation, such as a pre-
mature termination codon, across different genes independent of the mutation location along the transcript. B, the clinical impact of this modality feature
enables a novel grouping of patients, not based on their clinical presentation or on the identity of the gene mutated as is traditionally done, but based on
the underlying mutation patients carry. GSD, glycogen storage disease; HEM A, hemophilia A; HEM B, hemophilia B; MMA, methylmalonic aciduria; OTC,
ornithine transcarbamylase; PKU, phenylketonuria.
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Disease-associated mutation tRNA medicine Mechanism of action
Single nucleotide substitution tRNA engineered to Therapeutic tRNA decodes PTC
- Premature termination codon (PTC) recognize PTC* - Full-length WT protein synthesis
8
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® | Wildt
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Nucleotide(s) insertion or deletion tRNA engineered to Therapeutic tRNA decodes FS
- Frameshift (FS) recognize 4-nt codon* to restore reading frame
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Figure 2. Design and molecular mechanism of therapeutic tRNAs for genetic mutation correction. Examples of disease-inducing mutations (first
column) that can be treated with unique tRNA medicines (second column) and the mechanism of action (third column) by which this occurs.

differentiation of PTCs and NTCs ((7); reviewed in Ref. (8)).
These factors include translation factors that interact with the
mRNA and/or the ribosome, the sequence context around the
termination codon, the presence of splicing junctions, and the
general vicinity of the 3’ terminus of the mRNA. Efforts to
develop tRNA medicines that directly address PTCs while
limiting their impact on NTCs will require a systematic pre-
rescue and postrescue assessment of cellular proteomic in-
ventories, which should be programmed into the tRNA
medicine design.

The high incidence of PTC-induced diseases—responsible
for 5 to 15% of mutations linked to inherited diseases (www.
clinicalgenome.org/data-sharing/clinvar/)—has led to
concerted efforts to discover mechanisms to induce stop-
codon readthrough. To date, much of this effort has
centered on small molecules, such as the aminoglycoside an-
tibiotics like gentamicin and G418 and the oxadiazole ataluren
(reviewed in Ref. (9)), which alter the translational fidelity at
the ribosome’s decoding center. These molecules permit the
binding of near- and noncognate aminoacylated tRNAs (aa-
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tRNAs), reading through the PTC, and promoting elongation
of the growing polypeptide chain. A drawback with this
approach is that by engaging any aa-tRNA, the amino acid
incorporated into the protein at the site of mutation does not
necessarily reflect the wildtype residue. The resulting pool of
proteins will be a heterogenous mix of sequences, and the
mutated forms may be structurally and/or functionally altered.
Additional challenges relate to the potential impact on read-
through of NTCs and the overall integrity of the proteome
because of the possibility of miscoding, making it difficult to
balance drug efficacy and safety. Several of these compounds
induced ototoxicity (reviewed in Ref. (10)) and nephrotoxicity,
limiting their practical use (reviewed in Ref. (11)).

A better therapeutic would recognize the PTC itself and
then insert the correct amino acid at that site in the growing
peptide, thereby producing a full-length wildtype functional
protein. This precision medicine approach is enabled by the
natural role and function of tRNAs. Building on decades of
research into tRNA-based PTC readthrough, several groups
have engineered tRNAs to suppress PTC mutations. Because
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there are 19 amino-acid stop mutation combinations resulting
from a single nucleotide change that transforms a sense codon
into a stop codon, developing tRNA medicines to treat diseases
caused by stop codons has the potential to reclassify thousands
of genetic disorders into 19 amino-acid-stop codon diseases.

Lueck et al. (12) developed a high-throughput cell-based
assay to explore anticodon-engineered (ACE) tRNAs capable
of suppressing PTCs both in vitro and in vivo. When tran-
siently expressed in cells, several ACE-tRNA candidates pro-
moted PTC readthrough better than gentamicin or G418, and
ribosome profiling suggested that ACE-tRNAs selectively
suppressed PTCs over NTCs. Ko et al. (13) later showed that
ACE-tRNAs were able to suppress PTCs in the cystic fibrosis
transmembrane regulator (CFTR) gene and inhibit NMD,
restoring functional CFTR to levels that could produce a
therapeutic effect. Both studies showed that ACE-tRNAs could
be effectively delivered as complementary DNA (cDNA) or
RNA, expanding the potential delivery options. Furthermore,
stable genomic integration of ACE-tRNA expression cassettes
suppressed PTCs in a reporter construct without perturbing
cell morphology or growth rates, suggesting that persistent
ACE-tRNA expression was not toxic. Chen et al. (14) also
showed that a PTC-suppressing tRNA construct could inte-
grate into mouse genomes and efficiently transmit the new
gene to subsequent generations with no obvious impact on
animal health.

Albers et al. (15, 16) took a more systematic approach to
designing suppressor tRNAs, computationally selecting se-
quences likely to adopt optimal secondary and tertiary struc-
tures. They found that changing the anticodon loop did not
improve the efficiency of PTC suppression nearly as much as
changes in the TyC-stem, which interacts with translational
elongation factors, expanding our understanding of the role of
structural elements in PTC readthrough. Administering the
suppressor tRNAs in mice restored production of functional
proteins from genes bearing nonsense codons. Expression and
function of CFTR in cell systems and patient-derived nasal
epithelia was also restored.

tRNA medicine

This preclinical research has led a handful of companies to
explore the therapeutic potential of tRNAs that read through
stop codons. ReCode Therapeutics (https://recodetx.com/
science/) reported in vitro studies showing that its PTC-
suppressing tRNA (RCT223) was able to restore CFTR func-
tion in bronchial epithelial cells derived from cystic fibrosis
patients and was generally well tolerated in cell culture even
after repeated dosing (https://recodetx.com/recode-therapeut
ics-presents-preclinical-data-using-sort-Inptm-and-rna-platfor
ms-to-rescue-cftr-function-at-the-44th-european-cystic-fibros
is-conference-ecfs/). Shape Therapeutics (https://shapetx.
com/) has developed its RNAskip platform for PTC suppres-
sion, targeting stop codon mutations in MECP2 that cause Rett
Syndrome. Tevard Biosciences and hC Bioscience are also
leveraging tRNA technology to overcome stop codon muta-
tions, targeting Dravet syndrome (the SCN1A gene) and liver
cancer, respectively.

Working with Arcturus Therapeutics (https://arcturusrx.
com/rna-mrna-proprietary-technologies/), Ignatova et al.
(patent publication no.. WO 2019/175316) extended the
tRNA anticodon loop to accommodate two anticodon trip-
lets, the PTC and an adjacent codon, in the target mRNA.
The engineered aa-tRNA inserts the amino acid reflective of
the PTC-adjacent codon, resulting in a protein one residue
shorter than the wildtype analog. The double anticodon
should offer greater specificity for its target than a tRNA
only targeting a PTC, reducing the risk of off-target binding.
It would, however, limit the use of the tRNA to situations
involving a specific hexanucleotide sequence, increasing the
number of therapeutics required to address patient
mutations.

Alltrna’s platform (www.alltrna.com/#science; Fig. 3) uti-
lizes an automated and high-throughput screening infra-
structure and machine learning to program tRNAs. Starting
with a basic tRNA scaffold, the tRNA sequence is optimized
and chemically modified to achieve desired therapeutic fea-
tures, such as high activity, specificity and stability, lower
immunogenicity, and targeted biodistribution. A large dataset

tRNA medicine
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Figure 3. Taking a tRNA medicine from concept to programmable medicine. Iterative cycles of tRNA design and validation through clinical translation
inform the rules of programmable therapeutic features to create RNA medicines from a tRNA-based drug concept (such as engineered tRNAs, tRNA pools,

and tRNA fragments).
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produced from automated and high-throughput assays is used
to train and retrain machine learning models. These iterative
design cycles precisely generate high-performing tRNAs as
medicines. Focusing initially on PTC-reading tRNA medicines
to restore full-length wildtype proteins, Alltrna’s highly pro-
grammable platform can be adapted further to the design of
tRNAs for correcting FS and MS mutations, modulating tRNA
pools, or developing tRF-based medicines.

Frameshift and Missense tRNA medicines

Expansion of the anticodon loop is one strategy to overcome
FS mutations (17). The first sequenced FS-reading tRNA
inserted a cytosine immediately 5 of its CCC anticodon,
creating tRNASleCC (18). Sako et al. (19) tested the ability of
several quadruplet-anticodon tRNAs to correct an FS muta-
tion caused by a 26-nucleotide deletion in the COL a2 (VI)
gene, a mutation linked to Ullrich disease. Transfecting patient
fibroblasts with different constructs of FS tRNAPZ; increased
mRNA levels and restored expression of collagen VI a2 pro-
tein. Rodriguez et al. (20) used nonsense and FS tRNAs to
incorporate unnatural amino acids into a neuroreceptor
expressed in Xenopus oocytes. Although the overall efficiency
of the FS tRNAs—tRNAZ. . and tRNAME . ;. —was lower than
that of the tRNA that reads through stop codons, their effi-
ciency increased nonlinearly with the amount of injected
tRNA, suggesting competition with endogenous triplet-
recognizing tRNA.

Recently, DeBenedictis et al. (17, 21) engineered quadruplet
Escherichia coli (E. coli) tRNAs and then used phage-assisted
continuous evolution to improve translation efficiencies by
upward of 80-fold over the initial candidates. Many of the
“evolved” tRNAs were aminoacylated by their cognate ami-
noacyl tRNA synthetases and were able to translate adjacent
quadruplet codons. The group also showed that changes
outside the anticodon may be necessary to increase the effi-
ciency of translation by FS tRNAs.

Other models to overcome FS mutations have also been
suggested, including a wobble model where a triplet anti-
codon covers a quadruplet codon, and a slippage model
where a triplet anticodon shifts by one nucleotide along the
mRNA as the tRNA transitions from the ribosomal A site
to the P site (22). Fagan et al. (23) suggested that the ac-
tivity of FS tRNAs may be due to structural changes during
ribosome engagement rather than codon-anticodon
interactions.

As cognate tRNAs for MS-mutated codons already exist in
cells, treatment with tRNAs engineered to correct the MS
codon by inserting the amino acid found in the wildtype
protein may not be as straightforward as with PTCs.
Competing with the endogenous cognate tRNA risks inter-
ference with the translation, function, and stability of other
proteins using that codon. Thus, this approach may only be
useful under specific circumstances, such as when the MS
mutation creates a rare codon or when even low levels of
wildtype protein restoration can ameliorate disease symptoms
or pathology.

SASBMB
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In conditions like hemoglobinopathies, Hatfield et al. (24)
suggested it may be possible to introduce MS-suppressing
tRNAs to red blood cell precursors rather than systemically
to minimize the risks involved. Alternatively, post-
transcriptional modifications of the anticodon could impact
how the introduced tRNA competes for codon binding.

Future design efforts would require a much more thorough
understanding of the impact of sequence and post-
transcriptional modifications on tRNA structure and func-
tion, building on the vast natural libraries of tRNAs that
already exist. Similarly, an expanded understanding of the
sequence determinants for tRNA—-mRNA interactions on the
ribosome would facilitate the engineering of molecules with
greater specificity for the transcripts of interest and thereby
lessen the risks of off-target effects.

tRNA pools

The diversity of tRNA molecules and genes plays a signifi-
cant regulatory role in cell proliferation, differentiation, and
response to environmental cues, as the pool of any given tRNA
fluctuates under certain conditions to modulate the translation
of specific proteins (25). It is a supply-and-demand scenario,
where tRNA composition and abundance typically reflect the
codon usage of key mRNA transcripts. Several studies have
shown how the interplay between tRNA and codon abundance
directly impacts cellular function and can alter cell fate.

Dittmar et al. (26) noted that expression levels of individual
tRNAs can vary up to 10-fold between cell types and observed
a correlation between abundance and codon usage in highly
expressed tissue-specific genes. These tissue-specific patterns
can also be impacted by outside factors. Huang et al. (27)
found that the microbiome reprogrammed tRNA expression
patterns in four different human tissues and altered the post-
transcriptional modification profiles of the tRNAs.

Such changes can directly impact cellular function and
therefore health. Alterations in tRNA pools impact the tran-
sition of a cell from proliferation to differentiation states with
upregulated and downregulated tRNAs reflecting the codon
usage demands of the cell (28). Rak et al. (29) noted significant
changes in tRNA abundance and modifications during the
process of T-cell activation. Similarly, Goodarzi et al. (30)
showed that upregulation of specific tRNAs in cell culture
drives a proteomic shift toward a prometastatic state. In
addition, Santos et al. (31) showed that upregulating tRNA3%
levels in normal bronchial cells increased proliferation and the
transforming potential of the cells in vitro. These cells also
generated tumors when injected into mice. Pavon-Eternod
et al. (32) noted similar tumorigenic results with breast tissue.

Beyond cancer (33), several groups have shown that cells
alter their tRNA expression in response to stress and that these
changes correlate with altered expression of proteins and
codon content. Pang et al. (34), Chan et al. (35) and Torrent
et al. (36) found that the levels of different tRNAs and/or their
modification states responded dynamically when different
forms of stress were applied to yeast cells. The codon profiles
of the altered tRNA pools correlated with codon usage by

J. Biol. Chem. (2023) 299(10) 105246 5



JBC REVIEWS: Ushering in the era of tRNA medicines

genes involved in stress response pathways. Collectively, these
studies highlight the breadth of impacts altered tRNA pools
play in various tissues, both in terms of natural physiology and
in the onset of disease (Fig. 4A4).

An imbalance in this supply-and-demand relationship could
lead to significant problems in protein translation, causing
disease. Transcripts that include rare codons may be translated
more slowly as the ribosomes await delivery of the appropriate
aa-tRNA. Such changes in translation kinetics can impact
folding of the nascent polypeptide chain (reviewed in Ref. (37))
or influence transcript folding, splicing, or stability (reviewed
in Refs. (38, 39)) (Fig. 4B). It may be possible to design tRNAs

A Dysregulation in tRNA pool can cause changes
in translation kinetics and cotranslational folding

¥

Dysregulated
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*tRNA pool dysregulation could also lead to mRNA destabilization

B Synonymous SNPs in mRNA can cause changes
in translation kinetics and cotranslational folding

Low-abundant tRNA decodes sSNP
\
b g
g

sSNP introduces rare codon

== SSNP (synonymous Single-Nucleotide Polymorphism)
*sSNP could also lead to mRNA destabilization
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regulation of translational efficiency and RNA stability

Rare
é\\i %}C{% tRNA
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Non-optimal codons are decoded by rare tRNAs,
typically slowing translation

== Optimal codon == Non-optimal codon
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tRNA

or tRNA pools that modulate molecular pathways by altering
the expression of proteins arising from rare-codon-bearing
transcripts or overcome the effects of mutations that
generate rare codons (Fig. 4C). As noted by Liu (37), codon
usage influences translation elongation and efficiency and can
potentially lead to ribosome stalling, even resulting in pre-
mature termination.

The impact of these rare codons has been well characterized
in yeast and bacteria. Arias et al. (40) showed that the stability
of the yeast cell-cycle protein Cdc13 may depend in part on
two nonoptimal glycine codons. Although overexpression of
the cognate tRNAs did not seem to impact the amount of
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Figure 4. Examples of translation dynamic control through tRNA pool modulation. A, dysregulation in tRNA pools or (B) synonymous SNPs encoding
rare codons alter translation kinetics and cotranslational folding, leading to changes in protein expression and increased protein misfolding, aggregation

and proteolysis. C, codon usage impacts steady-state protein output by regulation of translation efficiency and mRNA stability. By restoring tRNA pool
imbalance with a tRNA medicine, a baseline steady state can be restored.
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protein produced, up to half of the resulting protein was in the
aggregated fraction. Similar influences have been seen in E. coli
(41) and in higher eukaryotes, including human cells, although
sometimes with the opposite outcome (38).

Transcripts using rare codons can benefit from an increase in
global tRNA levels rather than in individual tRNAs. Guimaraes
et al. (42) reported selectively increased translation in propro-
liferative rare-codon-laden transcripts over transcripts carrying
more common codons when total tRNA levels increased. These
results, however, also highlight a potential safety risk with any
efforts to modulate tRNA pools given the distinct codon usage
bias of genes involved in cell proliferation and metastasis.

Codon usage can also significantly impact transcript sta-
bility. In yeast, Hanson et al. (43) documented that transcripts
with more optimal codons were translated more quickly and
were more stable. Similar findings linking mRNA stability,
codon optimality, tRNA levels, and translation efficiency have
been reported for Xenmopus and zebrafish (44) as well as
humans (45). This impact may extend beyond a simple codon—
anticodon pairing, as Gamble et al. (46) showed that trans-
lation efficiency in yeast is modulated by the sequences of
adjacent codon pairs.

Any effort to develop tRNA medicines will require broader
efforts to map codon usage across the transcriptome as it re-
lates to tRNA cellular levels, particularly in genes related to
disease phenotypes. It may be possible to design tRNAs to
target specific rare-codon-bearing genes, whether based on the
sequence context of the rare or nonoptimal codon or the cells
in which the transcript is most relevant.

While changes in tRNA pools often cause a cell to transition
from a healthy state to a diseased state, a deeper understanding
of the mechanisms by which these transitions occur may
facilitate identification of ways in which these transitions can
be reversed. It may be possible, for example, to introduce
therapeutic tRNAs that support expression of genes involved
in nonproliferative or antiproliferative pathways or that restore
homeostasis to perturbed tissues.

Altering tRNA pools could also facilitate the rescue of hap-
loinsufficiency, where the mutation or deletion of a single copy
of a gene reduces production of its protein product (Fig. 4C).
This idea is being evaluated by Tevard Biosciences, which is
using a viral vector to overexpress a cocktail of tRNAs in tar-
geted cells to increase production of functional SCN1A protein
by increasing the stability of its mRNA. Alltrna is leveraging its
platform (i) to learn how the rules of protein synthesis, including
translation dynamics, transcript stability, or cotranslational
folding of proteins, are impacted by varying pools of tRNAs
across cell types and cell states and (ii) to precisely manipulate
cellular tRNA pools to address disease. Although much work
remains to be done to fully understand and harness tRNA pools,
the impact of these efforts would be a new approach to con-
trolling protein expression and disease pathology.

tRNA fragments

More than simply byproducts of tRNA degradation, tRFs are
a family of precisely defined molecules arising from
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endonucleolytic cleavage of parent tRNA molecules. The
number and variety of tRFs continues to grow as researchers
expand their search. Aligned with that expanding diversity is
an understanding of their myriad functions as regulatory
mechanisms in cells and throughout the body (Fig. 5). Good-
arzi et al. (47) showed that tRFs could limit the metastatic
potential of breast cancer cells by selectively sequestering
YBX1, an RNA-binding protein that stabilizes oncogenic
transcripts. Other studies have shown that tRFs can impact the
growth and differentiation of embryonic (48) and hematopoi-
etic (49) stem cells.

Most studies of tRFs have reflected their potential as prog-
nostic biomarkers or diagnostic biomarkers. Zhang et al. (50)
identified differentially regulated tRFs in Alzheimer’s and
Parkinson’s disease models that targeted genes involved in
synapse formation and the synaptic vesicle cycle pathway.
Green et al. (51) similarly noted altered tRF expression profiles
in osteoarthritis cartilage, including a tRF that repressed Janus
kinase 3 expression. Gao et al. (52) analyzed tRFs in blood
samples and identified 11 differentially expressed molecules
with prognostic value for non—small cell lung cancer. Other
studies expanded the potential of tRF-based diagnostics in liver
(53), gastric (54) and colorectal cancers (55), as well as in
disorders as diverse as autoimmune nephritis (56), Parkinson’s
disease (57), endometriosis (58), and osteoporosis (59).

Although tRFs have been less thoroughly studied as a
therapeutic, several studies highlight their potential (Fig. 5).
Fan et al. (60) showed that the tRF AS-tDR-007872 was
preferentially downregulated in tissues and plasma samples
from non-small cell lung cancer patients compared with
healthy subjects, and they indicated that they could reverse this
oncogenic phenotype in vitro by overexpressing the tRF,
decreasing cancer cell viability, migration, and invasion. Xu
et al. (61) showed similar capacity for tRF-Glu-TTC-027 in
gastric carcinoma, where transfection into cells reduced cell
proliferation, migration, and invasion in vitro. The tRF also
reduced tumor growth when injected subcutaneously in a
mouse xenograft with no significant difference in bodyweight
from controls, a measure of toxicity.

Other studies have shown that the tRF does not have to be
endogenous to the tissues being studied. Cao et al. (62)
identified tRFs from nonpathogenic E. coli strains that were
able to inhibit colorectal cancer in vitro. They also noted that
modification of one tRF mimic, EC83, with 2-O-methyl-
guanosine improved efficacy, offering ICs, values 700-fold
lower than 5-fluorouracil. The 2-O-methylguanosine-modi-
fied EC83 was also more structurally stable than the parent
molecule or two other modified variants.

The same group (63) also identified plant-derived tRFs with
in vitro cytotoxicity against ovarian cancer. In a mouse xeno-
graft model, tRF-11 reduced tumor growth, achieving com-
parable efficacy to the well-known chemotherapy drug taxol
but at a 16-fold lower dose. Treatment also appeared safe,
showing no significant histological changes in major organs or
altered bodyweight when compared with the control group.

Screening ginseng extracts for cardioprotective activity in
ischemia/reperfusion injury, Hu et al. (64) found that tRF
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HC83 was 1000-fold more potent than ginsenoside Rgl in
increasing cell viability in vitro. Furthermore, this protection
extended to mitochondrial function as HC83 suppressed both
injury-induced intracellular and mitochondrial generation of
reactive oxygen species. Nanoparticulate HC83 also signifi-
cantly reduced ischemia/reperfusion-induced myocardial in-
farctions in mice, showing comparable efficacy to metoprolol
but at a 500-fold lower dose.

Significantly more foundational work needs to be done to
better understand the breadth of tRF functions on human
health and disease and to develop novel methodologies to
study tRFs at a scale that allows us to learn the rules of design
to transform them into a novel class of medicines.

Translating tRNAs to medicines

For all their promising medicinal potential, until recently,
there has not been a systematic effort to program tRNA into
medicines. The reason for this delay largely centered on
challenges common to RNA-based therapeutics in general,
including a lack of tools and methodologies to synthesize or
express and characterize these molecules. Without these
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resources, it was much more difficult to fully comprehend the
correlations between sequence, modification, and structure
with biological function and the properties required to be
effective drugs.

Although we could isolate existing molecules, for example,
it was not possible to synthesize modified oligoribonucleotides
of tRNA size to construct drug-candidate libraries for func-
tional characterization or test design rules for sequence and
modification optimization. Furthermore, existing analytical
methods did not permit accurate molecular quantitation or
chemical characterization of naturally occurring tRNAs. And
even if a tRNA or a tRF could be developed as a medicine, it
was only recently that systems have been developed to deliver
those molecules to target tissues.

These limitations are systematically being addressed
through recent and continuing advances that can be broken
into six categories: (i) improvements in existing or develop-
ment of enabling technologies; (ii) exploration and optimiza-
tion of the sequence space; (iii) understanding and utilization
of the full chemical modification space; (iv) optimization of
drug-like properties; (v) leveraging machine learning; and (vi)
delivery of tRNAs to patients.
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Need for enabling technologies

Efforts to fully understand the breadth of tRNA and tRF
biology and chemistry have been hampered by inherent limi-
tations within current technologies that do not address the
unique characteristics (sequence, structure, and epitran-
scriptomic modification) of these molecules. Existing methods
will need to evolve, and new technologies be developed to
realize the full potential of tRNA- and tRF-based medicines
(Table 1).

Synthesis

The technical challenges and cost of synthesizing RNAs
with modified bases has made it difficult to develop experi-
mental systems that allow full characterization of molecules
and systematic testing of biological hypotheses. Chemical
synthetic methods that easily generate DNAs 100 nt or longer
become less efficient when producing RNAs because of the
presence of the 2'-hydroxyl group of the ribose moiety (65).
Ohtsuka et al. (66) reported total synthesis of E. coli tRNAMet
in 1981, but the protocol required the ligation of oligor-
ibonucleotides 3 to 10 nt in length using RNA ligase, and the
resulting molecule only possessed 4 to 6% of the amino-
acylation activity of native tRNA™<, Ogilvie et al. (67) later
performed total synthesis of a 77-nt E. coli tRNA™*" that also
incorporated modified bases, but this molecule still only
possessed 11% aminoacylation activity. Although researchers
in neither study could explain why the aminoacylation activ-
ities were so low, they speculated that these lower rates may be
due to the requirement of a particular nucleotide modification
for direct interaction with the aminoacyl-tRNA synthetase.
Another possibility was that the synthetic sample was
contaminated with nondeprotected tRNA species that could
not be aminoacylated.

Despite these achievements, the complexities of solid-phase
synthesis of RNA, where protected and possibly modified ri-
bonucleosides are sequentially added to extend the oligor-
ibonucleotide chain attached to a solid support, have
historically limited the generation of molecules larger than
approximately 50 nt, making it challenging to fully synthesize a
tRNA of 70 to 80 nt. Although tRFs fit well within this size
limit, their synthesis and that of tRNAs has been hampered by
the limited availability of chemical intermediates reflective of
epitranscriptomic modification (68).

Furthermore, methods like solid-phase synthesis also suffer
from the generation of incomplete strands as byproducts (65).
To address this problem, He et al. (69) developed a solid-phase
synthesis protocol that includes bio-orthogonal tagging to
separate full-sized molecules from failed sequences, synthe-
sizing and purifying a 76-nucleotide tRNA without the need
for chromatography. Other groups have combined solid-phase
synthesis with chemoenzymatic methods to introduce modi-
fications at specific locations within tRNAs (70).

For tRNA- and tRF-based medicines to be clinically and
commercially viable, the incremental improvements at the
experimental level must be scalable at the manufacturing level.
To be cost-effective, the efficiency of each synthetic coupling
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reaction must be as high as possible (reviewed in Ref. (71)). To
produce a 25-nt oligonucleotide, 99% coupling efficiency re-
sults in 79% overall yield, whereas a relatively small drop to
97% coupling efficiency reduces the overall yield to 48%. The
ligation of two shorter RNA strands to produce a larger
molecule further diminishes yields.

The extra costs of new synthetic intermediates heighten the
need for highly efficient reactions that require as little postsyn-
thesis purification as possible and offer optimal quality to increase
the potential for regulatory approval. In addition, chemical syn-
thesis involves extensive use of solvents, which when used at-
scale, produce significant environmental concerns.

Continued progress and optimization in the development of
synthetic methods and generation of chemically modified
synthetic intermediates will be imperative as drug developers
look to expand their libraries of therapeutic candidates from
tens of molecules to hundreds or thousands. Such methods
will also need to be scalable, producing high-quality molecules
in quantities sufficient for everything from initial high-
throughput screening to large-scale drug manufacture.

Sequencing

The advent and evolution of next-generation sequencing
changed the landscape for high-throughput and large-scale
sequencing of RNAs, yet these technologies have historically
struggled to cope with the compact structure of tRNAs and
post-transcriptional modifications (72, 73). Stem-loop struc-
tures can impede RNA sequencing library development by
limiting first-strand synthesis by reverse transcriptase. Many
reverse transcriptases also struggle to elongate past the many
modified nucleotides found in tRNA, terminating cDNA syn-
thesis reactions when the enzyme reaches these residues. This
challenge makes it difficult to quantify and characterize indi-
vidual Trna molecules in any meaningful way. Several groups
have tried to circumvent these issues by incorporating en-
zymes like demethylases to remove certain epitranscriptomic
modifications (e.g., demethylase-thermostable group II intron
reverse transcription sequencing or DM-TGIRT-Seq; (74)),
whereas others incorporated the distinct footprints left by
different modifications during the reverse transcriptase step in
their sequencing and analysis protocols (e.g., tRNA mutational
profiling or tRNA-MaP; (75)). Alternatively, some protocols
include fragmentation of tRNA molecules to facilitate the
priming of shorter RNA molecules for cDNA synthesis (e.g,
quantitative mature- or QuantM-tRNA-Seq; (72)).

Rather than go through the cDNA intermediary required by
next-generation sequencing, other groups have attempted the
direct sequencing of full-length tRNAs using a nanopore-
based platform (76). This method directly reads the
sequence of linearized tRNAs and tRFs based on ion current
changes as each nucleotide passes through the nanopore; the
positions of modifications can also be inferred based on al-
terations in the ion current signal when compared with cor-
responding synthetic controls. Ramasamy et al. (77) combined
nanopore-based direct RNA sequencing with a chemical probe
to identify pseudouridine modifications, keeping other
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modifications intact for further analysis. Abebe et al. (78)
leveraged advances in bioinformatics and neural networks to
compare direct RNA sequencing datasets and identify
sequencing errors caused by modifications. Thomas et al. (76)
introduced custom adapters to their nanopore protocol to
improve end-to-end base calling for full-length tRNA and were
able to align base miscalls with known post-transcriptional
modifications. One limitation of nanopore sequencing is the
low basecall rate at the 5 end because of accelerated RNA
translocation as the molecule exits the helicase (79). Using
adaptors that leverage the 3’ CCA overhang found in tRNAs,
Lucas et al. (79) combined nanopore sequencing with a
computational framework to increase tRNA reads 10-fold over
other methods, more accurately quantifying tRNA abundance.
Their method (Nano-tRNAseq) also allowed them to capture
modifications and to monitor changes in tRNA populations as
cells responded to oxidative stress.

Another challenge to distinguishing very similar tRNAs is
that epitranscriptomic modifications are not identified directly
using sequencing methods but are inferred from the data.
Several groups have therefore adapted liquid chromatography—
mass spectrometry to map RNA modifications, in part relying
on the specificity of RNases such as guanosine-specific RNase
T1. Thakur et al. (80) leveraged the uridine-specific RNase
MC1, which cannot cleave thiouracil, and cytidine-specific
cusativin, which cannot cleave methylcytidine or acetylcyti-
dine, to expand coverage of tRNA modifications. Adjacent cy-
tosines (CpC) also inhibit cleavage by cusativin (81). Suzuki
et al. (82) also used mass spectrometry to characterize modifi-
cations on all human mitochondrial tRNAs (mt-tRNAs). These
methods are intrinsically low throughput, limiting their appli-
cability to efforts to screen large candidate libraries, but they can
be useful to validate the characterization of promising
candidates.

Such advances may also help bring clarity to another chal-
lenge, the identification of active tRFs versus the short RNAs
generated incidentally by RNA degradation processes
(reviewed in Ref. (83)) or by premature termination during
reverse transcription of full-length tRNAs. The growing
awareness of the biological relevance of tRNA fragmentation
has led to a more sustained effort to identify and characterize
these molecules, resulting in searchable databases such as
tRFdb, which contains more than 12,000 tRFs from organisms
as diverse as yeast, worms, zebrafish, mice, and humans ((84);
reviewed in Ref. (85)).

Improvements in synthesis and sequencing will subse-
quently increase the demand for development of new
screening methodologies as candidate libraries rapidly expand.
Experiments that could once be easily handled manually will
increasingly require technologies that facilitate high-
throughput and high-sensitivity characterization of both bio-
logical function and drug-like properties. Because tRNA
quantitation remains challenging at the single-cell level, Gao
et al. (86) validated the use of single-cell sequencing assay for
transposase-accessible chromatin data as a proxy for tRNA
gene usage and compared that to scRNA-Seq-derived codon
usage and amino acid demand to resolve translation efficiency
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differences across multiple tissues. Similarly, Isakova et al. (87)
developed Smart-Seq-total to provide absolute quantitation of
all coding/noncoding RNA transcripts in a single cell.

Several groups are also developing methods to scan libraries
for parameters such as molecular stability or target specificity.
Biedenbénder et al. (88) used NMR spectroscopy to show how
post-transcriptional modifications can stabilize tRNA struc-
ture while at the same time facilitate conformational flexibility
for tRNA function. Leamy et al. (89) used small-angle X-ray
scattering to evaluate the impact of single nucleotide changes
on tRNA folding and stability, whereas Gremminger et al. (90)
used microscale thermophoresis to monitor interactions be-
tween HIV-1 viral RNA and tRNA™*,

Optimizing the sequence space

Despite the sequence diversity of tRNA genes in the human
genome, targeted nucleotide changes may yet afford oppor-
tunities to enhance molecular function. Central to this design
approach will be a better understanding how tRNAs and tRFs
interact with and modulate their targets as well as how
sequence influences the structure, stability, and potential
therapeutic efficacy and safety of these RNAs.

Sequence optimization

Protein translation centers on the recognition of triplet se-
quences or codons within mRNAs by the anticodons of
cognate aa-tRNAs in order to add specific amino acids to the
growing polypeptide chain. Of the 64 (4°) possible codons, 61
are amino acid coding, whereas the other three are translation
termination or stop codons. Thus, protein translation should
only require 61 tRNAs, one for each amino acid—coding
codon, but several factors disrupt this one-to-one correla-
tion. The wobble position of the tRNA anticodon loop allows
non-Watson—Crick base pairing to occur, resulting in many
tRNA species having a one-to-many relationship with mRNA
codons (91). For example, tRNAPY, decodes the codons UUC
and UUU.

Yet, despite the potential to use fewer tRNAs, organisms
across the spectrum encode multiple copies of different tRNA
genes throughout their genomes. E. coli only requires 47
different tRNA species and yet has 86 tRNA genes. The human
genome encodes more than 270 tRNA sequences from
approximately 450 unique and duplicated tRNA genes (26),
whereas the zebrafish genome encodes 12,292 tRNA genes
(92). Gene numbers can even vary significantly across highly
related species, as shown in Saccharomyces spp., which encode
from 171 to 322 tRNA genes (93).

In the almost 60 years since the first tRNA molecule was
sequenced (94), much has been learned about the diversity of
sequences that fold into the cloverleaf and L-shape secondary
and tertiary structures, respectively. The tRNAdb, for example,
includes almost 13,000 tRNA sequences from almost 700
species, whereas mitotRNAdb contains more than 30,000 mt-
tRNA sequences across more than 1500 species (http://trnadb.
bioinf.uni-leipzig.de/). Furthermore, the genome tRNA data-
base, compiled from tRNAscan-SE profiling of complete or
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nearly complete genomes, predicts more than 400,000 tRNA
genes across bacteria, archaea, and eukaryotes (http://gtrnadb.
ucsc.edu/).

These sequence data are fundamentally descriptive and offer
us little to no insight into how tRNA sequences influence their
structure, activity, or stability or what factors influence their
processing into tRFs. Understanding those parameters requires
a more thorough analysis of tRNA sequences, starting with
native species and then experimenting with tRNA design.

A key influence of sequence variation is its impact on tRNA
structure, a characteristic critical to therapeutics development
whether in terms of biological stability and function or shelf-
life. Leamy et al. (95) sought to determine whether tRNA
secondary structure or tertiary structure was more important
to its thermostability. They found that thermostability of
tRNA increased when mutations strengthened base pairing,
suggesting the importance of the stem structures. This theme
was consistent among tRNA"™ sequences of species living
across a range of temperatures. Leveraging such findings, drug
developers could optimize sequences to design therapeutic
molecules that offer superior stability.

Another factor that can be influenced by tRNA sequence is
the degree to which it is aminoacylated, which can determine
its translational functions or extratranslational functions. To
facilitate such analysis, Evans et al. (96) modified their high-
throughput sequencing method DM-tRNA-Seq to determine
the charging levels of different tRNAs in mammalian cells at
single-nucleotide resolution. They found that while most
tRNAs were charged at levels >80%, a couple of tRNAs
showed distinctly lower levels. Such analysis could be critical
to comparing cell types and states and to ensure designed
tRNAs either restore endogenous aminoacylation rates or
perhaps outcompete endogenous tRNAs for activity, such as in
the development of MS-correcting tRNAs.

The use of tRNA-based medicines could also be challenged
by the processing of the intended medicine into tRFs, poten-
tially causing unanticipated secondary effects. Thus, drug
development requires a deeper understanding of the parame-
ters, like sequence motifs, that influence endonucleolytic
processing of tRNAs. Complicating this effort is the challenge
that tRF biogenesis involves a variety of RNases, only some of
which are known, including angiogenin (reviewed in Ref. (97)),
dicer (98), and ELAC2 (99). Understanding how sequence
governs tRNA processing will be critical to learning how to
design molecules resistant to cleavage while maintaining
optimal biological function.

To optimize the biological half-life of tRNAs and tRFs,
strategies to protect them from nuclease digestion will have to
be developed (100). One challenge is to generate molecules
that optimize protection without impeding function.

Given the diversity of known and as yet undiscovered in-
fluences of sequence on structure and function, there is an
impetus to apply computational tools such as machine
learning to scan the myriad sequences and screening data. As
explained later, identifying correlations in these datasets will
help elucidate the design rules for producing optimal tRNA
medicines. This demand will be further increased with the
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growing awareness of the multiple roles played by post-
transcriptional modifications in tRNAs and tRFs.

Optimizing the chemical space

Aside from being the most abundant RNA molecule in the
cell, tRNAs are also the most heavily modified, each molecule
bearing an average of 13 modifications (reviewed in Ref. (101)),
which can include methylation, acetylation, pseudouridylation,
adenosine-to-inosine conversion, and highly complex chemi-
cal alterations. This epitranscriptomic diversity and ubiquity
are both a challenge and an opportunity as these modifications
are critical to activities and characteristics, such as post-
transcriptional processing, structural stability, cellular trans-
port, and biological function and yet offer layer of diversity in
the design of therapeutic candidate libraries.

Epitranscriptomic alteration at multiple nucleotide posi-
tions within the RNA as well as in multiple positions within an
individual nucleotide (e.g., sugar, backbone, base) significantly
expand the explorable universe of tRNA and tRF design
(reviewed in Ref. (102)). The 2021 update of the MODOMICS
RNA modifications database added 172 new modified residues
to its collection, currently totaling 180 nucleotides, 152 nu-
cleosides, and 3 bases ((103); https://genesilico.pl/modomics/
statistics/).

Different modifications within an individual molecule will
likely provide unforeseen effects that can either be harnessed
to improve the molecule’s drug-like characteristics, from sta-
bility to efficacy to safety, or that must be overcome. Joshi et al.
(104) and Hoffer et al. (105) demonstrated that alterations of
tRNA modifications can significantly impact the fidelity of
codon—anticodon interactions. Changes in modification at one
position within a tRNA impact modifications at other posi-
tions within the same molecule, reflective of a hierarchy of
modification events (reviewed in Ref. (106)). Thus, it is not
only whether a modification exists but also its type, location,
and the presence of other modifications that determine its
impact on tRNA features.

Modifications also influence the sensitivity of tRNAs to
endonucleolytic cleavage to form tRFs (107, 108). Cleavage-
sensitive modification status will therefore likely be critical
when designing molecules to serve as tRNAs or to be pro-
cessed into tRFs, helping to optimize function while limiting
potential side effects from undesirable processing or
degradation.

The limitations of current qualitative and quantitative tech-
nologies to accommodate post-transcriptional modifications
have slowed efforts to develop these molecules as medicines.
The combination of sequencing methodology and computa-
tional analysis, as described earlier, is helping to confirm the
identity of specific modifications within a tRNA or a tRF, but
until this work has been performed on a vast library of natural
and synthetic molecules, it will be difficult to fully understand
what combination and location of modifications will help in the
design of the most impactful therapies. As with efforts to
correlate sequence with molecular characteristics and biological
activity, machine learning tools will provide pivotal insights to
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research efforts to optimize epitranscriptomic modifications in
candidate tRNA and tRF medicines.

Drug-like properties

The success of translating a therapeutic candidate from the
laboratory to the clinic does not rest purely within its bio-
logical activity. Instead, a drug candidate—whether small
molecule, protein, or nucleic acid—must be optimized for
several drug-like properties, such as solubility; target selec-
tivity; immunogenicity; absorption, distribution, metabolism,
excretion; and toxicity (109). Efforts to design novel tRNAs
and tRFs will require a thorough examination of the impact of
sequence or modification changes on aspects such as molec-
ular structure and function, including interactions with func-
tional partners such as RNA-binding proteins and ribosomes.
Barraud et al. (110) used time-resolved NMR spectroscopy to
follow the maturation and sequential modification of yeast
tRNA"™, noting that modification events occur in a defined
sequential order dictated by crosstalk between modifications.
Szameit et al. (111) used small-angle X-ray scattering and mass
spectrometry to explore the interaction of a full and truncated
RNA aptamer with its protein partner. They observed that the
aptamers folded into a number of distinct structures and that
dimerization was likely required for protein binding.

Pharmacokinetics (PK) and pharmacodynamics of drugs,
including RNA medicines, are critical to many therapeutic
considerations, such as dosing. In the absence of tRNA-specific
data, experiences with other noncoding RNAs offer insights.
Godinho et al. (112) developed what they termed PK-
modifying anchors for siRNAs that, in some cases, reduced
renal clearance by 23-fold and improved tissue exposure by
26-fold. McDougall et al. (113) similarly examined the PK/
pharmacodynamics and absorption, distribution, metabolism,
excretion properties of siRNA conjugated to GalNAc in both
animal models and humans, finding differences between
intravenous and subcutaneous dosing. How applicable such
mechanisms are to tRNAs or tRFs will need to be explored.

Immunogenicity also represents a major concern for RNA-
based medicines given that innate immune systems constantly
monitor their environment for the dsRNA signature of
invading viruses (reviewed in Ref. (114)). Epitranscriptomic
modification may help to reduce immune activation (114, 115).
Freund et al. (116) noted that loss of guanosine 2’'-O-methyl-
ation of tRNA increased immunostimulation of peripheral
blood mononuclear cells, suggesting that modifications sup-
press the immune response. Keller et al. (117) observed a
similar impact for 2’-O-methylthymidine in tRNA"*-treated
peripheral blood mononuclear cells. Nallagatla et al. (118)
found that altering tRNAs with a variety of epitranscriptomic
modifications abrogated their ability to activate PKR, a protein
kinase involved in innate immunity.

Immunological considerations will also be important in the
development of tRF-based medicines as several fragments have
been shown to interact with Toll-like receptors to induce Th1-
mediated (119) and interferon-mediated immune responses
(reviewed in Ref. (120)).
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Given the novelty of developing tRNAs and tRFs as thera-
peutic interventions, little is known about the design chal-
lenges of ensuring that these molecules can be safely delivered
to and enter target tissues to perform the desired functions
before being metabolized and eliminated, hopefully without
detrimental effects. The expansion and diversification of
candidate libraries and the continued evolution of high-
throughput screens to explore these parameters will be a
critical first step to building that reservoir of understanding.

Leveraging machine learning

The large volume and great variety of data arising from
high-throughput automated characterization methods provide
both opportunities and challenges to the interpretation and
integration of data. This could make it more difficult to
identify correlations between experimental changes and bio-
logical outcomes within and across existing experiments or to
develop testable in silico models. To achieve these ends, re-
searchers will need to use and evolve artificial intelligence
approaches and machine learning tools.

Machine learning models are of particular interest for drug
design as they enable the development process to shift from
largely empirical approaches to leverage powerful predictive
tools, thus augmenting and accelerating discovery and opti-
mization processes (Fig. 6). Although the use of machine
learning tools for tRNA-related applications is still in its early
stages, ongoing work seeks to align these tools with automated
large-scale screening methods, which in turn strive to identify
specific patterns and elucidate parameters influencing RNA
structure, stability, efficacy, and delivery, as well as toxicity and
immunogenicity.

A deep learning approach, tRNA-DL, was applied to
improve one of the most commonly available tRNA annotation
tools, tRNAscan-SE to reduce false-positive outputs (121).
Panwar and Raghava (122) published a webserver, tRNAmod,
to predict post-transcriptional modifications in tRNAs based
on the MODOMICS datasets. Sonney et al. (123) also evalu-
ated the possible impact of all single-base variants and de-
letions across mitochondrial tRNAs. The Mitochondrial tRNA
Informatics Predictor provided good sensitivity and specificity
in predicting pathogenicity and highlighted potential in-
consistencies in the database sources where specific variants
may have been incorrectly associated with disease outcomes.

Machine learning is a critical component of Alltrna’s plat-
form to develop therapeutic tRNAs. Using an iterative, high-
throughput, and automated loop of design—build—test—learn,
the company seeks to increase the predictive capacity of its in
silico models, leading to tRNA and tRF medicines with opti-
mized therapeutic features. Learning from in silico models may
also suggest new avenues of exploration or highlight unpro-
ductive lines of inquiry that can be abandoned. It will be
important to find ways to improve the quality, comprehen-
siveness, and scale of the data arising from high-throughput
experimentation and model systems, as well as identify ways
to better integrate these data sources to generate stronger
predictions of therapeutic parameters like product stability,
efficacy, safety, and manufacturability.
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Figure 6. Machine learning application to program tRNAs into medicines. Optimizing the vast sequence and modification space of tRNA-tRF molecules
is enabled through high-throughput and automated screening tools paired with the power of predictive machine learning models that can be trained and
retrained on large datasets to generate high-performing tRNA-tRF medicines with specific therapeutic features. tRF, tRNA-derived fragment.

Delivering tRNAs to patients

Given the inherent sensitivity of all RNAs to degradation
and their immunogenic properties, as well as the need for
effective targeting of RNA-based medicines to the appropriate
tissues, such medicines are likely to be administered within a
delivery vehicle, tRNAs and tRFs included. Following the lead
of gene therapy and gene editing as well as RNA-based med-
icines, such as the severe acute respiratory syndrome corona-
virus 2 vaccines, a broad array of viral and nonviral delivery
methods has been developed over the years that modulate
cellular targeting, uptake and intracellular release, as well as
mitigate the challenges of therapeutic administration of RNA.
The unique structural and chemical composition of tRNAs
and tRFs combined with their compact size opens prospects
for testing established delivery tools and designing novel ve-
hicles (Table 1).

Viral delivery

Because of their efficiency in delivering genetic material to
cells, viral vectors such as adenovirus and adeno-associated
virus (AAV) have been extensively studied for therapeutic
application of RNAs. Although cargo capacity limits prevent
these viruses from delivering large genes, the small size of
tRNAs and tRFs means that viral constructs can carry single or
multiple copies of a given sequence.

Buvoli et al. (124) created plasmid constructs with up to 16
copies of an ochre-suppressing tRNA®®" to modulate expres-
sion of a reporter gene in mouse heart and skeletal muscle.
Recently, recombinant AAV delivery of a suppressor tRNA
safely and efficiently rescued mice carrying a PTC-mutated
alpha-L-iduronidase (IDUA) gene (125). Mechanistic studies
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suggested that the construct induced PTC readthrough and
inhibited NMD. Adjusting the AAV capsid and routes of
administration, therapeutic efficacy of the engineered tRNA
was achieved in multiple target tissues with a single treatment
lasting through 6 months. It should also be possible to
combine different tRNA or tRF sequences into a single
construct, thereby expressing multiple molecules and poten-
tially modulating different regulatory mechanisms or molec-
ular pathways simultaneously.

To overcome issues related to immunogenicity and genomic
integration efficiency, which have slowed the clinical applica-
tion of viral vectors (reviewed in the study by Ghosh et al.
(126)), Havlik et al. (127) evolved a humanized AAVS8 capsid
with altered surface loop structures. The resulting virus dis-
played tropism for human hepatocytes and improved gene
transfer efficiency, while at the same time evading neutralizing
antibodies. The results were consistent with Ogden et al. (128),
who designed and verified a diverse in vivo-targeted capsid
library using systematic mutagenesis and machine-guided
engineering. Given the impact of transcriptional processing
and post-transcriptional modification on tRNA and tRF
function and stability, one drawback of delivering DNA rather
than RNA is that cellular processing and modification are
limited to the natural make-up of the respective target cells. To
leverage the full scope of drug design and programmability of
tRNA and tRF molecules, it may be more desirable to deliver
appropriately modified RNA rather than DNA.

Lipid nanoparticles

The development of lipid nanoparticle (LNP)-based RNA
medicines has gained momentum because of its recent use in
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vaccines, for treatment of various genetic diseases and cancers,
and in gene editing. Kawamura et al. (129) used a liposomal
formulation known as MITO-Porter to deliver wildtype pre-
tRNAP' into cells from patients with a mutation in mito-
chondrial tRNA™, 1 vitro, the encapsulated pre-tRNA was
taken up by cells, where it was transported to mitochondria,
improving mitochondrial function. ReCode Therapeutics
similarly used an LNP formulation to restore CFTR function in
patient-derived bronchial epithelial cells (https://recodetx.com/
recode-therapeutics-presents-preclinical-data-using-sort-Inptm-an
d-rna-platforms-to-rescue-cftr-function-at-the-44th-european-cyst
ic-fibrosis-conference-ecfs/). The growing experience with and
successful use of LNPs in RNA delivery, such as with the se-
vere acute respiratory syndrome coronavirus 2 vaccines and
the siRNA-based patisiran, has led to proven processes for
LNP manufacturing, formulation, and storage. There is also a
growing awareness of the factors that influence product
biocompatibility, bioavailability, and safety (reviewed in
Ref. (130)).

One of the limitations of the original LNP formulations was
their preferential distribution to the liver (reviewed in
Ref. (131)). Although this may not present a problem for some
clinical applications, it potentially limits efficacy for extrahe-
patic targets and may trigger hepatoxicity. Modifying LNPs to
target specific cell types, tissues, or organs is an area of active
research. Dilliard et al. (132) altered LNPs with selective organ
targeting molecules that interact with distinct serum proteins
that in turn recognize specific receptors in targeted tissues
(e.g, liver, lung, spleen). Other groups are modifying LNPs
with ligands that directly interact with receptors on target
tissues or that help the LNPs transit biological barriers
(reviewed in Ref. (133)).

Several studies have shown that cationic and ionizable lipids
can stimulate the secretion of proinflammatory cytokines
(reviewed in Ref. (134)), which can interfere with drug efficacy.
Lokugamage et al. (135) observed that LNP-mediated Toll-like
receptor 4 activation blocked mRNA translation in all the cell
types they tested, and yet, it did not disrupt LNP uptake by
cells. Others have noticed that the attachment of PEG to
enhance LNP performance may also induce hypersensitivity
reactions, accelerating blood clearance of pegylated LNPs and
thereby reducing their efficacy.

The transient nature of RNA therapeutics is both a distinct
advantage of the modality and a potential drawback as it im-
pacts dosage and dosing frequency. Many disease states will
require repeat dosing of the RNA, making the overall tolera-
bility of LNP-encapsulated RNA an absolute necessity. This
need is driving drug developers to find the ideal lipid
composition for efficient targeting, reduced hepatotoxicity and
immunogenicity, and fast biodegradability (reviewed in
Ref. (136)), without compromising the required potency or
stability.

Other nanopatrticles

Other nonlipid nanoparticles are comprised of natural (e.g,
chitosan, hyaluronic acid) or synthetic polymers (e.g, PEG,

14 J Biol Chem. (2023) 299(10) 105246

polyethyleneimine derivatives) that are biocompatible,
bioavailable, and can be functionalized to improve delivery
efficiency and targeting. Although there is no reported use of
these delivery vehicles with tRNAs or tRFs, preclinical results
with other RNA species offer promise. Chan et al. (137)
created PEG-polyamine nanocomplexes with luciferase and
green fluorescent reporter mRNAs for injection into the brains
of mice. Whereas naked mRNA produced little luminescence,
the nanocomplex exhibited strong and lasting signal in mouse
brains with lower cytotoxicity and immunogenicity than the
naked mRNA.

Mbatha et al. (138) modified gold nanoparticles with poly-
amidoamine to deliver mRNA to cells in vitro. Compared with
mRNA complexed with polyamidoamine alone, the addition of
the gold nanoparticles improved cell viability and was more
efficient in transfecting mRNA into multiple cell lines. Sele-
nium- and zinc-based nanoparticles were used to target cancer
cells in vitro with mRNA (139) and siRNA (140) or miRNA
(141), respectively. It remains to be seen if these nanoparticles
can support tRNA or tRF delivery.

Ligand conjugation

Avoiding the complexities of nanoparticles or viruses,
smaller RNA molecules can also be conjugated directly to
specific molecules/moieties, such as ligands of cell receptors
for tissue-specific delivery. By homing treatment to the organ
of interest, such ligands could conceivably lead to lower
amounts and less frequent drug dosing for patients and reduce
the risk of off-target effects in other tissues. This approach of
“self-deliverable” RNA has been promising for small RNA
species, including tRNAs. Wang et al. (142) appended a frag-
ment of H1 RNA, a component of human RNase P, to in vitro
synthesized mt-tRNA precursors and found that not only were
the molecules transported into isolated mitochondria but also
they were processed into mature tRNAs that partially rescued
the translation defect in mitochondria from patients with
myoclonic epilepsy with ragged red fibers and mitochondrial
encephalopathy, lactic acidosis, and stroke-like episodes
(MERRF and MELAS, respectively).

Other ligands have been more thoroughly tested with siR-
NAs. Chernikov et al. (143) developed a nuclease-resistant
anti-MDR1 cholesterol-siRNA conjugate that significantly
reduced expression of P-glycoprotein in mice carrying a hu-
man xenograft overexpressing MDRI. Rider et al. (144)
showed that conjugation of GalNAc to antilipoprotein (a)
(LPA) siRNA significantly reduced LPA expression in human
and cynomolgus hepatocytes in vitro and reduced LPA
expression and serum LPA levels in vivo in cynomolgus
monbkeys.

GalNAc conjugates may also influence therapeutic dosing
and duration of response, as shown by Brown et al. (145), who
delivered an identical siRNA to mice using an LNP formula-
tion (intravenous) and a GalNAc conjugate (subcutaneous).
Whereas the LNP formulation produced a rapid onset but
short duration of activity, the GalNAc formulation had a much
slower onset but sustained duration of activity. If these
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differences translate from siRNA to tRNAs, they too could
significantly influence the choice of delivery vehicle for tRNA
medicines as researchers try to optimize pharmacological
factors, such as dosing, speed of onset, and duration of activity.

Extracellular vesicles

Within organisms, both tRNAs and tRFs function within the
cells in which they are transcribed and processed and readily
move between cells, often encapsulated within extracellular
vesicles (EVs)—lipid-bound vesicles released by cells as a
natural component of intercellular signaling—or in ribonu-
cleoprotein complexes (reviewed in Ref. (146)). As their mo-
lecular cargo reflects the cell of origin, EVs have become
attractive targets as possible disease biomarkers that can be
acquired noninvasively from the body fluids in which they
circulate. They may also provide a mechanism to actively
transport engineered molecules for therapeutic purposes.

Gémbaro et al. (147) packaged synthetic tRNA halves into
EVs by first transfecting the molecules into donor cells and
then used purified donor EVs to transfer the RNA molecules
to acceptor cells. They found that the level of tRNA halves in
acceptor cells reflected levels in the donor cells and that the
molecules were biologically active, altering the transcriptional
profile of acceptor cells. Although EVs can be harvested from
multiple sources that make them biocompatible and could
help with cellular targeting, their biological origin presents
challenges such as the possible lack of size or composition
uniformity that is demanded for other delivery vehicles
(reviewed in Refs. (148, 149)). Work is ongoing to develop
clinic-grade bioproduction and purification processes to
ensure consistent quality and efficacy. EVs endogenous to the
patient receiving treatment could reduce immunogenicity risk,
but even off-the-shelf vehicles can be adjusted to facilitate
therapy without immunogenicity. Methods for the large-scale
manufacturing of quality-assured, economically viable EVs
are still in development.

Clinical impact of tRNA medicines

Despite the relatively nascent efforts to translate tRNAs and
tRFs into medicines, the potential transformative impact of
these medicines on the treatment of a range of diseases is clear. It
may no longer be necessary to treat many conditions based on
their pathology or to tackle genetic disorders one gene or one
protein at a time. Rather, treatments may become agnostic to the
specific gene, focusing instead on the genetic mutation itself
(Fig. 1). Thus, one tRNA medicine may be able to treat multiple
diseases caused by a shared mutation. Given its long experi-
mental history, the first developed tRNA-based therapies may
be PTC-readthrough molecules to treat “stop codon disease,”
disorders that arise from the mutation of a codon to a PTC.

The universal approach of using tRNA medicines to treat
shared genetic mutations would enable clinicians to target
diseases that currently have no treatment options and would
facilitate the treatment of disorders so rare that their small
patient populations lessen commercial interest for therapy
development. Expanding the potential patient population for a
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mutation-specific treatment would allow clinicians and com-
panies to design clinical trials as basket trials, as is the case
with many oncology studies. Furthermore, a larger patient
population under the umbrella of stop codon disease could
enable viable drug development programs that were previously
financially unfeasible. This approach would be a paradigm shift
in the treatment of patients with rare and ultrarare diseases.

Summary

While the promise of RNA medicines is well documented,
until recently, tRNAs have not been included in this well of
potential. Instead, tRNAs have been largely viewed simply as
mediators of protein translation, as their broader roles in
biology remained poorly understood. Fortunately, this
perspective is changing—reflected by the numerous companies
exploring tRNAs as therapeutics, including Shape Therapeutics,
hC Bioscience, and Tevard Biosciences, as well as by companies
like Alltrna building entire platforms around this molecule.

Bringing tRNA-based medicines to fruition will require a
concerted effort to fill the large gaps that remain in our un-
derstanding of tRNA and tRF biology and chemistry. Existing
automated and high-throughput screening technologies will
need to be aligned and augmented with new methodologies for
tRNA characterization. Using artificial intelligence and machine
learning tools, the resulting data will need to be transformed
into actionable information that can be used to correlate mo-
lecular sequence and modification with biological structure and
function. These correlations will form the basis of a systematic
design—build—test—learn cycle that will enable the program-
mability of tRNAs into potent, selective, and safe medicines.

The ever-expanding understanding of the factors influencing
tRNA and tRF biology, structure, and function will facilitate
efforts to tackle human diseases differently—leveraging, rather
than circumventing or overcoming, intrinsic biological mech-
anisms. By shifting the therapeutic focus from disorder pa-
thology to disease genetics and thereby making treatment both
clinically practical and commercially viable, this approach offers
hope to patients with rare and ultrarare diseases.

By moving away from conventional treatment approaches
that address each disease or gene individually, drug developers
can directly tackle the once insurmountable challenge of
developing treatments for the more than 6000 genetic disor-
ders that affect over 300 million people worldwide. A
concerted effort to address yet unanswered questions will help
to progress this novel tRNA modality and usher in a reality in
which far more than today’s 5% of rare genetic diseases have
Food and Drug Administration—approved medicines, helping
to provide treatment for the millions of people with rare dis-
eases but currently no disease-modifying therapy.
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