Diabetes, Metabolic Syndrome and Obesity Dove

ORIGINAL RESEARCH

|dentification of a tsRNA Contributor to Impaired
Diabetic Wound Healing via High
Glucose-Induced Endothelial Dysfunction

Xiao-Tian Zhang*, Zhen-Yang Mao*, Xiang-Yun Jin, Yu-Gang Wang, Yu-Qi Dong (", Chao Zhang
Department of Orthopedics, Renji Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, People’s Republic of China
*These authors contributed equally to this work

Correspondence: Chao Zhang; Yu-Qi Dong, Renji Hospital, Shanghai Jiao Tong University School of Medicine, No. 160, Pujian Road, Pudong New
Area, Shanghai, People’s Republic of China, Tel +86-13817307997; +86-13331873590, Email drzhangchao@sina.coml; dyqrigk@ |26.com

Purpose: Delayed skin healing in diabetic wounds is a major clinical problem. The tRNA-derived small RNAs (tsSRNAs) were
reported to be associated with diabetes. However, the role of tsSRNAs in diabetic wound healing is unclear. Our study was designed to
explore the tsSRNA expression profile and mine key potential tsSRNAs and their mechanism in diabetic wounds.

Methods: Skin tissues of patients with diabetic foot ulcers and healthy controls were subjected to small RNA sequencing. The role of
candidate tsSRNA was explored by loss- and gain-of-function experiments in HUVECs.

Results: A total of 55 differentially expressed tsSRNAs were identified, including 12 upregulated and 43 downregulated in the diabetes
group compared with the control group. These tsSRNAs were mainly concentrated in intercellular interactions and neural function
regulation in GO terms and enriched in MAPK, insulin, FoxO, calcium, Ras, ErbB, Wnt, T cell receptor, and cGMP-PKG signaling
pathways. tRF-Gly-CCC-039 expression was upregulated in vivo and in vitro in the diabetic model. High glucose disturbed endothelial
function in HUVECs, and tRF-Gly-CCC-039 mimics further harmed HUVECs function, characterized by the suppression of
proliferation, migration, tube formation, and the expression of Colllal, Coll4a2, and MMP9. Conversely, the tRF-Gly-CCC-039
inhibitor could attenuate high-glucose-induced endothelial injury to HUVECs.

Conclusion: We investigated the tsSRNAs expression profile in diabetic foot ulcers and defined the impairment role of tRF-Gly-CCC
-039 in endothelial function in HUVECs. This study may provide novel insights into accelerating diabetic skin wound healing.
Keywords: diabetic foot ulcers, skin healing, tsSRNA expression profile, tRF-28-Q1Q89P9L84DF, endothelial damage

Introduction

Diabetes is an unmet clinical problem with high prevalence that was among predicted to affect 300 million patients by
2025." Diabetes is a lifelong metabolic disease, which usually leads to multiple serious complications, including
nephropathy, neuropathy, retinopathy, and diabetic non-healing skin ulcers.> Among them, diabetic non-healing skin
ulcers, such as foot ulcers caused by delayed wound healing, are the most expensive and serious complications. Diabetic
wounds are the most difficult to cure, which have become a major factor contributing to the health challenge and high
cost for the global medical system.® Therefore, an accurate molecular mechanism analysis of wound healing is essential
for improving the therapeutic effect of diabetic wounds.

Angiogenesis, also known as neovascularization or the new blood vessels to nourish damaged tissues, is a vital step in
wound healing. Impaired angiogenesis contributes to diminished wound healing in diabetic skin ulcers.* Therefore, the
priority of enhancing wound healing in diabetic skin ulcers is to promote angiogenic responses. Vascular endothelial cells
connect the entire vascular system and play a central role in angiogenesis and the wound healing.” Endothelial
dysfunction is also the most basic and earliest pathological hallmark in diabetes.® However, the current treatment of
diabetic skin ulcers is not only expensive but also has side effects, leading to high non-compliance and poor curative
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effects. Thus, the design of new therapeutic strategies targeting angiogenesis based on vascular endothelial cells may be
useful for accelerating diabetic wound healing.

Transfer RNA (tRNA)-derived small RNAs (tsRNAs) are an emerging regulatory class of small noncoding RNA
(ncRNA). Transfer halves (RNA) and tRNA-derived fragments (tRFs) are the two main categories of tsRNAs,” which
are generated from mature or precursor tRNAs by multiple cleavage of tRNAs.® tsSRNAs can be divided into several
types rest with where they map on the precursor or mature tRNA transcript. Based on tRFs’ mapped positions, tRFs are
roughly divided into five types: tRF-5, tRF-3, tRF-2, tRF-1, and i-tRF.” Although the detailed function and mechanism of
tsRNAs remain elusive, some paper has shown that tsRNAs play a key role in diabetes and diabetes-related diseases. For
example, Yang et al found that altered tsRNAs may play vital roles in the pathogenesis of proliferative diabetic
retinopathy.” Han et al reported the expression profile of tsRNAs using small RNA sequencing (RNA-seq) in the lens
epithelium of rats and concluded that tsRNAs may be participated in the pathogenesis of diabetic cataract.'® Monogenic
mutations in the TRMT10A gene encoding for a tRNA methyltransferase cause young-onset diabetes. Cosentino et al
observed that B-cell death caused by TRMTI0A mutations may be attributed to tRF-5."""' However, no studies have
reported the role of tsRNAs in angiogenesis in diabetic wound healing.

Given the unknown and potential function of angiogenesis and tsSRNA mentioned above in diabetic wound healing,
this study aimed to profile the tsSRNA expression landscape in the skin tissue of diabetic foot ulcers and to uncover the
function of key tsSRNAs in diabetic wound healing. This study may provide a novel basis for illustrating the mechanism
of diabetic wound healing.

Materials and Methods

Samples, Ethic Statement, and Informed Consent

Diabetic patients (n = 5) and healthy control volunteers (n = 5) were recruited from our hospital. The inclusion criteria for
patients with diabetes were as follows: age 18—70 years, male or female, extremity trauma developed for more than 1
month without a tendency to heal, and ineffective application of traditional conservative treatment methods, fasting blood
glucose >7.0 mmol/L, or 2-h postprandial blood glucose >11.1 mmol/L. Written informed consent was collected from all
patients. The current was approved by the Committee of Ethics at Renji Hospital affiliated to Shanghai Jiaotong
University. Non-diabetic patients who did not meet the abovementioned criteria served as the control group. Normal
tissues within 5 mm from the trauma edge, without necrotic tissue, were collected. Immediately after isolation, the tissue
was placed in lyophilization tubes and stored in liquid nitrogen. The process of isolation to cryopreservation should be
less than 1 min.

RNA Isolation

Total RNA was isolated from skin tissue or human umbilical vein endothelial cells (HUVECSs) using a TRIzol reagent
(Invitrogen Life Technologies, Inc.), according to the manufacturer’s instructions. The integrity and quantity of RNA
samples were measured by agarose gel electrophoresis and the Nanodrop™ instrument. For spectrophotometry, the ratio
of OD value of A260/A280 and A260/A230 should be close to 2.0 for pure RNA (ratios between 1.8 and 2.1 are
acceptable) and more than 1.8, respectively. Quality-qualified RNA (Supplemental Table 1) was stored at —80°C for

subsequent experiments.

Small RNA Sequencing and Bioinformatic Analyses

Skin tissue from diabetic foot ulcers (n = 5) and normal skin tissue from healthy control volunteers (n = 5) were subjected
to small RNA-seq. In constructing a small RNA-seq library, total RNAs were pretreated by ligating 3'- and 5'-adaptors
following m1A and m3C demethylation for efficient reverse transcription. Next, pretreated total RNAs were used for
cDNA synthesis and PCR amplification, and then 134—160-bp PCR-amplified fragments were selected. The prepared
libraries were qualified and absolutely quantified using Agilent BioAnalyzer 2100. Finally, small RNA-seq was
conducted by KangChen Bio-Technology in an Illumina NextSeq 500 system with a 50-bp single end. The RNA-seq
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data generated in this study are available in the Sequence Read Archive (SRA) under accession number PRINA893389
on the NCBI.

Raw data of RNA-seq were filtered by FastQC, and trimmed reads (pass Illumina quality filter, trimmed 5',3"-adaptor
bases by cutadapt) were aligned, allowing for one mismatch only to the mature tRNA sequences. Afterward, reads that
did not align mature tRNA were mapped to the precursor tRNA sequences, allowing for one mismatch in bowtie.'*> The
remaining reads were aligned to miRNA reference sequences, allowing for one mismatch in miRDeep2. Sequence
annotations of tsSRNAs were mapped to the GtRNAdb database (http://gtrnadb.ucsc.edu/), tRFdb database (http://genome.
bioch.virginia.edu/trfdb/), and MINIbase database (http://cm.jefferson.edu/MINTbase/). The expression of tsSRNAs was
calculated using their sequencing counts and normalized as counts per million of total aligned reads. Differentially

expressed tSRNAs were screened on the basis of the expression value with R package edgeR. Significance thresholds
were |Log2FC| >1.5 and P value <0.05. GO and KEGG were analyzed for differentially expressed tsSRNAs.

gRT-PCR Analyses

For tsRNAs, RNAs were prepared using the rtStar™ tRFandtiRNA Pretreatment Kit (Cat# AS-FS-005, Arraystar) and
then reverse transcribed into first-strand cDNA and amplified to cDNA using the rtStar™ First-Strand cDNA Synthesis
Kit (3’ and 5’ adaptor) (Cat# AS-FS-003, Arraystar), according to the manufacturer’s protocol. For mRNA, reverse
transcription into cDNA was conducted by using the RevertAid™ FirstStrand cDNA Synthesis Kit, with DNase I (Cat#
K16225 Thermo). The synthesized cDNA was used for RT-qPCR using 2X PCR master mix (Cat# AS-MR-005-5,
Arraystar) on the ViiA 7 Real-time PCR System (Applied Biosystems). The 2“9 method was used to normalize the
gene expression by relative to U6. All primers were synthesized by Sangon Biotech (Shanghai, China) and showed in
Supplemental Table 2.

Network Construction
The network of the tsSRNA-mRNA pathway was constructed using Cytoscape version 3.6.1. The red diamond, blue oval,
and orange oblong indicated tRF-Gly-CCC-039, mRNA, and the pathway, respectively.

Cell Culture and Transfection

HUVECs purchased from Procell (Cat# CL-0122) were cultured in Ham’s F-12K medium (Procell, PM150910)
supplemented with 10% fetal bovine serum (10099-141, GIBCO, China), 1% penicillin—streptomycin (E607011,
Sangon, China), 0.1 mg/mL of heparin, and 0.03-0.05 mg/mL of endothelial cell growth supplements, at 37°C in
a humidified atmosphere with 5% CO,. Twelve hours before the establishment of the diabetic cell model, all mediums
were discarded and replaced with phenol red-free low-glucose D-MEM containing 1% calf serum. Then, HUVECs were
transferred to Ham’s F-12K medium consisting of either 33 mM high glucose or 5.5 mM normal glucose. For functional
analysis, tRF-Gly-CCC-039 mimic/NC and tRF-Gly-CCC-039 inhibitor/NC were transfected into the abovementioned
HUVEC-pretreated HG or NG utilizing Lipofectamine 2000 (Invitrogen) agents as per the manufacturer’s protocols.

5-Ethynyl-2'-Deoxyuridine (EdU) Assay

The EdU Cell Proliferation Assay Kit (E607204, Sangon) was used to assess the proliferation of HUVECs. A complete
medium of Ham’s F-12K was mixed with EdU solution (1:500) to produce 2x EdU-labeled medium. Next, 3x10%/mL
HUVECs were seeded in a 24-well plate with 300 pL of 2x EdU-labeled medium at 37°C in a humidified atmosphere
with 5% CO, for 2 h and then washed with phosphate-buffered saline (PBS) to discard residual-free EdU. Cells were
fixed with 150 pL of 4% paraformaldehyde at 25°C for 30 min, followed by 150 pL of glycine (2 mg/mL) to neutralize
excess paraformaldehyde at 25°C for 5 min. Then, the glycine solution was discarded, followed by treatment with 300 puL
of 0.3% Triton X-100 for 10 min at 25°C. Further, cells were coincubated with TAMRA staining solution (prepared in
accordance with product specifications) for 30 min at 25°C in a dark environment. Afterward, cells were washed with
300 pL of 0.5% Triton X-100 two times for 10 min at 25°C. Cells were treated with 300 puLL of Hoechst solution (5 pg/
mL) at 25°C for 20 min in the dark. Finally, cells were rinsed with PBS and the photos were imaged on a fluorescence
microscope (OL YMPUS, CKX53).
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Wound Healing Assays

The migration ability of HUVECs was evaluated by the wound healing scratch assay. Cells, after transfection, were
cultured with a complete medium containing Ham’s F-12K and plated onto a 24-well culture plate, with 1 x 10° cells/
well at 37°C in a humidified atmosphere with 5% CO, for 24 h until a confluent monolayer was formed. Three parallel
wells were set. Then, a scratch was made by using a 200-mL pipette tip. After that, the wells were gently washed twice
with PBS to discard the individual cells and then replenished with a serum-free culture medium of cytokines. After
wounding, the wound-healing images were measured at 0 and 24 h by using a camera (NIKON, Japan).

Tube Formation Assay

The angiogenic activity of HUVECs was assessed by a Matrigel tube-formation assay. One hour before HUVECs were
seeded on the 24-well plate, 200 puL of Matrigel (10 mg/mL; Corning, 354234) was added into each well and then placed
in an incubator at 37°C for 1 h to solidify. After that, 6 x 10* cells were inoculated on the solidified Matrigel glue and
placed in a 5% CO, cell incubator at 37°C for further cultivation for 18 h. Finally, an inverted phase-contrast microscope
(NIKON, Japan) was used to assess tube formation.

Statistical Analyses

Data in this article were exhibited in mean + standard deviation. GraphPad Prism 7 was used to perform statistical
analyses and plots. The t-test was utilized to evaluate the difference between two groups. One-way analysis of variance
following Tukey’s test was utilized to evaluate significant differences among four groups. For all data, p less than 0.05
was considered to be statistically significant.

Results
Overview of Small RNA Sequencing

To explore the tsSRNAs related to delaying wound healing in patients with diabetes, we performed small RNA-seq on the
injured skin tissue of diabetic patients, and healthy tissue served as the control. As a result, yielding a total of
>93.3 million Illumina reads, and the Q30 of each sample was above 92%, and the mapped ratios of mature and
precursor were low (Supplemental Table 3). These results indicate that the sequencing data were of good quality, which

could be used for subsequent analyses.

|dentification of tsRNAs

In the present project, a total of 622 tsRNAs were detected, including 152 known tsRNAs from tRFdb (Figure 1A). The
Venn diagram showed 272 commonly expressed tsSRNAs in two groups, and specifically expressed tsRNAs in the
diabetes groups were 52 and 45 in the control groups, respectively (Figure 1B). In addition, tsSRNAs were assorted in
subtypes based on sites and length. We found that the distribution of subtype tsSRNAs was very analogous between the
diabetes and control groups, which were primarily enriched in tRF-5c, tRF-1a, tRF-5a, and tRF-3a (Figure 1C). As we
known that tRNA isodecoders share the same anticodon, even though their body sequences are different, thereby, from
the perspective of tsSRNAs, different tRNAs may produce tRFs or tiRNAs with the same sequence, so we showed the
number of all subtypes of tsRNAs derived from the same anticodon tRNA in the diabetes and control groups, and the
largest number of the tRF-5¢ subtype was observed in two groups (Figure 1D).

Differential Expression Profiles of tsRNAs Induced by Diabetes

To identify related tsSRNAs that involved in the regulation of diabetes, differentially expressed tsRNAs were identified. In
total, 55 differentially expressed tsSRNAs were recovered, 12 of which were upregulated and 43 were downregulated in
the diabetes group compared with the control group (Figure 2A). Among them, the maximum upregulation significance
was the greatest for tRF-Gly-CCC-039. Distinguishable tsRNAs expression patterns were identified among the samples
by heat map (Figure 2B). To determine the molecular and metabolic functions in which the 57 differentially expressed
tsRNAs participate, GO and KEGG analyses were conducted. The differentially expressed tsRNA target-related GO
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terms include nervous system development, cell migration, axon guidance, cell adhesion, synaptic transmission, homo-
philic cell adhesion via plasma membrane adhesion molecules, and the neurotrophin TRK receptor signaling pathway
(Figure 2C). The GO results indicated that differentially expressed tsRNAs were involved in intercellular interactions and
neural function regulation, which are conducive to wound reconstruction and neuropathy. Additionally, the top 20
enriched KEGG pathways showed that differentially expressed tsSRNAs targets were mainly enriched in axon guidance,
glutamatergic synapse, retrograde endocannabinoid signaling, neurotrophin signaling pathway, MAPK signaling path-
way, insulin signaling pathway, FoxO signaling pathway, calcium signaling pathway, Ras signaling pathway, ErbB
signaling pathway, Wnt signaling pathway, T cell receptor signaling pathway, and cGMP-PKG signaling pathway
(Figure 2D), indicating that differentially expressed tsRNAs are associated with neuropathy, inflammation, and wound
renovation.

Network of tRF-Gly-CCC-039

To confirm the reliability of sequencing results, 3 up-regulated and 3 down-regulated differentially expressed tsSRNAs
were selected for RT-qPCR verification with five independent experiments. Except for tRF-Gly-CCC-018, the expression
of the other five differentially expressed tsRNAs was significantly different between the diabetes and control groups, and
the results of RT-qPCR analyses were consistent with those of RNA-seq (Figure 3A). Among them, tRF-Gly-CCC-039
and tRF-Phe-GAA-001 were significantly upregulated in the diabetes group, and tRF-Val-CAC-007, tiRNA-Pro-CGG
-001, and tiRNA-Val-CAC-003 were significantly downregulated in the diabetes group compared with the control group
(Figure 3A). The candidates of tsRNAs were narrowed to tRF-Gly-CCC-039 and tRF-Phe-GAA-001 by focusing on
upregulated in the diabetes group. We found that upon in vitro high-glucose stimulation, only tRF-Gly-CCC-039
expression was upregulated compared with the normal glucose group (Figure 3B and C). Therefore, tRF-Gly-CCC
-039 was selected for further analysis due to its largest differential multiples in RT-qPCR and RNA-seq results, and it was
upregulated both in vivo and in vitro.

Next, a tRF-mRNA—pathway interaction network map was subsequently constructed (Figure 3D). It was predicted
that 93 target mRNAs had potential binding sites with tRF-Gly-CCC-039, and of the 93 target mRNAs, 31 were found in
KEGG pathway annotation (Figure 3D). Importantly, these targets concentrated typical pathways associated with insulin,
inflammation, and diabetic wound healing, such as insulin secretion, insulin signaling pathway, FoxO signaling pathway,
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TGF-beta signaling pathway, and PI3K-Akt signaling pathway (Figure 3D). These results indicated that tRF-Gly-CCC
-039 may be involved in diabetic skin wound healing through the abovementioned target genes and pathways.

tRF-Gly-CCC-039 Supports High-Glucose-Induced Endothelial Injury

We first blasted tRF-Gly-CCC-039 against MINTbase v2.0, a database for the interactive exploration of nuclear and
mitochondrial tRFs (http://cm.jefferson.edu/MINTbase/). In MINTbase v2.0, the molecule of tRF-Gly-CCC-039 hits
tRF-28-Q1Q89P9L84DF, which belongs to a class of 28-nt small RNAs, and the sequence is 5'-
GCGCCGCTGGTGTAGTGGTATCATGCAA-3" (Figure 4A). In addition, the expression of tRF-Gly-CCC-039 is
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enriched in skin cutaneous melanoma (SKCM) and acute myeloid leukemia (Figure 4B), suggesting that tRF-Gly-CCC
-039 is a disease-supporting transcript.

To further assess tRF-Gly-CCC-039 function on endothelial dysfunction in diabetes, we constructed a high-glucose-
induced endothelial injury model in HUVECs and normal glucose served as the control. Then, the expression of tRF-Gly-
CCC-039 was overexpressed by the transfection mimic (Figure 5A). As demonstrated in Figure SC-E, high-glucose
induction resulted in endothelial damage in HUVECsS, relative to normal glucose. Importantly, EAU assay unveiled that
the tRF-Gly-CCC-039 mimic significantly suppressed the proliferation of HUVECs under high-glucose conditions
(Figure 5B). The role of tRF-Gly-CCC-039 in endothelial cell migration was determined by using wound-healing
assay, and the results showed that under high-glucose conditions, the tRF-Gly-CCC-039 mimic significantly inhibited
the motility of HUVECs (Figure 5C). To investigate the role of tRF-Gly-CCC-039 in the angiogenic capacity of
HUVECs, we performed the tube formation assays. The results revealed a significant reduction in the number of tubes
in the tRF-Gly-CCC-039 mimic groups compared with the NC group under high-glucose conditions (Figure 5D). At the
molecular level, compared with normal glucose groups, matrix-associated gene expression, such as Collal, Col4a2, and
MMP9, declined after high-glucose induction, and a further decline was observed after tRF-Gly-CCC-039 mimic
treatment (Figure SE). Therefore, these results suggested that tRF-Gly-CCC-039 mimic transfection aggravated high-
glucose-induced impairment in HUVECs.

In addition, the damage to tRF-Gly-CCC-039 in endothelial cells induced by high glucose was supported by in vitro
inhibition experiments. The tRF-Gly-CCC-039 inhibitor significantly decreased tRF-Gly-CCC-039 expression in
HUVECs (Figure 6A). As shown in Figure 6B—E, proliferation, migration, tube formation, and matrix-associated gene
expression (Collal, Col4a2, and MMP9) were significantly elevated under tRF-Gly-CCC-039 inhibitor treatment rather
than inhibitor NC in high-glucose-induced HUVECs. Taken together, tRF-Gly-CCC-039 is a permissive transcript for
endothelial injury induced by high glucose.

Discussion

Diabetes is a multifaceted metabolic disease, and diabetes are frequently present with poor wound healing.'* Current
therapeutic routes are limited, underlining the need for an in-depth understanding of the pathological mechanism and new
therapeutic targets. In this study, we characterized the tsSRNAs expression profile in the skin tissue of diabetic foot ulcers
and healthy controls and uncovered 57 differentially expressed tsRNAs, which may be participated in wound repair. We
also proved that tRF-Gly-CCC-039 mimic transfection aggravated high-glucose-induced impairment in HUVECsS,
manifested by the reduced proliferation, migration, tube formation, and expression of Collal, Col4a2, and MMP9,
whereas treatment with the tRF-Gly-CCC-039 inhibitor the opposite effect. Taken together, 57 altered tsSRNAs may be
involved in wound healing among people with diabetes, and tRF-Gly-CCC-039 inhibits diabetic wound healing through
angiogenesis. To our knowledge, this is the second report on the tsSRNA profile in diabetic wound healing and repressive
effects of tRF-Gly-CCC-039 on diabetic wound healing were also first revealed. Our data have provided novel insights
into the tRF-Gly-CCC-039-modulating role of angiogenesis in diabetic wound healing.

In the present study, we found that overexpression of tRF-Gly-CCC-039 HUVECs slowed proliferation and migra-
tion, whereas the inhibition of tRF-Gly-CCC-039 showed the opposite result. tRF-Gly-CCC-039, also known as tRF-28-
QI1Q89PIL84DF, originated from the 5'-end of tRNA-Gly-CCC. tRNA-Gly genes have three distinct but related families,
including -CCC, -GCC, and -TCC anticodons, which are conserved in many mammals.'> Among them, the tRFsl
derived from tRNA-Gly-GCC has been demonstrated to promote cardiomyocyte hypertrophy by targeting Timp3
expression and intergenerational inheritance.'® piR-61648 (tRFs-like, maybe derive from the 5'-arm of tRNA-Gly-
GCC-2) is the richest piRNA in human saliva,'” and it is upregulated in patients with human hepatitis B,'® and its
somatic tissue specificity may play a role in translational control.'® These results implicated that the tissue-specific
expression of tRFs derived from the 5'-tRNA-Gly-GCC is closely related to various diseases. However, very few studies
have reported the function of tRF-Gly-CCC. Sharma et al found that the abundance of 5'-fragments of tRNA-Gly,
including tRF-Gly-CCC, tRF-Gly-GCC, and tRF-Gly-TCC, exhibited a significant increase in low-protein diet sperm
compared with control sperm, and upon a low-protein diet induction, tRF-Gly-GCC can regulate endogenous retro-
element MERVL-driven transcript expression in early embryos.”” Based on the highly conservative tRF and previous
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research results, we hypothesized that the upregulation of tRF-Gly-CCC-039 in diabetic skin tissue is related to the slow
healing of diabetic wounds. Our cell experiment results supported this hypothesis. Similarly, Yan et al reported that 22
tsRNAs were differentially expressed among normal skin tissue, diabetic foot ulcers, and hyperbaric oxygen-treated skin
tissue.”! Moreover, tsRNAs have been proven to be involved in human hypertrophic scar formation.?* In summary, tRF-
Gly-CCC-039 is a permissive transcript for endothelial injury in damaged diabetic skin tissue. Unfortunately, no more
studies have been conducted on the role of tsSRNA in wound healing or diabetes. We will do more to that end in the
future.

In the present study, KEGG analysis indicated that tRF-Gly-CCC-039 and the differentially expressed tsRNAs were
related to the classical signaling pathway of insulin, inflammation, and diabetic wound healing, such as insulin secretion,
insulin, FoxO, TGF-beta, MAPK, and PI3K-Akt signaling pathway. It is worth mentioning that these pathways are linked
to diabetic wound healing. For example, the significance of insulin secretion and insulin signaling pathway in diabetes is
proven beyond doubt. Additionally, the MAPK and PI3K-Akt pathways are part of the insulin signaling cascade.”*** The
FoxO and TGF-beta signaling pathways have also been shown to be involved in diabetic wound healing. Huang et al
demonstrated that resveratrol can promote angiogenesis to improve diabetic wound healing by inhibiting FOXO1-c-Myc
expression.”> The TGF-beta family is important in inflammation, angiogenesis, reepithelialization, and connective tissue
regeneration. Among them, TGF-beta3 promotes keratinocyte migration and recruits inflammatory cells and fibroblasts to
the wound site, which facilitates wound healing.®® Moreover, interactions may be observed among these molecular
signals that promote wound healing, for instance, insulin and TOR signal in parallel with FoxO and S6K promote
epithelial wound healing. In summary, these signaling pathways involved in the target genes of tRF-Gly-CCC-039, such
as insulin secretion, insulin, FoxO, TGF-beta, MAPK, PI3K-Akt signaling pathway, etc., are significant pathways for
diabetic wound healing, indicating that tRF-Gly-CCC-039 plays a vital role in diabetic wound healing.

To mimic angiogenesis in vitro, we chose to use HUVECs. HUVEC is a classic and widely used cell model system to
study angiogenesis.”’*® The advantage of the HUVEC model is manifested in four main aspects. First, HUVECs are
relatively and easily accessible endothelial cell types that can be isolated in a standard manner or purchased commer-
cially. Second, HUVECs express numerous important vascular endothelial cell markers, such as CD106, ICAM-1,
VEFGR2, VE-cadherin, and NOS.?*' Third, HUVECs have been shown to respond to a variety of physiological
and/or pathological stimuli, such as high glucose,** hypoxia,*® and shear stress.>* However, despite these advantages, the
differences between HUVECs and endothelial cells participating in angiogenesis should be noted. For example, HUVECs
do not respond to palmitic acid stimulation, which differs from human microvascular endothelial cells.***® Fortunately,
the study confirmed that the high-glucose-induced phenotypic changes in HUVECs are also applicable to mice.”>*
Therefore, the applicability of the HUVEC model for angiogenesis studies can be recognized but should be vigilantly
validated for different stimuli.

Conclusion

In conclusion, we analyzed global tsRNAs expression levels and obtained 57 differentially expressed tsRNAs in damaged
skin tissue of patients with diabetes by using small RNA-seq. GO and KEGG pathway analyses revealed that these
differentially expressed tsRNAs were involved in many pathophysiological processes, including neuropathy, insulin
secretion, wound renovation, and inflammatory responses. Moreover, tRF-Gly-CCC-039 exerted an inhibitory effect on
HUVEC behavior. Our study has widespread implications, and it provides abundant tSRNA resources for wound healing
in people with diabetes.
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