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Abstract. Transfer RNA-derived fragments (tRFs), a novel
class of small non-coding RNA produced by the cleavage
of pre- and mature tRNAs, are involved in various diseases.
Renal tubulointerstitial fibrosis is a common final pathway in
diabetic nephropathy (DN) in which hyperglycemia-induced
tubular extracellular matrix (ECM) accumulation serves
a vital role. The present study aimed to detect and inves-
tigate the role of tRFs in the accumulation of tubular
ECM. Differentially expressed tRFs were analysed with
high-throughput sequencing in primary mouse tubular
epithelial cells treated with high glucose (HG). The Gene
Ontology (GO) was used to analyze the potential molecular
functions of these differentially expressed tRFs, and the Kyoto
Encyclopedia of Genes and Genomes (KEGG) were used to
analyze the associated signaling pathways involved in these
differentially expressed tRFs. tRF-1:30-GIn-CTG-4 was
overexpressed using tRF-1:30-Gln-CTG-4 mimic, followed
by HG treatment. A total of 554 distinct tRFs were detected
and 64 differentially expressed tRFs (fold change >2; P<0.05)
were identified in tubular epithelial cells following high
glucose (HG) treatment, among which 27 were upregulated
and 37 were downregulated. Ten selected tRFs with the
greatest difference (fold change >2; P<0.05) were verified
to be consistent with small RNA-sequencing data, of which
tRF-1:30-GIn-CTG-4 showed the most pronounced difference
in expression and was significantly decreased in response to
HG. GO analysis indicated that the differentially expressed
tRFs were associated with ‘cellular process’, ‘biological
regulation’ and ‘metabolic process’. An analysis of the KEGG
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database suggested that these differentially expressed tRFs
were involved in ‘autophagy’ and signaling pathways for
‘forkhead box O’, ‘the mammalian target of rapamycin’ and
‘mitogen-activated protein kinase’. Finally, the overexpres-
sion of tRF-1:30-GIn-CTG-4 ameliorated HG-induced ECM
accumulation in tubular epithelial cells. Therefore, the present
study demonstrated that there may be a significant association
between tRFs and HG-induced ECM accumulation in tubular
epithelial cells; these differentially expressed tRFs warrant
further study to explore the pathogenesis of DN.

Introduction

Diabetic nephropathy (DN), one of the most common and
severe complications of diabetes mellitus, has developed
in 40-50% of patients who are diabetic worldwide in the
2015-2020 and become the leading cause of end-stage renal
disease (1,2), aggravating the global health and economic
burden. Glomerulosclerosis, tubulointerstitial fibrosis (TIF)
and chronic inflammation are characteristic pathological
manifestations of DN (3). Increasing evidence indicates that
renal TIF is the final common pathway and outcome of DN,
accompanied by tubular atrophy and extracellular matrix
(ECM) accumulation (4,5). However, the intrinsic mechanisms
underlying TIF remain unclear. Thus, it is important to explore
the mechanisms of TIF in DN.

Transfer RNA-derived fragments (tRFs), special types of
small non-coding RNA (sncRNA), are more highly conserved
than other sncRNAs and have attracted wide attention (6,7).
tRFs are produced by specific cleavage of precursor or mature
tRNA, and are classified into five subtypes: i) tRF-1; ii) tRF-2;
iii) tRF-3; iv) tRF-5; and v) internal tRF (i-tRF) (8). Previous
studies reported that tRFs can play crucial roles in biological
processes in various types of disease, including neuronal
degeneration, tumor cell proliferation and gene expression (9).
Additionally, tRFs may participate in the early diagnosis of
cancer by serving as prognostic biomarkers (10). A growing
number of studies have demonstrated that tRFs may be associ-
ated with chronic kidney disease (CKD) progression (11-13).
Khurana et al (11) identified that tRFY* and tRF"*", derived
from urinary exosomes, are suitable biomarkers for the early
diagnosis of CKD. Our previous study also showed that tRFs
contribute to podocyte differentiation to regulate CKD and
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revealed the potential mechanism of idiopathic nephrotic
syndrome (12,13). To the best of our knowledge, however, little
is known about the role of tRFs in TIF.

To explore the role of tRFs in TIF during DN progression,
the present study performed high-throughput sequencing to
detect differential expression profiles of tRFs in high glucose
(HG)-treated tubular epithelial cells. Bioinformatics analyses
were then conducted on these differentially regulated tRFs
(fold change >2, P<0.05). The potential effect of specific
tRF was investigated on HG-induced ECM accumulation of
tubular epithelial cells. Therefore, the present study attempted
to reveal the underlying mechanism of TIF from the novel
perspective of tRFs and provide a promising therapeutic target
for DN.

Materials and methods

Cell culture. A total of 10 male 8-week-old C57BL/6 mice
weighing 22-25 g (Vital River Laboratory Animal Technology
Company; Beijing, China) were placed a standard environment
on a 12-h light/dark cycle and suitable temperature (22-25°C)
and humidity (40-70%) with free access to water and food.
Primary mouse tubular epithelial cells were isolated from
the renal cortex as previously described (14). All mice were
euthanised by intraperitoneal injection of pentobarbital sodium
(100 mg/kg) and the kidney was harvested. The cortical tissue
was cut into 2-4 mm pieces and digested in 0.75 mg/ml colla-
genase for 1 h at 37°C. Subsequently, the digested tissues were
filtered through 80- and 100-mesh steel sieves. Tubules in the
100-mesh steel sieve were collected and centrifuged at 3,000 x g
for 20 min at 25°C. Finally, 5x10° cells were suspended in
Dulbecco's Modified Eagle Medium (DMEM) supplemented
with 10% foetal bovine serum and 1% penicillin-streptomycin
(all Gibco; Thermo Fisher Scientific, Inc.). 2x10° cells (per
well) were seeded into 12-well plates and treated with HG
(35 mM) or normal glucose (control; 5 mM). D-mannitol
(5 mM glucose + 30 mM D-mannitol) was used as the third
group for balancing osmolality. Following 48 h HG treatment
at 37°C, cells were harvested for subsequent experiments. The
animal experiment was performed in accordance with Animal
Research: Reporting of In Vivo Experiments guidelines (15),
as well as the National Institutes of Health Guide for the Care
and Use of Laboratory Animals (16), and was approved by
the Institutional Animal Care and Use Committee of Nanjing
Medical University (approval no. 2206034).

Human serum samples. Human serum samples from patients
with DN were obtained from the Department of Endocrinology,
The Second Affiliated Hospital of Nanjing Medical University,
between 21 January 2021 and 17 September 2021. This study
was approved by the Ethics Committee of Nanjing Medical
University [approval no. (2022)-KY-037-01] and written
informed consent was obtained from all patients. The infor-
mation about the human subjects is summarized in Table SI.

Immunofluorescence. Cultured primary tubular epithelial
cells were fixed with 4% paraformaldehyde for 15 min at
room temperature and then incubated with primary antibody
cytokeratin 18 (CK18; 1:200; cat. no. sc-32329; Santa Cruz
Biotechnology, Inc.) at 4°C overnight. Subsequently, cells

were incubated with Alexa Fluor® 647-conjugated secondary
antibody (goat anti-mouse IgG H&L; 1:400; cat. no. ab150115;
Abcam) in the dark at room temperature for 2 h. After washing
with phosphate-buffered saline, 0.02% DAPI staining was
performed for 10 min at room temperature. Immuno-stained
cells were observed under a fluorescence microscope
(magnification, x100; Nikon Corporation).

High-throughput sequencing. High-throughput sequencing
was performed as described previously (12). Briefly, total RNA
samples were pretreated to remove RNA modifications that
influence small RNA-sequencing (RNA-seq) library construc-
tion with the rtStar™ tRF&tiRNA Pretreatment kit (Arraystar,
Inc.). The total RNA of each sample was sequentially ligated
to 3' and 5' small RNA adapters. cDNA was synthesised and
amplified using proprietary reverse transcription (RT) primers
and amplification primers (NEBNext® Multiplex Small RNA
Library Prep Set for Illumina; Illumina, Inc.). Subsequently,
134-160 bp PCR-amplified fragments were extracted and
purified via 8% PAGE. Subsequently, completed libraries
were quantified using the Agilent 2100 Bioanalyzer (Agilent
Technologies, Inc.). The libraries were denatured and diluted
to a loading volume of 1.3 ml and loading concentration of
1.8 pM following the manufacturer's protocol. Subsequently,
according to the manufacturer's instructions, diluted libraries
were loaded onto a reagent cartridge and forwarded to the
sequencing run on Illumina NextSeq 500 system using
NextSeq 500/550 V2 kit (cat. no. FC-404-2005; Illumina, Inc.).

RNA extraction and RT-quantitative (q)PCR. Total RNA
was extracted from cells using TRIzol® reagent (Invitrogen;
Thermo Fisher Scientific, Inc.) and RNA concentration and
purity were detected using a NanoDrop instrument (Thermo
Fisher Scientific, Inc.). RT-qPCR was performed using the
HiScript ITT RT SuperMix and ChamQ™ SYBR® qPCR Master
Mix (Vazyme Biotech Co., Ltd.) using the StepOne Real-Time
PCR System (Applied Biosystems; Thermo Fisher Scientific,
Inc.) according to the manufacturer's instructions. GAPDH
was used as an internal control for normalisation. For expres-
sion of tRFs, total RNA samples were pretreated to remove
RNA modifications with rtStar™ tRF&tiRNA Pretreatment
kit (Arraystar, Inc.). PCR amplification was performed using
the Bulge-Loop™ miRNA RT-qPCR Primer Sets (one RT
primer and a pair of PCR primers for each set), which were
designed specifically for each tRF by Guangzhou RiboBio
Co., Ltd. After adding forward primer and universal reverse
primer, the reaction mixtures were incubated at 95°C for
10 min, followed by 95°C for 2 sec, 60°C for 20 sec and 70°C
for 10 sec, for 40 PCR cycles in the StepOne Real-Time PCR
System (Applied Biosystems; Thermo Fisher Scientific, Inc.).
U6 small nuclear RNA (snRNA) was used as the internal refer-
ence. All tRF primers were designed specifically by Guangzhou
RiboBio Co., Ltd. and all mRNA primers were obtained from
Generay Biotech Co. Ltd. The mRNA and tRF forward primer
sequences are listed in Tables SII and SIII. The Bulge-Loop™
U6 snRNA gqPCR Primer Set (cat. no. MQP-0201) and
universal reverse primer (cat. no. ssD089261711) cannot be
provided due to the patent of Guangzhou RiboBio Co., Ltd.
The relative expression levels were normalized to endogenous
controls and were expressed as 2424 (17).
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Western blotting. Western blotting was performed as described
by Ji et al (18). Briefly, cells were harvested using RIPA Lysis
Buffer supplemented with 1% protease inhibitor phenylmeth-
ylsulfonyl fluoride (both Beyotime Institute of Biotechnology).
Total protein (25 ug) loaded per lane were separated by 10%
SDS-PAGE and were transferred onto PVDF membranes
(MilliporeSigma; cat. no. HATF09025). Then, membranes
were blocked with 5% skimmed milk at room temperature for
2 h. Subsequently, membranes were incubated with primary
antibodies against a-smooth muscle actin (a-SMA; 1:1,000;
cat.no. BF9212; Affinity Biosciences, Ltd.), collagen I (1:1,000;
cat. no. ab34710; Abcam), fibronectin (1:1,000; cat. no. ab2413;
Abcam) and GAPDH (1:1,000; cat. no. AF7021; Affinity
Biosciences, Ltd.) at 4°C overnight. Next day, membranes were
washed using 1x TBST supplemented with 0.1% Tween 20,
and then incubated with the secondary horseradish peroxidase
(HRP)-conjugated antibodies (goat anti-mouse IgG; 1:2,000;
cat. no. S002; Affinity Biosciences, Ltd; or goat anti-rabbit
IgG; 1:2,000; cat. no. SO01; Affinity Biosciences, Ltd.) at room
temperature for 2 h. Finally, the membranes were incubated
with ECL Developer (Biosharp) Intensity values expressed
as relative protein expression were analysed using ImagelJ
software (version 1.8.0; National Institutes of Health) and
normalised to the expression of GAPDH.

Gene Ontology (GO) and pathway analysis. To explore the
potential functions of differentially expressed tRFs, target
genes of differentially expressed tRFs (fold change >2 and
P<0.05 for significantly differentially expressed tRFs) were
selected. DAVID (david.ncifcrf.gov/) website was used for
GO and Kyoto Encyclopedia of Genes and Genomes (KEGG;
kegg.jp/) was used to perform pathway analysis.

Transfection. Mouse renal tubular epithelial cells were seeded
in 12-well plates and grown to ~70% confluence (2x10° cells
per well) at 37°C. The tRF-1:30-Gln-CTG-4 mimic (tRF
mimic; 5'-GGTTCCATGGTGTAATGGTGAGCACTC
TGG-3'; Guangzhou RiboBio Co., Ltd.) or negative control
(NC mimic; 5'-UUAUAGUCGUGGGAGCAGGGAUCGGCU
UCUNC-3"; Guangzhou RiboBio Co., Ltd.) were transfected
into cells at a concentration of 30 nM with RiboFECT™ CP
Transfection Reagent (Guangzhou RiboBio Co., Ltd.) for 6 h
at 37°C according to the manufacturer's instructions. Then, the
medium was replaced with complete DMEM and cells were
stimulated with HG (35 mM) at 37°C for 48 h.

Statistical analysis. Data are expressed as the mean + stan-
dard error of the mean. All experiments were repeated three
times. Statistical analyses were performed using Statistical
Package for the Social Sciences version 22.0 (IBM Corp.).
Student's t test was used for comparisons between two groups
(unpaired). To compare >2 groups, one-way ANOVA followed
by a Bonferroni's correction was used to analyse differences.
P<0.05 was considered to indicate a statistically significant
difference.

Results

tRF expression profiles in HG-treated tubular epithelial cells.
First, the purity of primary tubular epithelial cells was identified

using immunofluorescence staining with an epithelial-specific
marker (CK18). The present results showed that >95% of cells
expressed CK18 (Fig. S1). Subsequently, tubular epithelial cell
ECM accumulation was induced by HG treatment. Meanwhile,
D-mannitol was used to examine the effects of osmotic pres-
sure on cells; osmotic pressure had no effect on the production
of ECM in tubular epithelial cells (Fig. S2), which is consistent
with previous studies (19,20). Thereafter, cells with a 5 mM
glucose culture were selected as the control group. mRNA
and protein expression of TIF-associated markers a-SMA,
collagen I and fibronectin (21,22) were significantly induced in
the HG-treated group (Fig. 1A and B). Differentially expressed
tRFs were analysed with high-throughput sequencing. Of 554
distinct tRFs detected, 64 differentially expressed tRFs (fold
change >2; P<0.05) were identified. Of these, 27 tRFs were
upregulated and 37 tRFs were downregulated, as displayed
by hierarchical clustering heatmap and the volcano plot
(Fig. 1C and D). All upregulated and downregulated tRFs in the
two groups are listed in Table STV. Commonly and specifically
expressed tRFs are displayed in a Venn diagram (Fig. 1E). In
total, 278 commonly expressed tRFs overlapped between the
two groups, indicating non-zero counts per million mapped
reads (CPM) values in both groups. In addition, 54 specifi-
cally expressed tRFs were found in the HG-treated group,
whereas 27 specifically expressed tRFs were only detected
in the control group. The tRF-5c, formed by cleavage at the
D- and anticodon stems, was the most abundant tRF subtype
in both the HG-treated and control groups, with expression
in the HG-treated group higher than that in the control group
(Fig. 1F and G), suggesting that tRF-5¢ may be associated with
DN progression. Collectively, these results revealed that tRFs
might play a role in HG-induced tubular ECM accumulation.

Verification of expression levels of selected tRFs. To verify
the RNA-seq results, 10 tRFs with the greatest difference
(fold change >2; P<0.05) were selected as candidate tRFs after
excluding tRFs with zero CPM values. RT-qPCR analysis
revealed that tRF-53:70-chrM.Trp-TCA, tRF-49:70-chrM.
Trp-TCA, tRF-1:32-Glu-TTC-2 and tRF-1:32-GIu-TTC-1 were
significantly upregulated in HG-treated tubular epithelial cells
(Fig. 2B-E). tRF-1:30-GIn-CTG-4, tRF-1:28-Gly-CCC-1,
tRF-1:29-Val-AAC-5 and tRF-1:30-Val-AAC-5 were
significantly downregulated (Fig. 2F, G, I and J). However,
there were no significant differences in the expression
of tRF-1:32-Cys-GCA-1-M3 and tRF-1:29-Val-CAC-1
between the two groups (Fig. 2A and H). Among these
verified tRFs, tRF-1:32-Glu-TTC-2, tRF-1:32-Glu-TTC-1,
tRF-1:30-GIn-CTG-4, tRF-1:28-Gly-CCC-1,
tRF-1:29-Val-AAC-5, tRF-1:32-Cys-GCA-1-M3,
tRF-1:29-Val-CAC-1 and tRF-1:30-Val-AAC-5 belong to
the tRF-5c¢ subtype, tRF-53:70-chrM . Trp-TCA belongs to the
tRF-3a subtype and tRF-49:70-chrM.Trp-TCA belongs to the
tRF-3b subtype (Table SIV).

GO and KEGG analysis of differentially expressed tRF
targets. tRFs may play a key role in post-transcriptional
regulation via substantial tRF-target gene interactions (23). In
the present study, target genes of the eight significantly differ-
entially expressed tRFs were predicted to reveal potential
underlying mechanisms of tRFs (Table SV). GO and KEGG
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Figure 1. Identification of differentially regulated tRFs in HG-treated renal tubular epithelial cells. (A) mRNA and (B) protein expression levels of a-SMA,
collagen I and fibronectin. Relative levels were normalised to GAPDH. (C) Clustered heat map and (D) volcano plots of the differentially expressed tRFs in
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Figure 2. Verification of expression levels of selected tRFs by reverse transcription-quantitative PCR. Expression of (A) tRF-1:32-Cys-GCA-1-M3,
(B) tRF-53:70-chrM.Trp-TCA, (C) tRF-49:70-chrM.Trp-TCA, (D) tRF-1:32-Glu-TTC-2, (E) tRF-1:32-Glu-TTC-1, (F) tRF-1:30-GIn-CTG-4,
(G) tRF-1:28-Gly-CCC-1, (H) tRF-1:29-Val-CAC-1, (I) tRF-1:29-Val-AAC-5 and (J) tRF-1:30-Val-AAC-5. U6 was used as the internal reference for normalisa-
tion. "P<0.05 and “P<0.01. ns, non-significant; tRF, transfer RNA-derived fragment.

analyses of these target genes evaluated the function of the  ‘cytoplasm’ and ‘membrane’ were the most highly enriched
differentially expressed tRFs. First, the potential function of  cellular components (CCs; Fig. 3B). Molecular functions
downregulated tRF targets were assessed. The most highly =~ (MFs) primarily included ‘protein binding’, ‘ion binding’,
enriched biological processes (BPs) were ‘cellular process’,  ‘organic cyclic compound binding’, ‘heterocyclic compound
‘biological regulation” and ‘metabolic process’ (Fig. 3A).  binding’ and ‘DNA binding’ (Fig. 3C). The potential func-
‘Cellular anatomical entity’, ‘intracellular’, ‘organelle’, tions of upregulated tRF targets were consistent with those
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Figure 3. GO and KEGG analysis of potential genes of selected differentially downregulated and upregulated tRFs. GO analysis of the target genes of down-
regulated tRFs including (A) BP, (B) CC and (C) MF. GO analysis of the target genes of upregulated tRFs including (D) BP, (E) CC and (F) MF. (G) Analysis
of potential target genes of selected differentially upregulated tRFs by KEGG pathway clustering. (H) KEGG pathway clustering analysis of potential target
genes of the selected differentially downregulated tRFs. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; tRF, transfer RNA-derived
fragment; BP, biological process; CC, cellular component; MF, molecular function; Sig, significant; DE, differentially expressed.



EXPERIMENTAL AND THERAPEUTIC MEDICINE 25: 26, 2023 7

A B =31 Control+NC mimic C
= Control+tRF mimic
= DM Il HG+NC mimic =1 Control B3 HG+tRF mimic
1.5 g SR mimic 55+ EIHG B HG+NC mimic
= DN 200 kR s
SO SO [ T
o kel 5~
25104 - 26 £3
g c < 175 G 1.5
£9 £9 125 5
0o DS o S
0@ 0® 75 i )
= - =~ — o 1.0 1
= 0.5+ =T 25 e o2
T = il = 5 3 05
1] .
0.0 T T oll 11 1ol 0.0 T r
a-SMA Collagen | Fibronectin
D
Fibronectin - ” - . m 56
' . 5 ' =3 Control
Collagen | | e GED oo @ | ¢ 20{ e wx  EIHG
g9 1 = =3 HG+RF mimic
- < 1.54
SMA | D D - - | - - mm HG+NC mimic
23540
GAPDH | @D G @ >e
=
HG - + + + % 0.5
tRF mimic - = i+ = £ 0.0
NC mimic - - - + Fibronectin Collagen | o-SMA

Figure 4. tRF-1:30-GIn-CTG-4 overexpression contributes to inhibition of extracellular matrix accumulation. (A) tRF-1:30-GIn-CTG-4 was validated
by RT-qPCR, with U6 as a normalisation control. (B) RT-qPCR analysis of tRF-1:30-GIn-CTG-4 expression in mouse tubular epithelial cells transfected
with tRF-1:30-GIn-CTG-4 mimic with or without HG treatment. (C) mRNA expression levels of a-SMA, collagen-1 and fibronectin by RT-qPCR analysis.
(D) Western blot analysis showing protein expression levels of a-SMA, collagen-1 and fibronectin. The relative levels were normalised to those of GAPDH.
“"P<0.001 and ""P<0.001. RT-qPCR, reverse transcription-quantitative PCR; tRF, transfer RNA-derived fragment; a-SMA, a-smooth muscle actin; HG, high

glucose; DM, diabetes mellitus; DN, diabetic nephropathy; NC, negative control.

of downregulated tRF targets (Fig. 3D-F). In KEGG pathway
enrichment analysis, forkhead box O (‘FoxO signaling
pathway’), ‘PD-L1 expression and PD-1 checkpoint pathway
in cancer’, ‘proteoglycans in cancer’, ‘endocrine resistance’,
‘mTOR signalling pathway’ and ‘M APK signaling pathway’
were highly enriched in the differentially upregulated
tRFs (Fig. 3G). ‘GABAergic synapse’, ‘autophagy-animal’,
‘neurotrophin signalling pathway’, ‘Ras signalling pathway’,
helper T (“Thl and Th2 cell differentiation’), ‘glutamatergic
synapse’, ‘T cell receptor signalling pathway’ and ‘insulin
signalling pathway’ were highly enriched in the differentially
downregulated tRFs (Fig. 3H).

Overexpression of tRF-1:30-GIn-CTG-4 attenuates ECM
deposition.tRF-1:30-Gln-CTG-4showed the mostpronounced
difference in expression and was significantly decreased in
response to HG (Fig. 2). Moreover, tRF-1:30-GIn-CTG-4
expression in the serum of patients with DN was decreased by
30% (Fig.4A). To explore the effects of tRF-1:30-GIn-CTG-4
on ECM deposition, tRF-1:30-GIn-CTG-4 was overex-
pressed using tRF-1:30-GIn-CTG-4 mimic, followed by HG
treatment (Fig. 4B). There was a marked decrease in a-SMA,
collagen I and fibronectin levels (Fig. 4C and D), indicating
an attenuated ECM deposition in tubular epithelial cells.
These results demonstrated that tRF-1:30-GIn-CTG-4 was

involved in DN progression and may be a novel biomarker
for DN progression.

Discussion

Despite technological advances, the pathogenesis of DN
remains unclear and, to the best of our knowledge, there are
no valid therapeutic strategies (24,25). TIF is the key factor in
DN progression, which is characterised by the deposition of
ECM, including a-SMA, fibronectin and collagen I (26). The
present study found that tRFs, a special kind of sncRNA, are
associated with TIF and involved in DN. These findings not
only provide novel insights into the pathogenesis of DN but
may also help to screen effective therapies for DN.

With advances in next-generation sequencing tech-
nology, numerous sncRNAs, including microRNAs, circular,
p-element-induced wimpy testis-interacting and small
nucleolar RNAs and tRNAs, have been confirmed to serve
significant roles in a variety of diseases (27). Recently,
tRNA-derived small fragments, called tsRNAs, have attracted
considerable attention (28-30). The two types of tsRNA,
tRNA-derived stress-induced RNA (tiRNA) and tRFs, are
classified according to the different cleavage positions of
the precursor or mature tRNA transcript (31). An increasing
number of studies have demonstrated that tRFs serve a variety
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of biological functions in regulating cell proliferation, inter-
acting with proteins or mRNA and regulating the cell cycle,
DNA damage response and epigenetic modifications (32-34).
In addition, previous studies showed that tRFs may be novel
diagnostic and therapeutic targets in kidney disease (11,35).
Therefore, it was hypothesised that tRFs serve a key role in
DN. To understand the potential effects of tRFs on DN, small
RNA-seq was performed in the present study and 27 upregu-
lated and 37 downregulated differentially expressed tRFs were
found. These results suggest that tRFs may serve a crucial role
in DN development and are worthy of further study.

To date, five types of tRFs have been identified and
characterised by their provenance on tRNAs: tRF-1, tRF-2,
tRF-3, tRF-5 and i-tRF. The tRF-1 subtype is derived from
the 3' trailer of primary tRNA and is formed during the
tRNA precursor sequence maturation. The tRF-2 subtype
is derived from tRNAS" tRNAYY and tRNA™". The tRF-3
subtype that results from cleavage of the T-loop by the Dicer
enzyme and ribonuclease angiogenin is further classified
into two subgroups: tRF-3a; and tRF-3b. The tRF-5 subtype
that is generated from the cleavage of the D-loop of tRNAs
by the Dicer enzyme is further divided into three subtypes:
tRF-5a, tRF-5b and tRF-5c. The i-tRF subtype originates
from the internal bodies of mature tRNA (36-38). According
to the present tRF high-throughput sequencing data, tRF-5¢
was the most abundant subtype in both the HG-treated and
control groups. Furthermore, expression of tRF-5¢ in the
HG-treated group was higher than that in the control group,
suggesting that tRF-5¢ may be associated with DN progression.

Although there are some studies on the involvement of tRFs
in pathogenesis of disease (39,40), to the best of our knowl-
edge, the mechanisms by which tRFs regulate occurrence
and development of diseases remain unclear. Previous studies
have revealed that tRFs not only participate in posttranscrip-
tional regulation via miRNA-like actions but also stabilise
the mRNA by binding to RNA-binding proteins (41,42). For
example, tRF3008A suppresses progression and metastasis
of colorectal cancer by destabilising FOXK1 in an Argonaute
protein-dependent manner (43). Goodarzi et al (44) showed
that tRFs suppress breast cancer progression by competitively
binding YBXI to inhibit the stability of multiple oncogenic
transcripts. Potential target genes of tRF-53:70-chrM.Trp-TCA,
tRF-1:32-Glu-TTC-2, tRF-1:32-Glu-TTC-1, tRF-49:70-chrM.
Trp-TCA, tRF-1:30-GIn-CTG-4, tRF-1:28-Gly-CCC-1,
tRF-1:30-Val-AAC-5 and tRF-1:29-Val-AAC-5 were predicted
in the present study. Analysis of tRF target genes revealed that
multiple tRFs are associated with renal fibrosis. For example,
tRF-1:28-Gly-CCC-1 is involved in regulating the fibrotic
process by targeting transforming growth factor 3 receptor
type 2, a type II serine/threonine kinase receptor for trans-
forming growth factor f-1 (TGF-f1) that induces fibrosis by
binding TGF-p1 and acting as the initiator and key component of
canonical TGF-B/SMAD signalling (45). tRF-1:30-Val-AAC-5
may function as an anti-fibrosis agent by targeting kelch-like
protein 42 (KLHL42). Lear et al (46) showed that KLHL42
impairs TGF-f-dependent profibrotic signalling and KLHL42
knockdown decreases fibrotic tissue production. In addition,
in the present study FoxO3 was predicted as a target gene of
tRF-1:30-GIn-CTG-4. Evidence has indicated that FoxO3 is an
important player in fibrogenesis and a novel treatment strategy

in renal fibrosis (47). Hence, tRF-1:30-GIn-CTG-4 may serve
arole in renal fibrosis by targeting FoxO3 expression. Further
analysis of tRF target genes should be performed to explore
the mechanisms of tRFs in TIF.

GO clustering was performed in the present study to inves-
tigate the potential functions of tRFs. For BP, most targets of
differentially expressed tRFs were associated with cellular
metabolic processes. In a pathology study of 34 cases of human
kidneys diagnosed with DN, lipid accumulation was found
in renal tubules (48). Moreover, in vitro studies showed lipid
droplets in cultured renal tubular epithelial cells following HG
treatment (49,50); these data demonstrate that tRF-associated
metabolic disorders of renal epithelial cells may result in
progressive fibrosis in DN. In addition, the most highly enriched
MEF subcategory in the present study was ‘protein binding’. tRFs
competitively bind RNA-binding proteins (RBPs) to regulate
oncogenic mRNA expression. Falconi et al (51) indicated that
anovel tRF derived from mature tRNAS" was able to bind and
displace the 3' untranslated region of specific RBPs to suppress
breast cancer progression. The present GO analysis results
provide novel ideas for exploring the role of tRFs in DN.

In KEGG analysis, the pathways of autophagy, FoxO,
mTOR, MAPK and Ras signalling were highly enriched.
Previously, studies have demonstrated that these pathways
were closely associated with ECM (52,53). Dysregulation
of autophagy under stress conditions plays a crucial role in
progressive renal and hepatic fibrosis (54,55). The FoxO
signalling pathway exerts key effects on renal fibrosis (56,57).
Additionally, mTOR serves an essential role in cell prolifera-
tion and metabolism. The dysfunction of the mTOR pathway
is involved in progression of renal fibrosis in various kidney
diseases (58) and mediates fibrogenesis by regulating ECM
accumulation (59). MAPK signalling is strongly active in ECM
accumulation during the progression of DN (60). RAS effector
RREBI is considered to be a key partner of TGF-3-activated
SMAD transcription factors in ECM accumulation and epithe-
lial-to-mesenchymal transitions (61). These results indicate
that the differentially expressed tRFs may be associated with
several signalling pathways and play important regulatory
roles in the development of DN.

Finally, considering their potential pathophysiological
mechanisms, the present study focused on downregulated
tRFs. In particular, tRF-1:30-GIn-CTG-4 was further inves-
tigated since it was the most downregulated tRFs. Expression
of tRF-1:30-GIn-CTG-4 decreased in the HG-treated group.
ECM accumulation induced by HG treatment was reversed
by the overexpression of tRF-1:30-GIn-CTG-4, which indi-
cated that tRF-1:30-GIn-CTG-4 may have an antifibrotic
role in DN progression. However, the mechanism by which
tRF-1:30-GIn-CTG-4 regulates ECM secretion in DN remains
unclear and warrants further investigation. Moreover, the
effects of upregulated tRFs on HG-induced ECM accumula-
tion were not investigated in the present study. Upregulated
tRFs may also serve a critical role in promoting renal tubular
injury and ECM accumulation. Thus, the exact effects of
upregulated tRFs should be explored in a future study. It
remains to be established whether the present results may also
be observed in human kidney tissues.

In conclusion, the present study discovered that tRFs,
which are novel types of sncRNAs, are associated with TIF
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and involved in DN. The underlying mechanism may involve
the dysregulation of autophagy and the FoxO, mTOR and
MAPK signalling pathways. The present findings advance
understanding of the pathophysiology of DN and may reveal
promising therapeutic targets for the treatment of DN.
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