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Expression profiles of urine exosomal tRNA-derived
small RNAs and their potential roles in calcium

oxalate stone disease

Sen-Yuan Hong, PhD, Lin-Tao Miao, PhD, Yuan-Yuan Yang, PhD*, Shao-Gang Wang, PhD*

Background and objective: Exosomes have been confirmed to be implicated in the pathogenesis of calcium oxalate (Can)\
stones. tRNA-derived small RNAs (tsRNAs) are among the oldest small RNAs involved in exosome-mediated intercellular
communication, yet their role in kidney stones remains unexplored. This pilot study aimed to identify differentially expressed tsRNAs
(DEtsRNAs) in urine exosomes between CaOx stone patients and healthy controls and explore their potential roles in nephrolithiasis.
Method: First-morning urine samples were collected from three CaOx stone patients and three healthy controls. Urinary exosomes
were isolated and analyzed by high-throughput sequencing to generate the expression profiles of tsRNAs and detect DEtsRNAs.
Predicted target genes of DEtsRNAs were subjected to functional enrichment analysis. The authors also combined the public dataset
GSE73680 to investigate how DEtsRNAs were related to stone formation.

Results: Four DEtsRNAs were significantly upregulated in CaOx stone patients compared to healthy controls. tRF-Lys-TTT-5005¢
was the most elevated, followed by tRF-Lys-CTT-5006c¢, tRF-Ala-AGC-5017b, and tRF-Gly-CCC-5004b. Bioinformatics analysis
indicated that these four types of DEtsRNAs might serve distinct biological functions. Combined with data mining from the public
dataset GSE73680, the authors assumed that exosomes carrying tRF-Lys-TTT-5005¢ and tRF-Lys-CTT-5006¢ could inhibit the
expression of SMADG, FBN1, and FZD1, thereby activating the BMP signaling pathway, which might induce an osteogenic-like

transformation in target cells, resulting in the formation of Randall’s plaques and CaOx stones.
Conclusion: The authors’ findings shed light on the potential roles of tsSRNAs in the pathogenesis of CaOx stone disease,
highlighting exosomal DEtsRNAs as promising diagnostic biomarkers and therapeutic targets in nephrolithiasis.
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Introduction

Kidney stones are a prevalent urological disease characterized by
high incidence and recurrence rates!!!. The recurrence rate can
reach 50% within 5 years and up to 80-90% within 10 years,
leading to severe kidney damage and significant health and eco-
nomic burdens'*?. Despite advances in minimally invasive sur-
gical techniques for stone removal, effective medications to
prevent recurrence remain lacking due to the unclear mechanisms
of stone formation. Thiazide diuretics are commonly used in the
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HIGHLIGHTS

e The study provides insights into the potential roles of
tsRNAs in CaOx stone pathogenesis, highlighting their
regulatory functions and impact on BMP signaling.

e Urine exosomal tsRNAs could be promising biomarkers
for early diagnosis and targets for therapeutic intervention
in CaOx stone disease.

treatment of hypercalciuria to reduce urinary calcium excretion
and thereby decrease the risk of calcium stone formation, but
there are still controversies regarding the effect of thiazide
diuretics!!. Therefore, exploring the etiology and pathogenesis of
kidney stones is crucial for their prevention and treatment.
Calcium oxalate (CaOx) stones are the most common type of
kidney stones, with Randall’s plaques (RPs) considered as the
starting point for their formation!®!. RPs are ectopic calcifications
in the renal papilla interstitium, primarily composed of hydro-
xyapatite, and are similar to bone matrix. They progress within
the interstitium, eventually breaching the urothelium and serving
as attachment sites for CaOx crystals!®!. Studies suggest that RP
formation resembles a pathological process of osteogenesis,
where renal tubular epithelial cells transform into an osteogenic-
like phenotype under lithogenic conditions (hypercalciuria and
hyperoxaluria), secreting calcium phosphate-rich matrix vesicles
that mineralize to form hydroxyapatite”®!. However, the exact
mechanism of their formation is not yet fully understood.

5802


https://www.lww.com/annals-of-medicine-and-surgery

Hong et al. Annals of Medicine & Surgery (2024)

The microstructure of RPs exhibits a substantial presence of
extracellular vesicles, which serve as vital mediators in inter-
cellular communication and information exchange!”!. Exosomes,
a major type of extracellular vesicles, play a vital role in inter-
cellular communication. They carry proteins, lipids, and nucleic
acids, which can regulate biological functions when taken up by
target cells'”!. Studies have indicated that exosomes might be
closely related to the formation of CaOx stones! ', Non-coding
small RNAs carried within exosomes, including microRNAs
(miRNAs), tRNA-derived small RNAs (tsRNAs), small interfer-
ing RNAs (siRNAs), have been implicated in various diseases! '/,
While exosomal miRNAs have been studied extensively in stone
formation!'>'3! the roles of other non-coding small RNAs
remain underexplored.

tsRNAs are a class of non-coding small RNAs generated
through precise processing of tRNA and its precursors!'*!. Some
studies have found that even in single-celled organisms lacking
typical small RNAs such as miRNAs, and siRNAs, a significant
abundance of tsRNAs can still be detected. These tsRNAs can
accumulate in the extracellular vesicles of single-celled organisms
and participate in intercellular communication!!, This intri-
guing finding suggests that tsRNAs are among the oldest small
RNAs involved in intercellular communication, and as a result,
the role of tsRNAs in cell communication mediated by extra-
cellular vesicles is gaining increasing attention.

Urine exosomes are potential biomarkers for kidney diseases
due to the non-invasive nature of urine collection™®!. This study is
the first to explore tsRNAs in urine exosomes from CaOx stone
patients. We conducted sequencing of tsRNAs from urine exo-
somes of CaOx stone patients and healthy controls, identified
differentially expressed tsRNAs (DEtsRNAs), and predicted their
potential functions in CaOx stone disease.

Material and methods

Patients recruitment and urine collection

This study was designed as a pilot to obtain preliminary data on
the expression profiles of urine exosomal tsRNAs. The choice of
three CaOx stone patients and three healthy controls was based
on the need to gather initial insights into the variability of urine
exosomal tsRNAs, which would guide the design of future studies
with larger cohorts. Patients eligible for inclusion in this study
were those who had been diagnosed with kidney stones by
computed tomography and were experiencing their first episode.
These patients presented at our department for percutaneous
nephrolithotomy. We excluded patients with hematuria, urinary
tract infections, or other organic diseases. Participants meeting
these criteria were then requested to provide a 200 ml first-
morning urine sample in a sterile urine bag collected prior to their
surgical procedure. To ensure the study’s focus on CaOx stones,
the kidney stones removed during surgery were subjected to
chemical analysis to determine their composition. Only patients
whose stones were confirmed as CaOx had their urine samples
included in the final study cohort. As for the healthy control
group, age- and sex-matched individuals coming to our hospital
for regular physical examinations were recruited, and they too
provided a 200 ml first-morning urine sample. All collected
samples were promptly stored at — 80°C and processed within a
24-h timeframe. The study conformed to the provisions of the
Declaration of Helsinki. Ethical approval was obtained from the

Ethical Review Board of Tongji Hospital, Tongji Medical
College, Huazhong University of Science and Technology
(2019S1147). Informed consent was obtained from all subjects
involved in this study.

Exosome isolation and purification

Urine exosomes were isolated and purified using ultra-
centrifugation (Hitachi, CP100MX). First, the urine samples
were thawed at 37°C. Next, the samples were subjected to cen-
trifugation at 2000g, 4°C, for 30 min. The resulting supernatant
was then undergone a second centrifugation at 10 000g, 4°C, for
45 min, aimed at removing larger vesicles. Subsequently, the
supernatant was filtered through a 0.45 pm membrane to collect
the filtrate. This filtrate was subjected to centrifugation at
100 000g, 4°C, for 70 min. After removing the supernatant, the
exosomes were resuspended in 10 ml phosphate-buffered saline
(PBS). To ensure thorough purification, another round of cen-
trifugation at 100 000g, 4°C, for an additional 70 min was car-
ried out. The final supernatant was carefully discarded, and the
exosomes were resuspended in 100 pl PBS. For further analysis,
10 pl of this suspension was allocated for transmission electron
microscopy (TEM), 10 pl for nanoparticle tracking analysis
(NTA), and the remaining exosomes were diligently stored at
-80°C for future investigations.

Transmission electron microscopy

10 pl of the exosomes sample was extracted, and was subse-
quently added dropwise onto a copper grid, allowing it to settle
for 1 min. Any excess liquid was carefully removed using filter
paper. 10 pl of uranyl acetate was then added dropwise onto the
copper grid and left to settle for an additional 1 min. Once again,
excess liquid was removed using filter paper. The prepared
sample on the grid was left to air-dry at room temperature for
several minutes. Finally, electron microscopy imaging (Hitachi,
HT-7700) was conducted at 100 kV to observe the morphology
of the extracellular vesicles.

Nanopatrticle tracking analysis

10 pl of the exosome sample was taken out and diluted to 30 pl. A
performance test is conducted on the instrument (NanoFCM,
N30E) using a standard sample to ensure its proper functioning
before the exosome samples are analyzed. Information about the
particle size and concentration of the exosomes can be obtained
through the analysis of the samples.

RNA extraction, library preparation and sequencing

Total exosomal RNA was extracted using an exoRNeasy Maxi
Kit (Qiagen). The purity and concentration of each RNA sample
were assessed through agarose gel electrophoresis and a
NanoDrop ND-1000 instrument (Thermo Fisher Scientific).
Before library preparation, the total RNA samples were subjected
to several essential treatments to remove RNA modifications
that interfere with the library construction. These included
3’-aminoacyl (charged) deacylation to 3-OH for 3’-adapter
ligation, 3’-cP (2°,3’-cyclic phosphate) removal to 3’-OH for
3’-adapter ligation, 5>-OH (hydroxyl group) phosphorylation to
5°-P for 5’-adapter ligation, and demethylation of m1A and m3C
to facilitate efficient reverse transcription. Next, the pretreated
total RNA underwent library preparation through the following
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sequential steps: (1) ligate 3* adapter; (2) ligate 5* adapter; (3)
synthesize cDNA; (4) perform PCR amplification; (5) purify
c¢DNA construct; (6) recover purified ¢cDNA construct of
134-160 base pair. Agilent BioAnalyzer2100 (Invitrogen) was
used to qualify and quantify the libraries. The diluted libraries
were carefully loaded onto the reagent cartridge and subsequently
processed for sequencing on the Illumina HiSeq X Ten platform.
Library construction and Illumina sequencing were expertly
conducted by OE BioTech Co., Ltd. in Qingdao.

Sequencing data processing

The data obtained from Illumina sequencing was referred to as
raw reads. Firstly, it was necessary to remove the adapter
sequences from the raw reads, resulting in a collection of small
RNA sequences of varying lengths. Subsequently, these sequences
underwent quality control, which involves filtering out reads
containing N bases and sequences with a low Q20 ratio.
Additionally, data falling outside the length range of 15-41
nucleotide were discarded and not included in further analysis.
The resulting sequences were referred to as clean reads. The
bowtie software and two tsRNAs databases, GERNAdb (http://
gtrnadb.ucsc.edu/index.html) and tRFdb (http://genome.bioch.
virginia.edu/trfdb/search.php), were used to align these reads for
tRNA classification and annotation. The abundances of tsRNAs
were calculated as transcripts per million.

Bioinformatics analysis

The DEtsRNAs between CaOx stone patients and healthy con-
trols were screened by the “DESeq. 2” R package with the
threshold of P value less than 0.05 and llog2 fold change (FC)l >
171, The volcano plot representing the DEtsRNAs was created
using the “ggplot2” R package. The heatmap displaying the
DEtsRNAs was generated using the “pheatmap” R package. The
target genes of the DEtsRNAs were predicted by TargetScan and
miRanda algorithms®'!, A Venn diagram was constructed
to take the intersection of both algorithms using the
“VennDiagram” R package. Gene Ontology (GO) enrichment
analysis was performed to explore potential biological functions
of target genes in terms of their involvement in biological pro-
cesses, cellular components, and molecular functions and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment ana-
lysis was applied to elucidate potential signaling pathways of
target genes using the “clusterProfiler” R package!?”'.

In addition, we also utilize the public dataset GSE73680
derived from gene expression omnibus database (http:/www.
ncbi.nlm.nih.gov/geo/) to explore genes related to CaOx stone
disease. The dataset comprises 29 RPs tissues from CaOx
stone formers and 6 normal renal papillary tissues from non-
stone formers?!. Differentially expressed genes between two
groups were identified using the “limma” R package.

Results

Isolation and identification of urine exosomes

Six participants including three CaOx stone patients and three
healthy controls were involved in this study. Detailed information
of participants was listed in Supplementary Table 1,
Supplemental Digital Content 1, http:/links.lww.com/MS9/
A602. Exosomes were isolated from morning urine through
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ultracentrifugation. TEM confirmed that the separated samples
were composed of extracellular vesicles with typical exosomal
membrane morphology (Supplementary Fig 1A, Supplemental
Digital Content 2, http:/links.lww.com/MS9/A603). NTA indi-
cated that the majority of vesicles had diameters ranging from 60
to 80 nm, with a peak distribution at 75 nm (Supplementary Fig
1B, Supplemental Digital Content 2, http:/links.lww.com/MS9/
A603).

Identification of DEtsRNAs

tsRNAs can be primarily categorized into two types based on
their positional distribution on tRNA: tRNA halves (tiRNAs) and
tRNA-derived RNA fragments (tRFs)?*!, tiRNAs are composed
of 5’- and 3>-tRNA halves, ~30-35 nucleotide in length, gener-
ated by specific cleavage of the mature tRNA under various stress
conditions. tRFs, on the other hand, are ~15-30 nucleotide in
length and can originate from mature tRNA or tRNA precursors.
They can be further subdivided into three types: tRF-5, which
correspond to the 5’ end of mature tRNA, with cleavage occur-
ring in the D-loop; tRF-3, which correspond to the 3’ end of
mature tRNA, including the CCA portion, with cleavage occur-
ring in the T-loop; tRF-1 which originate from the 3’ tail sequence
of tRNA precursors and have a poly-U sequence at the 3’ end!*3!,

We conducted high-throughput sequencing of tsRNAs in the
urine exosomes of CaOx stone patients and non-stone healthy
controls. The results revealed the identification of a total of 4
types of tiRNAs and 58 types of tRFs. No differentially expressed
tiRNAs were observed between the two groups. Four types of
tRFs exhibited differential expression between the two groups,
including tRF-Lys-TTT-5005¢ (9.94 fold, P = 0.0002354), tRF-
Lys-CTT-5006¢ (7.25 fold, P = 0.0029189), tRF-Ala-AGC-
5017b (7.11 fold, P = 0.0031226), tRF-Gly-CCC-5004b (5.74
fold, P = 0.0387251), which were presented in a volcano plot
(Fig. 1A). All of them were upregulated in the urine exosomes of
CaOx stone patients, suggesting they may play a pathogenic role
in stone formation. These four upregulated DEtsRNAs were
visualized in a heatmap (Fig. 1B). The detailed information about
DEtsRNAs were listed in Table 1.

Prediction of target genes and functional enrichment
analysis

tsRNAs have been reported to participate in RNA interference in
a manner similar to miRNAs. They can specifically target and
bind to the 3’UTR region of mRNA to inhibit its expression!*,
TargetScan and miRanda algorithms were applied to predict the
target genes of the DEtsRNAs.

tRF-Lys-TTT-5005¢ had 1557 target genes predicted by the
Targetscan algorithm and 2746 target genes predicted by the
miRanda algorithm, and 846 target genes were obtained by
taking the intersection of two algorithms (Fig. 2A). GO enrich-
ment analysis showed that potential target genes were related to
positive regulation of establishment of protein localization, car-
diac septum morphogenesis, and positive regulation of cell
development (Fig. 2B). Notably, these target genes were also
involved in bone morphogenetic protein (BMP)-related terms,
such as cellular response to BMP stimulus and regulation of BMP
signaling pathway. KEGG enrichment analysis revealed that
target genes were associated with protein digestion and absorp-
tion, type II diabetes mellitus, and glycosphingolipid biosynthesis
(Fig. 2C).
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Figure 1. Identification of DEtsRNAs. (A) Volcano plot of DEtsRNAs. (B) Heatmap of DEtsRNAs. DEtsRNAs, differentially expressed tsRNAs.

tRF-Lys-CTT-5006c had 1557 target genes predicted by the
Targetscan algorithm and 3789 target genes predicted by the
miRanda algorithm, and 1121 target genes were obtained by
taking the intersection of two algorithms (Fig. 2D). GO enrich-
ment analysis showed that potential target genes were mainly
involved in positive regulation of cell development, Golgi orga-
nization, and pattern specification process. Besides, nervous
system development-related terms were also associated with
target genes (Fig. 2E). KEGG enrichment analysis revealed that
target genes were related to protein digestion and absorption,
extracellular matrix (ECM)-receptor interaction, and type II
diabetes mellitus (Fig. 2F).

tRF-Ala-AGC-5017b had 1576 target genes predicted by the
Targetscan algorithm and 341 target genes predicted by the
miRanda algorithm, and 111 target genes were obtained by
taking the intersection of two algorithms (Fig. 2G). GO enrich-
ment analysis showed that potential target genes were responsible
for protein tetramerization, regulation of receptor recycling, and
kidney development (Fig. 2H). KEGG enrichment analysis
revealed that target genes were associated with human T-cell
leukemia virus 1 infection, HIV-1 viral life cycle, maturity onset
diabetes of the young (Fig. 2I).

tRF-Gly-CCC-5004b had 1331 target genes predicted by the
Targetscan algorithm and 23 target genes predicted by the
miRanda algorithm, and 7 target genes were obtained by taking
the intersection of two algorithms (Fig. 2J). GO enrichment
analysis showed that potential target genes were associated with
immunity-related terms, such as MHC class II protein complex
assembly, antigen processing and presentation of peptide antigen,

immunoglobulin mediated immune response (Fig. 2K). KEGG
enrichment analysis revealed that target genes were involved in
asthma, allograft rejection, and graft-versus-host disease
(Fig. 2L).

Potential role of DEtsRNAs in CaOx stone disease based on
data mining

Since four DEtsRNAs were upregulated in CaOx stone disease,
their target genes might be downregulated due to tsRNAs-
mediated gene silencing. We further data mined the public dataset
GSE73680 to identify CaOx stone disease-related genes.
Differentially expressed genes between 29 RPs tissues and 6
normal renal papillary tissues were screened, and a total of 299
genes were downregulated in CaOx stone diseases. Twenty genes
were obtained by taking the intersection of targets genes of
DEtsRNAs and downregulated genes in stone disease (Fig. 3A).
GO enrichment analysis found that these genes were mainly
involved in BMP-related terms, including BMP signaling path-
way, response to BMP, cellular response to BMP stimulus, reg-
ulation of BMP signaling pathway, negative regulation of BMP
signaling pathway (Fig. 3B). KEGG enrichment analysis revealed
that these genes were associated with ECM-receptor interaction,
human papillomavirus infection, focal adhesion, protein diges-
tion and absorption, PI3K-Akt signaling pathway (Fig. 3C).
Notably, these genes were also enriched in the TGF-B signaling
pathway, and the BMP signaling pathway was an important
component of the TGF-f signaling pathway. We further construct
a DEtsRNAs-target genes network using Cytoscape according
based on STRING database (Fig. 3D).

Four significantly differentially expressed tRNA-derived small RNAs in CaOx stone patients

Differentially expressed tsRNAs Sequence Length Fold change P Regulation
tRF-Lys-TTT-5005¢ GCCCGGCTAGCTCAGTCGGTAGAGCATGAGA 32 9.94 0.0002354 Up
tRF-Lys-CTT-5006¢ GCCCGGCTAGCTCAGTCGGTAGAGCATGGGAC 33 7.25 0.0029189 Up
tRF-Ala-AGC-5017b GGGGGTGTAGCTCAGTGGTAGAGC 25 711 0.0031226 Up
tRF-Gly-CCC-5004h GCATTGGTGGTTCAGTGGTAGA 23 5.74 0.0387251 Up

CaOx, calcium oxalate.
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Figure 2. Prediction of target genes and functional enrichment analysis. (A) Target genes of tRF-Lys-TTT-5005c¢ predicted by Targetscan and miRanda algorithms.
(B) Gene Ontology (GO) enrichment analysis of the tRF-Lys-TTT-5005¢-targeted genes. (C) Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis of the tRF-Lys-TTT-5005¢-targeted genes. (D) Target genes of tRF-Lys-CTT-5006c predicted by Targetscan and miRanda algorithms. (E) GO enrichment

analysis of the tRF-Lys-CTT-5006¢c-targeted genes. (F) KEGG enrichment analysis of the tRF-Lys-CTT-5006c-targeted genes.

@

) Target genes of tRF-Ala-AGC-

5017b predicted by Targetscan and miRanda algorithms. (H) GO enrichment analysis of the tRF-Ala-AGC-5017b-targeted genes. (I) KEGG enrichment analysis of
the tRF-Ala-AGC-5017b-targeted genes. (J) Target genes of tRF-Gly-CCC-5004b predicted by Targetscan and miRanda algorithms. (K) GO enrichment analysis of
the tRF-Gly-CCC-5004b-targeted genes. (L) KEGG enrichment analysis of the tRF-Gly-CCC-5004b-targeted genes.
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Figure 3. Potential role of differentially expressed tsRNAs (DEtsRNAs) in calcium oxalate stone disease based on data mining. (A) Venn plot showing the intersection
of targets genes of DEtsRNAs and downregulated genes in stone disease, and 20 genes were obtained. (B) Gene Ontology enrichment analysis of the obtained 20
genes. (C) Kyoto Encyclopedia of Genes and Genomes enrichment analysis of the obtained 20 genes. (D) Construction of a DEtsRNAs-target genes network.

Discussion

CaOx stones are the most common type of kidney stones,
forming on RPs on the renal papillary surfaces!*!. The formation
of RPs is believed to be a process of ectopic calcification similar to
osteogenesis. Khan and colleagues proposed that in a high cal-
cium or high oxalate urinary environment, the expression of
osteogenesis-related molecules in renal tubular epithelial cells is
upregulated. This prompts a phenotypic transformation of these
cells into an osteogenic-like state, secreting calcium phosphate-
rich matrix vesicles that mineralize to form hydroxyapatite in the
renal interstitium, ultimately resulting in the formation of
RPs!”81, Jia and colleagues found that rats with hypercalciuria,
compared to normal rats, had a significant increase in the
expression levels of osteogenesis-related molecules such as
Runx2, Osterix, OPN, and BMP2 in the kidney. Similarly, renal
tubular epithelial cells exposed to high calcium stimulation
underwent similar osteogenic-like changes'****1. Zhu and col-
leagues have extensively studied the osteogenic-like transforma-
tion in renal fibroblasts in CaOx stone formation. They
discovered that IncRNA NEAT1 can induce EGR1 binding to the

BMP2 promoter region to promote its expression, thereby med-
iating the osteogenic-like transformation of renal fibroblasts?®!.
Similarly, IncRNA MALATT1 can act as an endogenous compet-
ing RNA to bind with miR-320a-5p, leading to the upregulation
of Runx2 expression and thus promoting the osteogenic-like
transformation of renal fibroblasts and the formation of RPs?”!,
Furthermore, they discovered that the a-Klotho protein secreted
by renal tubular epithelial cells can inhibit the osteogenic-like
transformation of renal fibroblasts and thus suppress stone for-
mation, confirming the existence of intercellular communication
between these two cell types!?®l. Despite the increasing focus on
this research direction, the role of osteogenic-like transformation
in RPs and CaOx stone formation is not yet fully elucidated.
The presence of numerous extracellular vesicles in renal pelvis
urobiome has highlighted the role of exosomes in stone
formation!”). Yang and colleagues discovered that exosomes
secreted by renal tubular epithelial cells under CaOx crystal sti-
mulation could promote oxidative stress in the same cell types,
further activating the MAPK signaling pathway. This upregula-
tion leads to the expression of osteogenesis-related molecules
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such as BMP2, OPN, and OCN, mediating an osteogenic-like
transformation that ultimately promotes stone formation®”!.
Yan et al. found that macrophage-derived exosomes exposed to
CaOx crystals accelerated stone formation by promoting
autophagy and apoptosis in renal tubular epithelial cells™"!,
Besides, research on urine exosomes as biomarkers for kidney
stones has also been conducted. Wang and colleagues identified
urine exosomal S100 proteins (ST00A8, S100A9, and S100A12)
as potential biomarkers for kidney stones®!. Urine exosomal
miR-223-3p also showed potential as a biomarker!'?!, Notably,
studies have shown that tsRNAs can accumulate in the extra-
cellular vesicles of unicellular organisms™®!, suggesting that
tsRNAs are among the most ancient small RNAs involved in
intercellular communication. Thus, increasing research is focus-
ing on exosomal tsRNAs in human diseases.

tsRNAs primarily regulate various cellular functions through
two main mechanisms: they can act similarly to miRNAs by
specifically inhibiting target gene mRNAs or directly bind to
RNA-binding proteins, thereby influencing changes in relevant
molecules and signaling pathways™™*. For example, tRF-
GIn-CTG in vascular smooth muscle cells downregulated the
expression of FAS mRNA by targeting its 3’UTR region, inhibited
the apoptosis pathway, promoted cell proliferation, and further
led to intimal hyperplasia®?!. In thyroid cancer, tiRNA-Gly could
directly bind to the RBM17 protein, regulate alternative splicing
of MAPK pathway-related genes, and promote tumor prolifera-
tion and invasion®®!. Although research on exosomal tsRNAs is
still evolving, it has already been confirmed to serve as a bio-
marker for predicting disease prognosisi>*l. Moreover, through
intercellular communication, they can influence the biological
effects of target cells and participate in the development and
progression of diseases. Dou et al.*%! found that tsRNA-21109
from mesenchymal stem cell-derived exosomes, once taken up by
macrophages, can inhibit their polarization toward the M1 pro-
inflammatory phenotype, thus slowing down the progression of
systemic lupus erythematosus. However, research on exosomal
tsRNAs has not been reported in the field of kidney stones.

In this study, we isolated exosomes from the urine of CaOx
stone patients and healthy controls and conducted tsRNAs
sequencing for the first time. We found four exosomal tsRNAs
significantly increased in stone patients, with tRF-Lys-TTT-5005¢
being the most significantly upregulated, followed by tRF-Lys-
CTT-5006¢c, tRF-Ala-AGC-5017b, and tRF-Gly-CCC-5004b.
Through target gene prediction and functional enrichment
analysis, we observed that tRF-Lys-TTT-5005¢ and tRF-Lys-
CTT-5006c¢ share similar functions, such as positive regulation of
cell development, positive regulation of protein transport, and
cell-substrate adhesion. The function of tRF-Ala-AGC-5017b is
primarily related to renal system development, while tRF-Gly-
CCC-5004b is mainly associated with immune responses. To
further investigate the roles of DEtsRNAs in CaOx stone forma-
tion, we intersected the predicted target genes with downregulated
genes screened from the public dataset GSE73680 and performed
another round of functional enrichment analysis. Interestingly, we
found that DEtsRNAs are primarily associated with the BMP
signaling pathway.

Numerous studies have indicated that the BMP signaling
pathway played a crucial role in regulating cell osteogenic
differentiation!®®!. The involvement of the BMP signaling path-
way was also confirmed in regulating the osteogenic-like trans-
formation of renal tubular epithelial cells’***°!, BMPs bind to
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BMP receptors (BMPRs) on the cell membrane, leading to signal
transduction into the cytoplasm, where it acts through various
SMAD proteins. The SMAD protein family, as the primary signal
effectors, is functionally categorized into three classes: receptor-
activated SMAD (R-SMAD, SMAD1/5/9), common SMAD (Co-
SMAD, SMAD4), and inhibitory SMAD (I-SMAD, SMAD&6/7).
Upon phosphorylation and activation by BMPRs, R-SMADs
form complexes with Co-SMAD and translocate into the nucleus,
where they, along with other transcription factors and co-
activators, collectively influence the sequences of osteogenic
specific transcription factors like Runx2 and Osterix, ultimately
upregulating the expression of osteogenesis-related genes to
promote osteogenic differentiation®®”!. On the other hand,
I-SMADs negatively regulate the BMP signaling pathway
through various mechanisms: they can inhibit R-SMADs phos-
phorylation, competitively bind to R-SMADs to prevent their
formation of complexes with Co-SMAD and entry into the
nucleus, and even recruit ubiquitin ligases to facilitate the
degradation of R-SMADs and Co-SMAD, thereby suppressing
the BMP signaling pathway!>®!.

Notably, there were three target genes enriched in negative
regulation of BMP signaling pathway, including SMAD6, FBN1,
and FZD1, which were targeted by tRF-Lys-TTT-5005¢ and tRF-
Lys-CTT-5006c. SMADG6 is a member of the I-SMAD family,
which has the ability to specifically inhibit the BMP pathway.
Wang et al.>*! showed that miR-186, through its targeting effect
on SMADG, activated the BMP pathway to promote osteogenic
differentiation and accelerate the healing of femoral fractures. Li
et al."* found that overexpression of SMAD6 could inhibit the
BMP pathway, suppress osteogenic differentiation, and thus
prevent valve calcification. FBN1 is a major component of
extracellular microfibrils, which plays an important role in the
BMP signaling pathway through its interactions with ECM
components and modulators of BMP signaling. For example,
FBN1 could interact with BMP ligands, such as BMP2 and
BMP4, and sequester them within the ECM. This interaction can
affect the local concentration and availability of BMP ligands to
cells and negatively modulate the BMP signaling pathway!*!l.
Besides, FBN1 could interacts with proteins like BMP-binding
endothelial regulator (BMPER). BMPER is a BMP antagonist
with ability to inhibit BMP2- and BMP4-dependent osteogenic
differentiation!*!, FZD1, as a member of the Frizzled family of
cell surface receptors, is primarily associated with the Wnt sig-
naling pathway!*3l. There may be crosstalk between BMP and
Wt signaling pathways, and Wnt signaling can antagonize BMP
signaling in specific contexts**!. Based on this, we speculate
that after exosomes are taken up by target cells, the carried tRF-
Lys-TTT-5005¢ and tRF-Lys-CTT-5006c¢ inhibit the expression
of SMADG6, FBN1, and FZD1 specifically, thereby activating the
BMP signaling pathway and promoting their osteogenic-like
transformation. The osteogenic-like phenotype secretes matrix
vesicles rich in calcium phosphate, which mineralize in the renal
interstitium to form hydroxyapatite crystals, ultimately leading to
the formation of Randall’s plaques and CaOx stones.

There are some limitations in our study. First, the number of
study subjects is too small, and we need to expand the sample size
to validate the sequencing results. Next, we have to admit that our
study is merely descriptive. Experimental studies should be per-
formed to investigate the biological functions and specific
mechanisms of exosomal DEtsRNAs in RPs and CaOx stone
formation.
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Conclusion

Our study revealed a landscape of urine exosomal tsRNAs
expression profiles, identified four upregulated DEtsRNAs in
CaOx stone diseases, including tRF-Lys-TTT-5005¢, tRF-Lys-
CTT-5006¢, tRF-Ala-AGC-5017b, and tRF-Gly-CCC-5004b,
and predicted their target genes and biological functions. tRF-
Lys-TTT-5005¢ and tRF-Lys-CTT-5006¢ might activate the
BMP signaling pathway to induce cellular osteogenic-like trans-
formation, further contributing to RPs and CaOx stone forma-
tion. The findings provide a novel insight into the pathogenesis of
CaOx stone disease and hold great promise for offering potential
diagnostic biomarkers and therapeutic targets.
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