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Ultraviolet (UV) radiation is a major environmental factor contributing skin damage. As
UV exposure is inevitable, it is necessary to pay attention to the underlying molecular
mechanisms of UV-induced skin damage to develop effective therapies. tRNA-derived
stress-induced RNAs (tiRNAs) and tRNA-derived fragments (tRFs) are tRNA-derived
small RNAs (tsRNAs) that are a novel class of short, non-coding RNAs. However,
the functions behind tRFs & tiRNAs in UV-induced skin injury are not yet clear.
Firstly, the animal model of ultraviolet irradiation induced skin damage was established.
Then the skin samples were preserved for the follow-up experiment. Sequencing was
used to screen expression profiles and predict target genes. Compared with normal
skin, a total of 31 differentially expressed tRFs & tiRNAs were screened. Among
these, 10 tRFs & tiRNAs were shown to be significantly different in expression levels,
where there were 4 up-regulated and 6 down-regulated target genes. Bioinformatics
analyses revealed potential up-regulated tsRNAs (tRF-Val-AAC-012, tRF-Pro-AGG-012,
tRF-Val-CAC-018, tRF-Val-AAC-031) and down-regulated tsRNAs (tRF-Arg-CCT-002,
tRF-Trp-TCA-001, tiRNA-Ser-GCT-001, tRF-Gly-CCC-019, tRF-Ala-TGC-001, tRF-Ala-
TGC-002). In summary, it was speculated that tRF-Gly-CCC-019 plays an important role
in acute skin injury induced by UVB radiation by regulating the ras-related C3 botulinum
toxin substrate 1 (Rac1) gene in the WNT signaling pathway. This study provides new
insights into the mechanisms and therapeutic targets of UV-induced skin injury.

Keywords: ultraviolet irradiation, tRF & tiRNA, skin injury, sequencing, bioinformatics

INTRODUCTION

Ultraviolet light A (UVA) and Ultraviolet light B (UVB) radiation in sunlight causes acute damage
including a sunburn or chronic cumulative damage such as photoaging and skin cancer posing a
potential hazard to human health (Wolf et al., 2019). UVB (290–320 nm) has a short wavelength
and high energy and mainly acts on the epidermis where keratinocytes are targeted. UVB induces
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adverse reactions such as skin erythema, edema, blisters,
skin pigmentation, abnormal growths, light aging, and non-
melanoma skin cancer (Hsu et al., 2020; Son et al., 2020; Sun et al.,
2021). The body protects the skin using a variety of protective
measures, such as apoptosis, inflammation and combating cells
that may potentially be cancerous.

A transporter RNA (tRNA) is a connector molecule involved
in decoding mRNAs and translating proteins. Recent studies
have shown that tRNAs can also serve as a main source for
small non-coding RNAs (sncRNAs) with unique and diverse
functions (Akiyama et al., 2020). These tRNA-derived ncRNAs
are not products of random degradation but are produced
by precise biogenic processes (Martinez et al., 2017). The
ncRNAs from tRNAs can be roughly divided into two aspects:
tiRNAs (tRNA-derived stress-induced RNAs) and tRFs (tRNA
derived fragments) that implement their specific molecular size,
nucleotide composition, physiological function, and biogenesis
(Zhu et al., 2019; Lakshmanan et al., 2021). The length of tRFs
is about 16–28 nt and they are derived from mature tRNAs
or precursor tRNAs. In addition, tRFs & tiRNAs are associated
with a variety of pathological conditions such as cancer,
neurodegenerative diseases and inherited metabolic diseases
(Hanada et al., 2013; Zhang et al., 2020; Wang et al., 2021).
Studies have shown that tRFs & tiRNAs in sperm represent a class
of epigenetic factors that mediate inheritance of diet-induced
metabolic diseases to offspring (Chen et al., 2016). Restriction of
dietary protein levels in mice changes the content of small RNAs
in mature sperm. More specifically, let-7 expression decreased
and the expression level of tRFs & tiRNAs at the 5′ fragments
of Glycine tRNA source increased. Therefore, tRFs & tiRNAs are
also thought to play an endogenous reverse transcriptional role
driving preimplantation transcriptome expression regulation in
embryos (Sharma et al., 2016).

Presently, studies investigating tRFs & tiRNAs attracted
increased attention, but no internal association between tRFs
& tiRNAs and UV-induced skin damage has been analyzed.
Therefore, the purpose of this study was to explore the spectrum
of tRFs & tiRNAs and determine the mechanism behind tRFs
& tiRNAs in UV damage. The research design for this study is
presented in Figure 1.

MATERIALS AND METHODS

Animals
A total of 12 mice (C57BL/6, adult males, aged 6–8 weeks
and weighing about 18 ± 2 g, No. SCXK 2016-0002, March
29th, 2018) provided by the Central Animal Room of the
Third Xiangya Hospital, Central South University were used in
this study. Animals were kept in a humid environment with
a constant temperature of 22–25◦C and had free access to
food and water. They also experienced a 12-h light/dark cycle.
Experimental procedures were performed following laboratory
requirements and were approved by the Bioethics Committee of
Central South University.

Mice were randomly divided into 4 groups with 3 mice
included in each group. The different experimental groups

FIGURE 1 | tRF & tiRNA-seq experiment workflow.

included the normal healthy control groups Ctrl (0 mJ/cm2),
group U90 (90 mJ/cm2), group U180 (180 mJ/cm2), and group
U360 (360 mJ/cm2).

Shaving: before the experiment, 1% pentobarbital sodium was
used to perform preoperative anesthesia on C57BL/6 mice and
2 × 3 cm2 of back hair was removed using depilating cream and
an electric pusher.

Radiation Damage Model
Skin of mice in the experimental groups was irradiated using the
SS-03B Ultraviolet Phototherapy Instrument (Shanghai Sigma
High Technology Co., Ltd.). The irradiation dose used for the
other groups was 90 mJ/cm2, 180 mJ/cm2, and 360 mJ/cm2

based on results from a preliminary experiment. Mice were
placed on the work surface. The SS-03B Ultraviolet Phototherapy
Instrument was preheated. The lamp tube height was adjusted
50 cm away from the workbench and mice were continuously
irradiated for 8 days.

Tissue Collection and Preservation
Changes and special conditions observed for mice before and
after irradiation were recorded every day. After the 9th day,
mice were sacrificed. Sterilized scissors were used to collect the
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back skin of experimental mice. Four pieces of skin tissue about
1× 1 cm2 in size were collected from each mouse.

Removed skin tissue specimens were divided into two parts
and stored. Half of the skin specimen was cut into pieces and
frozen in liquid nitrogen for future use. The other half of the
tissue specimen was placed in an EP tube and stored on dry ice
for molecular detection. Each skin sample was marked with a
corresponding label.

Hematoxylin and Eosin (H&E) Staining
Fixed skin tissue samples were embedded in paraffin, sectioned
at 4–5 µm and mounted on slides. Sections were deparaffinized,
rehydrated in an ethanol gradient, and stained with H&E
trichrome according to standard protocols using commercially
available reagents.

RNA Extraction and Quality Control
Total RNA using TRIzol reagent. Quality control (QC) using
agarose gel electrophoresis was performed to detect the quantity
and integrity of each RNA sample and then samples were
quantified using a Nano drop ND-1000 instrument. Total RNA
quantification and quality assurance was performed using a
spectrophotometer.

tRF & tiRNA Pretreatment
Total RNA samples were pretreated for removing tRF &
tiRNA modifications which interfere with small RNA-seq library
construction. Firstly, diacylated 3′-aminoacyl (charged) to 3′-
OH for 3′ -adaptor ligation; secondly, removed 3′-cP (2′-
cyclic phosphate) to 3′-OH for 3′ -adaptor ligation; thirdly,
phosphorylated 5′-OH (hydroxyl group) to 5′-P for 5′-adaptor
ligation; finally, demethylated m1A and m3C for more efficient
reverse transcription.

Library Preparation
The sequencing library was constructed by using the NEBNext R©

Multiplex Small RNA Library Prep Set for Illumina R©. Briefly,
3′-adapter and 5′-adapter ligated to RNA samples, then
reverse transcription, PCR amplification and selected ∼134–
160 bp PCR amplicons (corresponding to ∼14–40 nt small
RNAs). The sequencing libraries were quantified using Agilent
2100 Bioanalyzer, and mixed with equal amounts based on
quantification results and used for sequencing. The expression
of tRF was annotated by referring to the tRNA sequence in the
GtRNAdb database. Only fragments that can be compared with
tRNA and pre-tRNA are defined as tRFs & tiRNAs. MiRNA
and other small RNA fragments will not be compared with
tRNA. Therefore, the influence of miRNA and other small RNA
fragments can be excluded.

Sequencing
The sequence reaction was performed on Illumina NextSeq
500 with NextSeq 500/550 V2 kit (#FC-404-2005, Illumina).
Well mixed DNA libraries were denatured using 0.1 M NaOH
for generating single strand DNA molecules and loading by
NextSeq 500/550 V2 kit (#FC-404-2005, Illumina) according

to the guidebook from manufacturer. A 50 sequencing was
considered to be reasonable.

Data Collection and Analysis
tRFs & tiRNAs levels were evaluated using sequencing counts and
normalized as counts per million of total aligned reads (CPM).
tRFs & tiRNAs differentially expressed were screened based on
count values using the R package EdgeR (Robinson et al., 2010).
Pie plots, Venn plots, Hierarchical clustering and Volcano plots
were generated in R or using the perl environment for statistical
computing and graphics.

Target Genes Predictions for
tRFs & tiRNAs
Some studies have used different algorithms to obtain possible
seed sequences and targets for tRFs & tiRNAs referencing to
miRNA target predictors (Kumar et al., 2014; Karaiskos and
Grigoriev, 2016; Kim et al., 2017; Kuscu et al., 2018; Luo et al.,
2018). Previous studies recommended using TargetScan and
miRanda to predict tRFs & tiRNAs targets (Enright et al., 2003;
Garcia et al., 2011; Li et al., 2020). A conclusion could only be
drawn if both programs predicted genes to be targets mRNAs of
the tRFs & tiRNAs.

Bioinformatic Prediction
Metascape1 is a free, well-maintained, user-friendly gene-list
analysis tool for gene annotation and analysis (Zhou et al., 2019).
It is an automated meta-analysis tool to understand common
and unique pathways within a group of orthogonal target-
discovery studies. In this study, Metascape was used to conduct
pathway and process enrichment analysis of tRF-Gly-CCC-019
target genes. For this, the Gene Ontology (GO) terms for
biological process, cellular component, and molecular function
categories, as well as Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways, were enriched based on the Metascape
online tool. Only terms with P-value < 0.01, minimum count
of 3, and enrichment factor of >1.5 were considered as
significant. The most statistically significant term within a cluster
was chosen as the one representing the cluster. A subset of
enriched terms was selected and rendered as a network plot to
further determine the relationship among terms, where terms
with similarity of >0.3 were connected by edges. Protein–
protein interaction enrichment analysis was performed using the
following databases: STRING, BioGrid, OmniPath, InWeb_IM.
Further, Molecular Complex Detection (MCODE) algorithm was
applied to identify densely connected network components. In
this study, the “Express Analysis” module was used to further
verify the enrichment of tRF-Gly-CCC-019 target genes.

RT-qPCR
tRF-Gly-CCC-019, tRF-Trp-TCA-001, tRF-Val-AAC-012, and
tRF-Val-CAC-018 were verified by RT-qPCR. Total RNAs
of samples was extracted from sections using TRI Reagent
(Sigma: T9424). RNAs concentration and purity were determined

1http://metascape.org
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using NanoDrop R© ND-1000. RNAs integrity was tested by
denatured agarosol gel electrophoresis. RNA pretreatment and
cDNA synthesis were performed using rtStarTM tRF & tiRNA
Pretreatment Kit (Cat# AS-FS-005, Arraystar) and rtStarTM

First-Strand cDNA Synthesis Kit (Cat# AS-FS-003, Arraystar),
respectively. The 2× PCR master mix (Arraystar:AS-MR-006-
5) was used for the PCR through ViiA 7 Real-time PCR System
(Applied Biosystems). The reactions were incubated at 95◦C for
10 min, followed by 40 cycles at 95◦C for 10 s, 60◦C for 60 s
(fluorescent signals were measured). The results were normalized
to the reference of U6RNA and calculated.

Statistical Analysis
GraphPad prism software was used for statistical analysis in
RT-qPCR. Results are presented as mean ± standard deviation
(SD). tRFs & tiRNAs expression belongs to discrete distribution.
Significant differences between the groups were compared using
the negative binomial distribution. tRFs & tiRNAs differentially
expressed were screened based on count values using the R
package EdgeR (Robinson et al., 2010). The significance level was
set at P ≤0.05.

Database and Accession Numbers
The raw data of the tRFs & tiRNAs-seq in our study was
submitted in Gene Expression Omnibus (GEO), which were
assigned GEO accession numbers GSE162641. Our series entry
(GSE1626412) provides access to all of our data.

RESULTS

Mouse Skin Injury Induced by UVB
Irradiation
As shown in Figure 2, H&E staining results revealed that skin
structure of control group Ctrl was intact (see Figure 2A).
The skin epidermis was evenly distributed without obvious
thickening and the dermal papilla layer was clear. The
basement membrane was not degraded no inflammatory
cells were observed. In groups exposed to UVB irradiation
(see Figures 2B–D), the skin structure was incomplete. The
cuticle was detached and the epidermal layer was significantly

2https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE162641

FIGURE 2 | Histological changes of dorsal skin in mice exposed to different doses of UVB irradiation. These show the magnification is 10 times under an optical
microscope. (A) Control group; (B) The experimental group received radiation dose of 90 mJ/cm2; (C) The experimental group received radiation dose of
180 mJ/cm2; (D) The experimental group received radiation dose of 360 mJ/cm2.
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FIGURE 3 | The analysis of subtypes tRF & tiRNA. (A–D) Pie chart of the distribution of subtypes tRF & tiRNA. The values in bracket are represented the number of
subtypes tRF & tiRNA. The color represents the subtypes tRF & tiRNA. (E–H) The number of subtypes tRF & tiRNA against tRNA isodecoders. The X axis represents
tRNA isodecoders and the Y axis show the number of all subtypes tRF & tiRNA. (I–L) The frequency of subtype against length of the tRF & tiRNA. The X axis
represents length of tRF & tiRNA and the Y axis show the frequency of the subtypes against length of tRF & tiRNA.

thickened, which was significantly different from the control
group. The epidermal basement membrane was degraded.
Inflammatory cells infiltrated into the epidermis, and the dermal
tissue was disordered.

Altered Expression Profiles of
tRFs & tiRNAs
tRF & tiRNA-Seq was used to identify tRF & tiRNA expression
levels in these groups. The first step was to evaluate and test
the sequencing quality and draw a QC graph for each sample.
The Q is related to the logarithm of the base, the quality
score plot of each sample was plotted (see Supplementary
Figure 1 and Supplementary Table 1). call error probability (P):
Q =−10log10(P). For instance, Q30 implies an incorrect base call

probability of 0.001 or 99.9% base call accuracy. According to the
results of Figure 3 and Table 1, sample quality was qualified.

A Venn diagram showed commonly expressed and specifically
expressed tRFs & tiRNAs. In Supplementary Figure 2D, the
Venn diagram revealed known tRFs from tRFdb (Kumar et al.,
2014, 2015) and the detected tRFs & tiRNAs in this experiment.
There were 57 tRFs & tiRNAs observed in both two groups which
represented common tRFs & tiRNAs. Additionally, 269 specific
tRFs & tiRNAs were detected that were not previously known.

In Figure 3, a pie chart was used to describe each subtype
of tRF & tiRNA. The pie chart showed the distribution of each
subtype where the CPM of the sample or the average CPM of
the group was not less than 20. In these tRFs & tiRNAs, the
expression levels of tRF-3a increased, whereas tRF-5a and tiRNA-
3 levels decreased compared to the control (Ctrl). Furthermore,
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TABLE 1 | The candidate tRF & tiRNA for bioinformatics.

Name Groups Type Length Fold change P-value Q-value Regulation

tRF-Pro-AGG-012 B:A tRF-5c 31 4.781440594 0.003103144 0.038175315 Up

C:A tRF-5c 31 4.05575894 0.005132839 0.053480873 Up

D:A tRF-5c 31 7.420759879 8.98333E-08 7.25404E-06 Up

tRF-Val-AAC-012 B:A tRF-5c 32 3.016918321 0.04193729 0.191943749 Up

C:A tRF-5c 32 5.3389584 0.002805139 0.040582801 Up

D:A tRF-5c 32 6.583554544 0.000271897 0.002661296 Up

tRF-Val-AAC-031 B:A tRF-5c 32 8.402013832 2.71448E-05 0.003230235 Up

C:A tRF-5c 32 9.802656488 1.05991E-05 0.003423517 Up

D:A tRF-5c 32 9.370313038 3.21793E-06 0.000124659 Up

tRF-Val-CAC-018 B:A tRF-5c 32 5.129605552 0.001975966 0.033591418 Up

C:A tRF-5c 32 7.603784623 0.000229387 0.012348652 Up

D:A tRF-5c 32 6.590396309 0.000186961 0.002208657 Up

tiRNA-Ser-GCT-001 B:A tiRNA-5 20 0.048863505 0.000424766 0.014018123 Down

C:A tiRNA-5 20 0.089925461 0.001668834 0.036500014 Down

D:A tiRNA-5 20 0.08419616 0.001730948 0.009476206 Down

tRF-Ala-TGC-001 B:A tRF-1 20 0.285374208 0.00924715 0.072428766 Down

C:A tRF-1 20 0.245661274 0.003809353 0.048234951 Down

D:A tRF-1 20 0.129291736 5.32853E-05 0.000819578 Down

tRF-Ala-TGC-002 B:A tRF-1 21 0.378947046 0.017991463 0.110740554 Down

C:A tRF-1 21 0.249866758 0.002035664 0.03867762 Down

D:A tRF-1 21 0.249429607 0.00166444 0.009431824 Down

tRF-Arg-CCT-002 B:A tRF-1 15 0.420313273 0.029433192 0.147995064 Down

C:A tRF-1 15 0.213410181 0.000454298 0.016304266 Down

D:A tRF-1 15 0.038656323 3.25305E-10 5.25368E-08 Down

tRF-Gly-CCC-019 B:A tRF-5a 16 0.175976904 0.002099658 0.034071729 Down

C:A tRF-5a 16 0.201466914 0.00275907 0.040582801 Down

D:A tRF-5a 16 0.235544725 0.006476565 0.026818485 Down

tRF-Trp-TCA-001 B:A tRF-3a 17 0.11768156 0.003975342 0.044329859 Down

C:A tRF-3a 17 0.087855086 0.000178682 0.012348652 Down

D:A tRF-3a 17 0.066019654 5.26313E-05 0.000819578 Down

the number of tRFs & tiRNAs subtypes were counted against
tRNA isodecoders. The stacked bar chart (see Figures 3E–H)
represents different tRNA isodecoders on top of one another. The
height of the resulting bar showed the combined result of tRNA
isodecoders. The frequency of tRFs & tiRNAs subtypes can be
calculated against the length of the sequence (see Figures 3I–L).
The height of the resulting bar showed the combined results of
tRFs & tiRNAs length.

Hierarchical clustering was arranged to analyze tRF & tiRNA
expression data. Each row represented one tRF & tiRNA
and all that were selected were categorized into no more
than 10 clusters based on K-means clustering. Each column
represents one sample (see Supplementary Figures 3A–C).
The following scatter plots in Supplementary Figures 3D–F
were a visualization method for assessing the tRF & tiRNA
expression variation. Also, Volcano plots provide a quick visual
identification of the tRFs & tiRNAs displaying large magnitude
changes that were statistically significant (see Supplementary
Figures 3G–I). Next, the selection of tRF & tiRNA criteria
included a higher FC, lower q-value and higher CMP. After a
unified summary of the original data, 10 differentially expressed
tRFs & tiRNAs were screened, among which 4 tRFs & tiRNAs

were significantly up-regulated and 6 tRFs & tiRNAs were
significantly down-regulated (see Table 1).

Bioinformatic Prediction
The 10 differentially expressed tRFs & tiRNAs included tRF-
Arg-CCT-002, tRF-Trp-TCA-001, tiRNA-Ser-GCT-001, tRF-Gly-
CCC-019, tRF-Ala-TGC-001, tRF-Ala-TGC-002, tRF-Val-AAC-
012, tRF-Pro-AGG-012, tRF-Val-CAC-018, and tRF-Val-AAC-
031. Target genes were predicted for these 10 tRFs & tiRNAs.
To improve prediction reliability, targetScan (Garcia et al., 2011)
and miRanda (Enright et al., 2003) were used to predict the target
genes of differentially expressed tRFs & tiRNAs, respectively.

Then, the functions enrichment analysis of tRF-Gly-CCC-
019 target genes were obtained from Metascape. As presented
in Figure 4A, the functions of differentially expressed tRF-Gly-
CCC-019 target genes were mainly enriched in Wnt signaling
pathway, positive regulation of phosphatidylinositol 3-kinase
activity, signaling by PDGF, receptor signaling pathway via JAK-
STAT, actomyosin structure organization, positive regulation
of small GTPase mediated signal transduction, determination
of left/right symmetry and Nuclear Receptors. Among these
pathways, the Wnt signaling pathway and JAK-STAT signaling
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FIGURE 4 | Bioinformatic Prediction. (A) Heatmap enriched terms colored by p-values. (B) Network of enriched terms colored by p-value, where terms containing
more genes tend to have a more significant p-value. (C) Protein-protein interaction (PPI) network.

pathway were found to be related to injury induced by ultraviolet
irradiation. In addition, to better understand the relationship
between tRF-Gly-CCC-019 and skin injury, we performed a
Metascape protein–protein interaction enrichment analysis. The
protein–protein interaction network and MCODE components
identified in the gene lists are shown in Figures 4B,C. After
pathway and process enrichment analysis was independently
applied to each MCODE component, the results showed that
biological function was mainly related to regulation of ERK1
and ERK2 cascade (see Table 2). The target gene Rac1 predicted
by tRF-Trp-TCA-001 and tRF-Gly-CCC-019 was enriched in
the WNT signaling pathway. Therefore, it was speculated that
tRF-Gly-CCC-019 play important roles in acute skin injury
induced by UVB radiation by regulating the ras-related C3
botulinum toxin substrate 1 (Rac1) gene involved in the WNT
signaling pathway.

RT-qPCR Verification
tRF-Gly-CCC-019, tRF-Trp-TCA-001, tRF-Val-AAC-012, and
tRF-Val-CAC-018 expressions were verified by RT-PCR (see
Figure 5). T-test was used for statistical analysis of the
relative expression levels, and the results showed that P ≤0.05
was statistically significant. Compared with the control group,
tRF-Val-AAC-012 and tRF-Val-CAC-018 were significantly
up-regulated; tRF-Gly-CCC-019 and tRF-Trp-TCA-001 were
significantly down-regulated. Inappropriate preservation and

TABLE 2 | MCODE.

MCODE GO Description Log10(P)

MCODE_1 GO:0070374 positive regulation of ERK1
and ERK2 cascade

−5.9

MCODE_1 GO:0070372 regulation of ERK1 and
ERK2 cascade

−5.4

MCODE_1 GO:0070371 ERK1 and ERK2 cascade −5.4

usage of individual specimens resulted in intra-group differences,
but it did not affect the overall trends. In particular, the
downregulation trends of tRF-Gly-CCC-019 and tRF-Trp-TCA-
001 were significant and all of them were statistically significant.
Then we focused on them and predicted their target gene and
signaling pathway. Primers were designed using software (Primer
5.0) whose sequences were shown in the Table 3.

DISCUSSION

Here, we revealed the tRF & tiRNA expression profiles of skin
damaged by UVB using RNA sequencing. An animal model
was generated to simulate skin injury caused by UVB radiation
and RNA sequencing was performed on skin samples to screen
10 tRFs & tiRNAs that were differentially expressed. We found
that tRF-Trp-TCA-001 and tRF-Gly-CCC-019 regulated the Rac1
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FIGURE 5 | Validation of the four selected tsRNAs using RT-qPCR verification for four tRFs & tiRNAs. Compared with the control group A, (A,B) tRF-Gly-CCC-019
and tRF-Trp-TCA-001 were down-regulated; (C,D) tRF-Val-AAC-012 and tRF-Val-CAC-018 were up-regulated. The data were normalized using the
mean ± standard error of the mean (SEM). *P ≤0.05, **P ≤0.01, ***P ≤0.001.

TABLE 3 | Sequences of primers for RT-qPCR.

Gene_ID Primer sequences Ta Opt
(◦C)

Product
size (bp)

U6 F:5′ GCTTCGGCAGCACATATACTAAAAT 3′

R:5′ CGCTTCACGAATTTGCGTGTCAT 3′
60 89

tRF-Gly-
CCC-019

F:5′ ACAGTCCGACGATCGCATTG 3′

R:5′ GTGCTCTTCCGATCTACTGAACCA 3′
60 45

tRF-Trp-
TCA-001

F:5′ GTTCTACAGTCCGACGATCAAGT 3′

R:5′ TTCCGATCTTGGCAGAAGTTA 3′
60 45

tRF-Val-
AAC-012

F:5′ GATCGTTTCCGTAGTGTAGTGGTCA 3′

R:5′ CTTCCGATCTGGCGAGCGT 3′
60 46

tRF-Val-
CAC-018

F:5′ TACAGTCCGACGATCGTTTCC 3′

R:5′ CGATCTGGCGAGCGTGATA 3′
60 53

gene through the WNT signaling pathway, which likely revealed
the mechanism behind UVB radiation damage, provided a
diagnostic basis for ultraviolet radiation damage and provided
auxiliary targets for treatment.

tiRNAs are 5′- and 3′ -tRNA halves produced by specific
cleavage of the anticodon loops of mature tRNAs with angiogenin
(ANG) under various stress conditions. tRFs are derived from
mature tRNAs or pre-tRNAs. According to their corresponding
positions on tRNAs, tRFs can further be divided into four types
including tRF-5, tRF-3, tRF-1, and tRF-2 (Kumar et al., 2015; Yu
et al., 2021). tRF-5 corresponds to the 5′ end of mature tRNAs
and cutting occurs in the D-loop. tRF-3 corresponds to the 3′end
of mature tRNAs and contains CCA and cutting occurs in the
T-loop (Kirchner and Ignatova, 2015). tRF-1 is derived from
the 3′ tail sequence of the precursor tRNA, which contains a
poly U sequence at the 3′ end. tRF-2, not belonging to tRF-5,
tRF-3, or tRF-1, comes primarily from the intermediate region
of mature tRNAs (Goodarzi et al., 2015; Wang et al., 2020;
Yu et al., 2021). tRFs & tiRNAs play biological roles through
a variety of mechanisms, including interacting with proteins
or mRNAs, regulating gene expression, controlling cell cycle,
regulating chromatin and epigenetic modifications (Guzzi et al.,
2018; Xie et al., 2020; Li et al., 2021).

Studies have shown that when skin keratinocytes are subjected
to stress, the production of additional tRFs & tiRNAs increases
and play a role in translation (Pliatsika et al., 2018; Grafanaki

et al., 2019). Both tRFs & tiRNAs have also been identified as
a novel biomarker for the treatment of skin melanoma (Zheng
et al., 2016). Other studies have shown that tsRNAs are potential
therapeutic targets for caloric restriction pretreatment to improve
myocardial ischemic injury (Liu et al., 2020). Moreover, tsRNA
is a potential therapeutic target for Buyang-Huanwu-Decoction
(BYHWD) in the treatment of intracerebral hemorrhage (ICH),
which provides new insights into the mechanism by which
BYHWD promotes neural function recovery after ICH (Li et al.,
2019). Gu et al. (2020) revealed peripheral blood tsRNAs as novel
biomarkers in lung cancer. However, the relationship between
tRFs & tiRNAs as well as human skin injury has not been reported
so it is necessary to conduct in-depth research on the expression
levels and roles of tRFs & tiRNAs in skin after injury.

tRNA-derived small RNAs (tsRNAs) are fragments derived
from tRNAs, that have been of interest to researchers over the
years. Therefore, RNA sequencing technology was used to look
for differentially expressed tRFs & tiRNAs in UV-damaged skin
tissues and normal skin tissues and to explore the mechanisms
behind UV-damaged skin tissue. After RNA sequencing of tRFs &
tiRNAs, screening was performed according to higher FC, lower
P-value, lower q-value and higher CMP, and four up-regulated
tRFs & tiRNAs were selected including tRF-Val-AAC-012, tRF-
Pro-AGG-012, tRF-Val-CAC-018, and tRF-Val-AAC-031. Six
tRFs & tiRNAs were significantly down-regulated, including tRF-
Arg-CCT-002, tRF-Trp-TCA-001, tiRNA-Ser-GCT-001, tRF-Gly-
CCC-019, tRF-Ala-TGC-001 and tRF-Ala-TGC-002. Next, tRF
& tiRNA target genes were predicted based on screened tRFs
& tiRNAs. Metascape analysis results were performed based
on predicted results of target genes. Compared with the
control group, target genes by tRF-Gly-CCC-019 were mainly
concentrated in Wnt signaling pathway, positive regulation
of phosphatidylinositol 3-kinase activity, signaling by PDGF,
receptor signaling pathway via JAK-STAT and so on.

Besides tRF-Gly-CCC-019, there are also target genes
predicted by tRF-Trp-TCA-001 that act on Wnt signaling
pathway. All of these confirmed that Wnt signaling pathway
may plays a key role in UV induced skin injury. Up regulated
tRF-Val-AAC-012, tRF-Pro-AGG-012, and tRF-Val-CAC-018
target genes were enriched in RTKs (receptor tyrosine kinases)
signaling pathway. RTKs signaling pathway is closely related
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to inflammation, tumor development and deterioration. All
these suggest that we can broaden the application scope
of tRF-Val-AAC-012, tRF-Pro-AGG-012, and tRF-Val-CAC-
018. In addition to the field of injury, it may become
an indicator of inflammation and even a tumor marker in
clinic. Whereas, the clinical application of tRFs & tiRNAs
needs further evaluation. tRFs & tiRNAs have been shown
to be differentially expressed in various diseases, such as
trauma, cancer, metabolic diseases and so on. All of these
emphasize their potential value in clinical application. In
the process of acute tissue and organ injury, the level of
tRFs & tiRNAs in circulatory system increased. This will
make tRFs & tiRNAs more sensitive than other known
tissue damage markers. According to the results of this
experiment, it is expected that tRFs & tiRNAs can be used
as a new marker to identify tissue damage in the future.
However, only tRFs & tiRNAs in skin tissue have been
detected. It is hoped that more tissues such as organs
can be detected in future research. In order to develop
more appropriate detection methods and establish more
comprehensive clinical indicators, provide the basis for clinical
diagnosis and treatment.

Metascape showed that tRF-Gly-CCC-019 target genes
were significantly enriched in the WNT signaling pathways.
Wu et al. (2019) indicated that treatment with NF157
prevented UV-B irradiation-induced destruction of the Wnt/β-
catenin signaling transduction pathway by increasing the
expression of Wnt1, Wnt3a, c-Myc, and cyclin D1. Shen et al.
(2019) reported the occurrence of photoaging on the skin,
which was characterized by UV-damage caused by matrix
degradation and inflammatory changes involving the WNT
pathway. These studies indicate that the WNT pathway is
closely related to UV-damage, which is consistent with our
predictions. The target gene Rac1 predicted by tRF-Trp-
TCA-001 and tRF-Gly-CCC-019 was enriched in the WNT
signaling pathway. Rac1 regulates the DNA injury response
and protects from UV-induced keratinocyte apoptosis and
skin carcinogenesis (Deshmukh et al., 2017). UV signaling
and an activation mutation in RAC1 was identified in
9.2% of melanoma patients exposed to sunlight. These
results are consistent with the results presented in this
study (Krauthammer et al., 2012). We speculated that tRF-
Gly-CCC-019 regulate the Rac1 gene through the WNT
signaling pathway, thus playing a role in skin damage caused
by UV radiation.

Here, we compared three UV treatment groups with the
control group and constructed plots to reveal the results.
In future studies, it would be best to compare between
the three UV treated groups. Despite these findings, our
study still faced certain limitations. First of all, tRNAs have
many different chemical modifications, some that may hinder
library preparation and sequencing, ultimately leading to bias.
Secondly, our sequencing is aimed at mouse skin, which
cannot be completely analogous to human genes. Hence, in
the future we plan to perform more in-depth research to
improve our studies.

Given that the relationship between tRFs & tiRNAs and
human skin injury has not been previously reported, we know
very little regarding the function these tRNA-derived RNAs exert.
Nonetheless, the expression of these tRFs & tiRNAs significantly
different in skin injury induced by UV, which suggests that tRFs &
tiRNAs may contain important, yet to be determined roles in UV-
damage. Thus, our research may provide further insight into the
pathogenesis of diseases and may contribute to the development
of new therapies.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories
and accession number(s) can be found below: Gene
Expression Omnibus (GEO) database under accession number
GSE162641 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE162641). All submitted data can be found in the
Supplementary Material including raw data and original data.

ETHICS STATEMENT

The animal study was reviewed and approved by the Bioethics
Committee of Central South University.

AUTHOR CONTRIBUTIONS

YF, YL, and XL performed the research. JZ and KC designed the
research study. ZX, CP, XC, and YZ contributed essential reagents
or tools. YY, YS, and ZL helped to analyze the data. YF wrote
the manuscript. JZ revised the manuscript. All authors read and
approved the final manuscript.

FUNDING

This work was supported by a grant from National Science
and Technology Major Projects of China (2018ZX10303502)
and Science and Technology Innovation Plan of Hunan
Province (2018SK2083).

ACKNOWLEDGMENTS

Thank you to all members of the JZ’s team for your
special support.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.
707572/full#supplementary-material

Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 August 2021 | Volume 9 | Article 707572

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE162641
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE162641
https://www.frontiersin.org/articles/10.3389/fcell.2021.707572/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.707572/full#supplementary-material
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-707572 August 10, 2021 Time: 11:22 # 10

Fang et al. tRF & tiRNA Expression and Functional Prediction

REFERENCES
Akiyama, Y., Kharel, P., Abe, T., Anderson, P., and Ivanov, P. (2020). Isolation

and initial structure-functional characterization of endogenous tRNA-derived
stress-induced RNAs. RNA Biol. 17, 1116–1124. doi: 10.1080/15476286.2020.
1732702

Chen, Q., Yan, M., Cao, Z., Li, X., Zhang, Y., Shi, J., et al. (2016). Sperm tsRNAs
contribute to intergenerational inheritance of an acquired metabolic disorder.
Science 351, 397–400. doi: 10.1126/science.aad7977

Deshmukh, J., Pofahl, R., and Haase, I. (2017). Epidermal Rac1 regulates the DNA
damage response and protects from UV-light-induced keratinocyte apoptosis
and skin carcinogenesis. Cell Death Dis. 8:e2664. doi: 10.1038/cddis.2017.63

Enright, A. J., John, B., Gaul, U., Tuschl, T., Sander, C., and Marks, D. S. (2003).
MicroRNA targets in Drosophila. Genome Biol. 5:R1. doi: 10.1186/gb-2003-5-
1-r1

Garcia, D. M., Baek, D., Shin, C., Bell, G. W., Grimson, A., and Bartel, D. P.
(2011). Weak seed-pairing stability and high target-site abundance decrease the
proficiency of lsy-6 and other microRNAs. Nat. Struct. Mol. Biol. 18, 1139–1146.
doi: 10.1038/nsmb.2115

Goodarzi, H., Liu, X., Nguyen, H. C., Zhang, S., Fish, L., and Tavazoie,
S. F. (2015). Endogenous tRNA-derived fragments suppress breast cancer
progression via YBX1 displacement. Cell 161, 790–802. doi: 10.1016/j.cell.2015.
02.053

Grafanaki, K., Anastasakis, D., Kyriakopoulos, G., Skeparnias, I., Georgiou, S., and
Stathopoulos, C. (2019). Translation regulation in skin cancer from a tRNA
point of view. Epigenomics 11, 215–245. doi: 10.2217/epi-2018-0176

Gu, W., Shi, J., Liu, H., Zhang, X., Zhou, J. J., Li, M., et al. (2020).
Peripheral blood non-canonical small non-coding RNAs as novel
biomarkers in lung cancer. Mol. Cancer 19:159. doi: 10.1186/s12943-020-01
280-9

Guzzi, N., Ciesla, M., Ngoc, P. C. T., Lang, S., Arora, S., Dimitriou, M., et al. (2018).
Pseudouridylation of tRNA-derived fragments steers translational control in
stem cells. Cell 173, 1204–1216.e26. doi: 10.1016/j.cell.2018.03.008

Hanada, T., Weitzer, S., Mair, B., Bernreuther, C., Wainger, B. J., Ichida, J., et al.
(2013). CLP1 links tRNA metabolism to progressive motor-neuron loss. Nature
495, 474–480. doi: 10.1038/nature11923

Hsu, W. L., Tsai, M. H., Wu, C. Y., Liang, J. L., Lu, J. H., Kahle, J. S., et al.
(2020). Nociceptive transient receptor potential canonical 7 (TRPC7) mediates
aging-associated tumorigenesis induced by ultraviolet B. Aging Cell 19:e13075.
doi: 10.1111/acel.13075

Karaiskos, S., and Grigoriev, A. (2016). Dynamics of tRNA fragments and their
targets in aging mammalian brain. F1000 Res. 5:ISCBCommJ–2758. doi: 10.
12688/f1000research.10116.1

Kim, H. K., Fuchs, G., Wang, S., Wei, W., Zhang, Y., Park, H., et al. (2017). A
transfer-RNA-derived small RNA regulates ribosome biogenesis. Nature 552,
57–62. doi: 10.1038/nature25005

Kirchner, S., and Ignatova, Z. (2015). Emerging roles of tRNA in adaptive
translation, signalling dynamics and disease. Nat. Rev. Genet. 16, 98–112. doi:
10.1038/nrg3861

Krauthammer, M., Kong, Y., Ha, B. H., Evans, P., Bacchiocchi, A., McCusker,
J. P., et al. (2012). Exome sequencing identifies recurrent somatic RAC1
mutations in melanoma. Nat. Genet. 44, 1006–1014. doi: 10.1038/ng.
2359

Kumar, P., Anaya, J., Mudunuri, S. B., and Dutta, A. (2014). Meta-analysis of
tRNA derived RNA fragments reveals that they are evolutionarily conserved
and associate with AGO proteins to recognize specific RNA targets. BMC Biol.
12:78. doi: 10.1186/s12915-014-0078-0

Kumar, P., Mudunuri, S. B., Anaya, J., and Dutta, A. (2015). tRFdb: a database for
transfer RNA fragments. Nucleic Acids Res. 43, D141–D145. doi: 10.1093/nar/
gku1138

Kuscu, C., Kumar, P., Kiran, M., Su, Z., Malik, A., and Dutta, A. (2018). tRNA
fragments (tRFs) guide Ago to regulate gene expression post-transcriptionally
in a Dicer-independent manner. RNA 24, 1093–1105. doi: 10.1261/rna.066126.
118

Lakshmanan, V., Sujith, T. N., Bansal, D., Padubidri, S. V., Palakodeti, D.,
and Krishna, S. (2021). Comprehensive annotation and characterization of

planarian tRNA and tRNA-derived fragments (tRFs). RNA 27, 477–495. doi:
10.1261/rna.077701.120

Li, N., Shan, N., Lu, L., and Wang, Z. (2021). tRFtarget: a database for transfer RNA-
derived fragment targets. Nucleic Acids Res. 49, D254–D260. doi: 10.1093/nar/
gkaa831

Li, P., Tang, T., Liu, T., Zhou, J., Cui, H., He, Z., et al. (2019). Systematic analysis
of tRNA-derived small RNAs reveals novel potential therapeutic targets of
traditional Chinese medicine (Buyang-Huanwu-Decoction) on intracerebral
hemorrhage. Int. J. Biol. Sci. 15, 895–908. doi: 10.7150/ijbs.29744

Li, P. F., Guo, S. C., Liu, T., Cui, H., Feng, D., Yang, A., et al. (2020). Integrative
analysis of transcriptomes highlights potential functions of transfer-RNA-
derived small RNAs in experimental intracerebral hemorrhage. Aging (Albany
NY) 12, 22794–22813. doi: 10.18632/aging.103938

Liu, W., Liu, Y., Pan, Z., Zhang, X., Qin, Y., Chen, X., et al. (2020). Systematic
analysis of tRNA-derived small RNAs discloses new therapeutic targets of
caloric restriction in myocardial ischemic rats. Front. Cell Dev. Biol. 8:568116.
doi: 10.3389/fcell.2020.568116

Luo, S., He, F., Luo, J., Dou, S., Wang, Y., Guo, A., et al. (2018). Drosophila tsRNAs
preferentially suppress general translation machinery via antisense pairing and
participate in cellular starvation response. Nucleic Acids Res. 46, 5250–5268.
doi: 10.1093/nar/gky189

Martinez, G., Choudury, S. G., and Slotkin, R. K. (2017). tRNA-derived small
RNAs target transposable element transcripts. Nucleic Acids Res. 45, 5142–5152.
doi: 10.1093/nar/gkx103

Pliatsika, V., Loher, P., Magee, R., Telonis, A. G., Londin, E., Shigematsu, M., et al.
(2018). MINTbase v2.0: a comprehensive database for tRNA-derived fragments
that includes nuclear and mitochondrial fragments from all the cancer
genome atlas projects. Nucleic Acids Res. 46, D152–D159. doi: 10.1093/nar/gkx
1075

Robinson, M. D., McCarthy, D. J., and Smyth, G. K. (2010). edgeR: a
bioconductor package for differential expression analysis of digital gene
expression data. Bioinformatics 26, 139–140. doi: 10.1093/bioinformatics/
btp616

Sharma, U., Conine, C. C., Shea, J. M., Boskovic, A., Derr, A. G., Bing, X. Y., et al.
(2016). Biogenesis and function of tRNA fragments during sperm maturation
and fertilization in mammals. Science 351, 391–396. doi: 10.1126/science.
aad6780

Shen, T., Gao, K., Hu, Z., Miao, Y., and Wang, X. (2019). Ciliary mechanism of
regulating hedgehog and Wnt/beta-catenin signaling modulates Ultraviolet B
irradiation-induced photodamage in HaCaT cells. J. Biomed. Nanotechnol. 15,
196–203. doi: 10.1166/jbn.2019.2664

Son, M., Park, J., Oh, S., Choi, J., Shim, M., Kang, D., et al. (2020).
Radiofrequency irradiation attenuates angiogenesis and inflammation in UVB-
induced rosacea in mouse skin. Exp. Dermatol. 29, 659–666. doi: 10.1111/exd.
14115

Sun, W., Chen, X., Nan, X., Zhang, J., Dong, L., Ji, W., et al. (2021). Inhibition
of persimmon tannin extract on guinea pig skin pigmentation. J. Cosmet.
Dermatol. doi: 10.1111/jocd.13915 [Epub ahead of Print].

Wang, B. G., Yan, L. R., Xu, Q., and Zhong, X. P. (2020). The role of transfer
RNA-derived small RNAs (tsRNAs) in digestive system tumors. J. Cancer 11,
7237–7245. doi: 10.7150/jca.46055

Wang, J., Ma, G., Ge, H., Han, X., Mao, X., Wang, X., et al. (2021).
Circulating tRNA-derived small RNAs (tsRNAs) signature for the diagnosis and
prognosis of breast cancer. NPJ Breast Cancer 7:4. doi: 10.1038/s41523-020-00
211-7

Wolf, Y., Bartok, O., Patkar, S., Eli, G. B., Cohen, S., Litchfield, K., et al. (2019).
UVB-induced tumor heterogeneity diminishes immune response in melanoma.
Cell 179, 219–235.e21. doi: 10.1016/j.cell.2019.08.032

Wu, Y., Ge, L., Li, S., and Song, Z. (2019). Antagonism of P2Y11 receptor (P2Y11R)
protects epidermal stem cells against UV-B irradiation. Am. J. Transl. Res. 11,
4738–4745.

Xie, Y., Yao, L., Yu, X., Ruan, Y., Li, Z., and Guo, J. (2020). Action mechanisms and
research methods of tRNA-derived small RNAs. Signal Transduct. Target. Ther.
5:109. doi: 10.1038/s41392-020-00217-4

Yu, X., Xie, Y., Zhang, S., Song, X., Xiao, B., and Yan, Z. (2021). tRNA-derived
fragments: mechanisms underlying their regulation of gene expression and

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 August 2021 | Volume 9 | Article 707572

https://doi.org/10.1080/15476286.2020.1732702
https://doi.org/10.1080/15476286.2020.1732702
https://doi.org/10.1126/science.aad7977
https://doi.org/10.1038/cddis.2017.63
https://doi.org/10.1186/gb-2003-5-1-r1
https://doi.org/10.1186/gb-2003-5-1-r1
https://doi.org/10.1038/nsmb.2115
https://doi.org/10.1016/j.cell.2015.02.053
https://doi.org/10.1016/j.cell.2015.02.053
https://doi.org/10.2217/epi-2018-0176
https://doi.org/10.1186/s12943-020-01280-9
https://doi.org/10.1186/s12943-020-01280-9
https://doi.org/10.1016/j.cell.2018.03.008
https://doi.org/10.1038/nature11923
https://doi.org/10.1111/acel.13075
https://doi.org/10.12688/f1000research.10116.1
https://doi.org/10.12688/f1000research.10116.1
https://doi.org/10.1038/nature25005
https://doi.org/10.1038/nrg3861
https://doi.org/10.1038/nrg3861
https://doi.org/10.1038/ng.2359
https://doi.org/10.1038/ng.2359
https://doi.org/10.1186/s12915-014-0078-0
https://doi.org/10.1093/nar/gku1138
https://doi.org/10.1093/nar/gku1138
https://doi.org/10.1261/rna.066126.118
https://doi.org/10.1261/rna.066126.118
https://doi.org/10.1261/rna.077701.120
https://doi.org/10.1261/rna.077701.120
https://doi.org/10.1093/nar/gkaa831
https://doi.org/10.1093/nar/gkaa831
https://doi.org/10.7150/ijbs.29744
https://doi.org/10.18632/aging.103938
https://doi.org/10.3389/fcell.2020.568116
https://doi.org/10.1093/nar/gky189
https://doi.org/10.1093/nar/gkx103
https://doi.org/10.1093/nar/gkx1075
https://doi.org/10.1093/nar/gkx1075
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1126/science.aad6780
https://doi.org/10.1126/science.aad6780
https://doi.org/10.1166/jbn.2019.2664
https://doi.org/10.1111/exd.14115
https://doi.org/10.1111/exd.14115
https://doi.org/10.1111/jocd.13915
https://doi.org/10.7150/jca.46055
https://doi.org/10.1038/s41523-020-00211-7
https://doi.org/10.1038/s41523-020-00211-7
https://doi.org/10.1016/j.cell.2019.08.032
https://doi.org/10.1038/s41392-020-00217-4
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-707572 August 10, 2021 Time: 11:22 # 11

Fang et al. tRF & tiRNA Expression and Functional Prediction

potential applications as therapeutic targets in cancers and virus infections.
Theranostics 11, 461–469. doi: 10.7150/thno.51963

Zhang, X., Trebak, F., Souza, L. A. C., Shi, J., Zhou, T., Kehoe, P. G., et al. (2020).
Small RNA modifications in Alzheimer’s disease. Neurobiol. Dis. 145:105058.
doi: 10.1016/j.nbd.2020.105058

Zheng, L. L., Xu, W. L., Liu, S., Sun, W. J., Li, J. H., Wu, J., et al. (2016).
tRF2Cancer: a web server to detect tRNA-derived small RNA fragments (tRFs)
and their expression in multiple cancers. Nucleic Acids Res. 44, W185–W193.
doi: 10.1093/nar/gkw414

Zhou, Y., Zhou, B., Pache, L., Chang, M., Khodabakhshi, A. H., Tanaseichuk, O.,
et al. (2019). Metascape provides a biologist-oriented resource for the analysis
of systems-level datasets. Nat. Commun. 10:1523. doi: 10.1038/s41467-019-09
234-6

Zhu, L., Li, J., Gong, Y., Wu, Q., Tan, S., Sun, D., et al. (2019).
Exosomal tRNA-derived small RNA as a promising biomarker
for cancer diagnosis. Mol. Cancer 18:74. doi: 10.1186/s12943-019-
1000-8

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Fang, Liu, Yan, Shen, Li, Li, Zhang, Xue, Peng, Chen, Cao and
Zhou. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 11 August 2021 | Volume 9 | Article 707572

https://doi.org/10.7150/thno.51963
https://doi.org/10.1016/j.nbd.2020.105058
https://doi.org/10.1093/nar/gkw414
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.1186/s12943-019-1000-8
https://doi.org/10.1186/s12943-019-1000-8
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Differential Expression Profiles and Function Predictions for tRFs & tiRNAs in Skin Injury Induced by Ultraviolet Irradiation
	Introduction
	Materials and Methods
	Animals
	Radiation Damage Model
	Tissue Collection and Preservation
	Hematoxylin and Eosin (H&E) Staining
	RNA Extraction and Quality Control
	tRF & tiRNA Pretreatment
	Library Preparation
	Sequencing
	Data Collection and Analysis
	Target Genes Predictions for tRFs & tiRNAs
	Bioinformatic Prediction
	RT-qPCR
	Statistical Analysis
	Database and Accession Numbers

	Results
	Mouse Skin Injury Induced by UVB Irradiation
	Altered Expression Profiles of tRFs & tiRNAs
	Bioinformatic Prediction
	RT-qPCR Verification

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


