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Fracture healing is a complex process with multiple overlapping metabolic and differentiation phases. Small non-
coding RNAs are involved in the regulation of fracture healing and their presence in circulation is under current
interest due to their obvious value as potential biomarkers. Circulating microRNAs (miRNAs) have been char-

SII:JI\\II: acterized to some extent but the current knowledge on tRNA-derived small RNA fragments (tsRNAs) is relatively
miRNA scarce, especially in circulation.
Biomarker In this study, the spectrum of circulating miRNAs and tsRNAs was analysed by next generation sequencing to

show their differential expression during fracture healing in vivo. Analysed tsRNA fragments included stress-
induced translation interfering tRNA fragments (tiRNAs or tRNA halves) and internal tRNA fragments (i-tRF),
within the size range of 28-36 bp. To unveil the expression of these non-coding RNAs, genome-wide analysis was
performed on two months old C57BL/6 mice on days 1, 5, 7, 10, and 14 (D1, D5, D7, D10, and D14) after a closed
tibial fracture.

Valine isoacceptor tRNA-derived Val-AAC 5'end and Val-CAC 5'end fragments were the major types of 5'end
tiRNAs in circulation, comprising about 65 % of the total counts. Their expression was not affected by fracture.
After a fracture, the levels of two 5'end tiRNAs Lys-TTT 5’ and Lys-CTT 5’ were decreased and His-GTG 5 was
increased through D1-D14. The level of miR-451a was decreased on the first post-fracture day (D1), whereas
miR-328-3p, miR-133a-3p, miR-375-3p, miR-423-5p, and miR-150-5p were increased post-fracture. These data
provide evidence on how fracture healing could provoke systemic metabolic effects and further pinpoint the
potential of small non-coding RNAs as biomarkers for tissue regeneration.

1. Introduction

Healing of a long-bone fracture is a complex process involving a
succession of several overlapping events such as hematoma formation,
inflammation, migration of the mesenchymal stromal cells (MSCs) and
their differentiation at the fracture site, bone formation, angiogenesis,
and finally bone remodelling (Einhorn and Gerstenfeld, 2015; Ger-
stenfeld et al., 2003). Bone formation through endochondral or intra-
membranous ossification requires differentiation of mesenchymal

stromal cells or transdifferentiation of hypertrophic chondrocytes to
osteoblasts (Hu et al., 2017).

Small non-coding RNAs, including microRNAs (miRNAs) and tRNA
fragments, have emerged as key regulators of cellular homeostasis.
Mature miRNAs are small single-stranded non-coding RNA molecules
with a size range of 19 to 23 nucleotides. They regulate many biological
functions post-transcriptionally by binding mostly to the 3’ UTR of their
target mRNA molecule (Bartel, 2004). Transfer-RNA derived small RNAs
(tsRNA) are a group of functional non-coding RNAs which in recent

Abbreviations: tsRNA, transfer RNA derived small non-coding RNA fragment; i-tRF, internal tRNA fragment; tiRNA, stress-induced tRNA fragment, tRNA halves.
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years have been described to have diverse biological functions rather miRNAs during fracture healing in vivo and also observed association of

than being only breakdown by-products of tRNA molecules (Kim, 2019, tsRNAs (including 5'end tiRNAs and i-tRFs) with the fracture healing

Kumar et al., 2016, Krishna et al., 2019). Endonucleases involved in the processes (Fig. 1A).

biogenesis of tsRNA are still under debate, but several types of tsRNAs,

including tiRNAs (stress-induced translation interfering tRNA frag- 2. Material and methods

ments, tRNA halves), tRFs (short tsRNA between 15 and 30 nucleotides),

and internal tRNA fragments (i-tRFs varying in size most often 36 nt 2.1. Animals and experimental setup

long) are produced from tRNA molecules. Upon cellular or physiological

stress, tiRNAs are processed from tRNA molecules by angiogenin ribo- The study plan and the use of animal material were approved by the

nuclease but probably also by angiogenin-independent endonucleases  National Animal Experiment Board ELLA (project license ESAV1/6129/

(Krishna et al., 2019; Saikia and Hatzoglou, 2015; Su et al., 2019). This 04.10.03/2011). C57BL/6NHsd mice were supplied by Envigo (The

cleavage results in two 28 to 36 nucleotides long 5end and 3'end Netherlands), and animals were maintained in the Central Animal

fragments (Saikia and Hatzoglou, 2015). Laboratory of the University of Turku, and they received a soya-free diet
Non-coding RNAs are gaining value as physiological circulating as previously reported (Bourgery et al., 2021). Animal care was in

biomarkers for the clinical prognosis of most cancers (Anfossi et al., accordance with the international guidelines following the 3Rs

2018). Earlier studies have indicated the association of tsRNAs with principles.

multiple functions such as regulation of mRNA expression, protection of
cells from apoptosis, and interfering with virus replication (S. Li et al.,

2018). Further, an increasing number of 5’end tiRNAs have been asso- 2.2. Fracture generation and collection of samples

ciated with cell differentiation processes (Krishna et al., 2019). More

recently, we reported tsSRNA expression in bone and callus tissues during Standard closed fracture (age 70-74 days) was produced in mouse

fracture healing (Bourgery et al., 2021). Currently, there is only limited tibia by an impact device as previously described (Bourgery et al., 2021;

data available concerning tsRNAs in circulation and no studies regarding Hiltunen et al., 1993; Puolakkainen et al., 2017).

fracture healing. Changes in small RNA profiles during fracture healing were followed
In this study, we demonstrated differential expression of circulating by collecting callus tissue samples (published in Bourgery et al., 2021)

and blood samples at DO (intact control tibial diaphysis) and at D1, D5,
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Fig. 1. The overall distribution of cellular tsRNA reads after closed bone fracture in circulation in mice. (A) Schematic structures of tRNA derived fragments analysed
in this study, produced by angiogenin (ANG) for 5’end tiRNAs or unknown ribonucleases for i-tRFs. Data analysis revealed isoacceptor tRNA fragments between 28
and 36 nucleotides, including stress-induced 5'end tiRNA fragments and internal (i-tRF) with variable size, as listed in the panel. Isoacceptor tRNAs carry the same
amino acid although they have different anticodons. (B) Circulating cellular tsRNA reads originating from 5'end tiRNAs or i-tRFs are presented by bars as mean =+ SD
of normalized tsRNA reads (FPM, fragment per million) in DO (control), D1, D5, D7, D10, and D14 serum samples. Kruskal-Wallis statistical analysis indicated
significant differences in the abundance of tiRNAs (p = 0.013) and i-tRFs (p = 0.048) between sample groups. Pairwise comparison using the Conover post-hoc test
detected significance between DO and D7 (p = 0.0024) and DO and D10 (p = 0.0024) in tiRNAs, and DO and D14 (p = 0.033) in i-tRFs. SD = sqrt(sum variances). DO
(n = 3),D1 (n =4),D5 (n=4), D7 (n =4),D10 (n = 4), D14 (n = 4). (C) Radar plots demonstrate the relative expression of the four most prevalent isoacceptor-
derived tsRNAs identified in the serum tissue after fracture on DO, D1, D5, D7, D10, and D14, based on normalized counts calculated by DESeq2. The whole list of
serum tsRNAs with their expression levels is presented in Supplemental file 1.
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D7, D10, and D14 after fracture.
2.3. Handling of blood samples

Blood samples were collected with a cardiac puncture, allowed to
clot for 60 min at room temperature, and then centrifuged for 10 min at
3000 xg. The supernatant was collected and further centrifuged for 2
min at 3000 xg to remove any blood cell traces. Samples with hemolysis
were discarded and only pale yellow serum samples were accepted for
the NGS analysis. Serum samples were snap frozen in liquid nitrogen in
500 pl aliquots and stored at —80 °C until RNA isolation. ExoQuick was
used for isolation of an exosome-containing fraction from 250 pl of
serum collected at DO (n = 3, intact control animal), and at D1, D5, D7,
D10 and D14 (n = 4 in each group) following the manufacturer's in-
structions (System Biosciences, ref# EXOQ5A-1).

2.4. Processing of samples for NGS analysis

Total RNA was isolated from exosome isolate using miRNeasy Mini
Kit (Qiagen, cat# 217004). Total RNA concentration was measured
using Nanodrop spectrometry (Thermo Fisher Scientific).

Small RNA libraries were prepared using TruSeq Small RNA Sample
Preparation Kit (Illumina, USA) with multiplexing adapters, following
the kit user guide (Rev. E), and sequenced by MiSeq V3 flow cell using
[llumina MiSeq reagent kit V3 for 150 cycles and 36 bp reads with
single-end chemistry as previously described (Bourgery et al., 2021).

2.5. Bioinformatics analysis

Raw reads were subjected to quality control using FastQC. MicroRNA
reads were mapped to the UCSC mouse genome (mm10) using TopHat
version 2.0.9 and aligned using miRDeep2 (Friedlander et al., 2012).

TsRNA reads were extracted using the same method as previously
described (Bourgery et al., 2021). In brief, tsRNA reads were mapped
and aligned using SPORTS1.1 (Shi et al., 2018) against mm10 UCSC
genome and fasta files from GtRNAdb using SPORTS default settings.
The reads mapping to tsSRNA sequences (28 to 36 nt long) were extracted
from SPORTS output text file using R. Then, the data were analysed
using R version 4.1.1. Differential expression for miRNA and tsRNA
reads was calculated in R using DESeq2 version 1.32.0 (Love et al.,
2014). Data were normalized against control serum samples. FPM
(fragment per million) was calculated after raw counts normalization
using SPORTS output in R.

Raw counts >10 reads across all samples were selected for differ-
ential expression analysis. p-Values were corrected using Benjamini-
Hochberg multiple testing adjustment procedure (Benjamini and
Hochberg, 1995). Taking to account the temporality of the data, genes
were tested using a likelihood ratio test (LRT).

Non-coding RNAs were regarded as differentially expressed when
fitting the criteria with baseMean > 10, absolute value of log2 fold
change (FC) > 1.5 and p-adjusted value < 0.1.

2.6. Statistical analyses

Statistical analyses were performed in R. All statistical analyses for
differential expression analysis were performed using DESeq2 based on
negative binomial generalized linear models. The overall distribution of
tsRNA reads analysis was performed using a nonparametric Kruskal-
Wallis test, followed by a post-hoc Conover test or using a Wilcoxon
rank sum test after violation of normality assumption.
3. Results and discussion

3.1. Expression of tiRNAs in circulation and in callus tissue

The expression profiles of tsRNAs were investigated by NGS in small
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RNA fractions at DO-D14. A total of 76 tRNA fragments were annotated,
including 29 5'end tiRNAs, and 35 i-tRFs (Fig. 1, Supplemental file 1).
The distribution during fracture healing of the total normalized reads of
circulating cellular 5'end tiRNAs and i-tRFs were analysed (Fig. 1A and
B).

The majority of the tiRNAs originated from the 5’end, forming about
94 % of the total tiRNA reads (Fig. 1B, Supplemental file 1). In fracture
healing groups, a 1.4 to 1.8 fold decrease was observed in their amount.
About 6 % of the normalized reads corresponded to the i-tRFs. Full data,
including cellular tRNA fragments derived from the 3’end as well as
mitochondrial tRNA fragments, are presented in Supplemental file 1.
Fragments from the 3’end composed <1 % of the total tiRNAs, with a
read number below 10 in the analysis, and were therefore filtered out of
the data presented in Fig. 1. Traditional sequencing technologies, as was
also used in the present study, are not adapted to the analysis of tsSRNA
biogenesis with their multiple modifications, especially found at the
3’end of the tRNA fragments (Podnar et al., 2014). Recent improvements
in library processing technologies and workflows provide possibilities to
overcome these problems (van Dijk et al., 2019; Maguire et al., 2020; Shi
et al., 2021).

Relative expression of the four most prevalent isoacceptor tRNA-
derived tsRNA fragments in serum were analysed at DO - D14 (Fig. 1C,
Supplemental file 1). Isoacceptors are tRNAs that carry the same amino
acid although they have different anticodons.

The major proportion of parental tRNA-derived fragments in samples
originated from Val-tRNAs (from 61 to 68 %) and the remaining from
Lys-tRNA (from 33 to 11 %), His-tRNA (from 2 to 14 %), and Glu-tRNA
(from 2 to 7 %) as illustrated by radar plots for the four most prevailing
isoacceptors (Fig. 1C, Supplemental file 1).

3.2. Differential expression of tsRNAs

Valine isoacceptor-derived tiRNAs were the most prevalent tiRNAs in
serum, but their expression remained relatively stable during fracture
healing (Table 1). Expression levels in serum of four other 5'end tiRNAs
Glu-CTC-5/, Glu-TTC-5/, iMet-CAT-5, and Cys-GCA-5', and two i-tRFs
Val-AAC, and Val-CAC were not affected by the fracture. Val-AAC-5'end
and Val-CAC-5'end tiRNAs were also highly expressed in callus tissue
and upregulated by 1.5 to 1.9 log2FC during fracture healing in com-
parison to the control diaphyseal bone (Bourgery et al., 2021). Functions
of tiRNA-Val family members associate, e.g., with angiogenesis and, in
the mouse retinal tissue with diabetic retinopathy 5'end tiRNA-Val was
demonstrated to directly target the 3'UTR of Sirtl and repress its
expression (Xu et al., 2022). This finding is interesting as angiogenesis is
a crucial process also during fracture healing (Einhorn and Gerstenfeld,
2015; Gerstenfeld et al., 2003).

Small non-coding RNAs in circulation can be found in extracellular
vesicles (including exosomes) and associated with lipids and RNA
binding proteins. These carriers play important role in transmitting
systemic effects by transporting their cargo (including tsRNAs) to the
target tissues and organs. Current understanding of the biological
function of the circulating tsSRNAs or other tRFs is at a very early age and
the major interest has been on their potential as biomarkers and thera-
peutic targets (Barile and Vassalli, 2017; Liu et al., 2021).

Three 5'end tiRNA fragments and three i-tRFs were differentially
expressed during fracture healing in circulation (Fig. 2, Table 1). Levels
of Lys-tRNA-derived 5'end tiRNAs Lys-CTT-5, and Lys-TTT-5, and i-
tRFs Lys-TTT and Lys-CTT were reduced in serum, although their
expression in callus tissue was either stable or increased (Bourgery et al.,
2021).

Transfer RNA-derived small RNA fragments have diverse biological
functions, e.g., they regulate various stages of protein translation.
Krishna et al. recently reported on the involvement of 5'end tiRNAs Gln-
CTG-5, Val-CAC-5’ and Lys-TTT-5' in the regulation of cell proliferation
via RNA binding protein Igf2bpl/cMyc expression, thereby affecting
pluripotency and maintaining lineage differentiation during rheumatoid



M. Bourgery et al.

Table 1
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Expression of mature 5'end tiRNA and internal tRNA fragments in circulation after closed tibial bone fracture in mice. Green
and blue shadings indicate at D1, D5, D7, D10 and D14 after fracture the statistically significant increased and decreased
expression, respectively. Change was considered statistically significant if the absolute value of log2FC was above 1.5 and the
adjusted p-value below 0.1. These values are highlighted by red fonts. Fourteen most prevalent tsRNAs with baseMean > 10 are
presented in this table. A full list of the tsRNA data is presented in Supplemental file 1.

Day after fracture
Annotation baseMean % Change D1 D5 D7 D10 D14
5'end tiRNA
Val-AAC-5' 1640 33,22 NO log2FC -0,23 -0,27 -0,76 -0,66 -0,30
padj 0,4765 0,6690 0,0986  0,1406  0,8685
Val-CAC-5' 1599 32,39 NO log2FC -0,25 -0,28 -0,74 -0,65 -0,29
padj 0,4737 0,6690 0,0986  0,1435  0,8685
Glu-CTC-5' 225 4,56 NO log2FC 0,91 0,99 0,49 0,53 1,13
padj 0,0983 0,1816 0,6392  0,5890  0,0897
iMet-CAT-5' 35 0,70 NO log2FC -0,46 -0,88 -0,66 -0,88 -0,75
padj 0,3890 0,1849 0,5461  0,1757  0,4139
Glu-TTC-5' 33 0,66 NO log2FC 1,07 1,11 0,55 0,64 1,44
padj 0,0983 0,1785 0,6392  0,5378  0,0432
Cys-GCA-5' 11 0,22 NO log2FC 0,28 -0,63 -0,89 -0,48 -0,32
padj 0,6986 0,6690 0,6392  0,8329  0,9648
Lys-CTT-5' 760 15,39 | DOWN | log2FC -1,91 -1,24 -1,32 -1,53 -1,89
padj 0,0001 0,0399 0,0305  0,0039  0,0002
Lys-TTT-5' 117 2,38 | DOWN | log2FC -2,14 -1,61 -2,57 -2,66 -3,04
padj 0,0005 0,0303 0,0001  0,0000  0,0000
His-GTG-5' 214 4,34 | UP log2FC 1,97 1,65 1,51 1,87 2,41
padj 0,0005 0.0166 0,0305  0,0029  0,000027
Internal fragment i-tRF
Lys-TTT 18 0,37 | DOWN | log2FC -1,38 -1,12 -0,91 -1,96 -1,10
padj 0,0213 0,1309 0,2858  0,0029  0,1750
Val-AAC 17 0,35 NO log2FC -0,63 0,43 0,46 0,51 -0,01
padj 0,2078 0,5785 0,6392  0,5367  0,9793
Val-CAC 17 0,35 NO log2FC -0,60 0,44 0,48 0,49 0,03
padj 0,2205 0,5785 0,6392  0,5378  0,9793
Lys-CTT 36 0,73 | DOWN | log2FC -1,89 -0,98 -0,17 -1,18 -1,20
padj 0,0046 0,2989 0,9408 0,1476  0,1750
His-GTG 199 4,03 UP log2FC 1,37 0,81 1,23 1,74 2,30
padj 0,0289 0,4306 0,1095  0,0050  0,0001

arthritis (RA) induced ESC differentiation in vitro (Krishna et al., 2019).
Blocking of these 5'end tiRNAs by a pool of antisense oligos during RA-
induced differentiation, the stemness indicators (including Lif and Wnt3)
were significantly increased. Their data suggest that the primary role of
these 5'-tiRNAs is to restrain the expression of stemness-promoting
genes, thereby facilitating differentiation.

His-tRNA derived tsRNA fragments tiRNA His-GTG-5'end and i-tRF
His-GTG were increased in circulation during fracture healing (Table 1,
Fig. 2). They also were upregulated in callus tissue during propagation
of the fracture healing process from inflammatory phase (D5) to the
advanced anabolic phase (D14) with endochondral ossification in callus
samples (Bourgery et al., 2021). Recently, His-GTG-5' was shown to
respond to hypoxic conditions via HIFla/Ang axis and to promote
colorectal cancer by activating LATS2 (Tao et al., 2021). His-GTG-5' is
also essential in cancer cell proliferation and its blocking can induce cell
apoptosis. Further, His-GTG-5' (tiRNA-His-GTG-001) was shown to be

elevated in intestinal biopsy samples of patients with an irritable bowel
syndrome with diarrhea, targeting GABBR2, TLR4, and GABARAP which
are related to, e.g., amino acid (such as glutamate) metabolism,
GABAergic synapse, TNF-a signalling pathway, and insulin resistance
(Chai et al., 2021). Knockout of TLR4 in mice has been shown to activate
Wnt/f-catenin signalling pathway, thereby promoting fracture healing
(Zhao et al., 2020). These data suggest that His-GTG-5' has a role in
fracture healing via regulation of macromolecular metabolism.

Recent studies have shown that the differential expression of tRNA
genes is involved in the regulation of non-canonical functions by tRNA
fragments (Torres et al., 2019; Tosar et al., 2021). Further, it has been
shown that the 5'end and not 3’end tiRNAs inhibit translation in vitro
(Ivanov et al., 2011). Therefore, differential expression of 5'end tiRNA
fragments is expected to affect the translation of its target mRNA simi-
larly to miRNAs although the exact mechanisms are not known on how
the circulating tiRNAs are taken up by the recipient cells and how this
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Fig. 2. Differential expression of cellular 5'tiRNAs in circulation after closed tibial bone fracture in mice. (A) Volcano plots visualize the differential expression of 5
end tiRNAs at D5, D7, D10 and D14 after fracture. Blue dots visualize the tiRNAs with a log2FC < —1.5 and p-adjusted value < 0.1. Red dots visualize the tiRNAs with
a log2FC > 1.5 and p-adjusted value < 0.1. tiRNAs with baseMean > 100 are annotated. (B) Box plot graphs show the expression levels of the circulating 5'end
tiRNAs Lys-CTT-5', Lys-TTT-5', and His-GTG-5' in DO control and experimental samples on D1-D14 after fracture. DO (n = 3), D1 (n = 4), D5 (n = 4), D7 (n = 4), D10
(n = 4), D14 (n = 4). p-Adjusted value was calculated by DESeq2 during differential expression analysis: ns, non-significant; *: <0.1; **: <0.01; ***: <0.001; ****:
<0.0001. Full data is presented in Supplemental file 1.
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process is regulated. Based on the current knowledge, it is evident that
tsRNA fragments have multiple roles in the regulation of tissue meta-
bolism. In the future, they may turn out to be useful biomarkers for cell
differentiation, inflammation and tissue fibrosis and they may also have
therapeutic value. Further, trauma caused by bone fracture affected the
pool of circulating Lys and His isoacceptor-derived tsRNA fragments. It
is not known if their differential expression in circulation has any sys-
temic effects or biological relevance associated with fracture healing but
evidently tsRNAs are potential biomarkers of tissue regeneration.

3.3. Differential expression of miRNAs in circulation during fracture
healing

Expression profiles of miRNAs in serum were quantified at D1-D14
after fracture against intact control mouse (DO) serum. A total of 93
cellular miRNAs were observed in serum samples with a baseMean >10
(Supplemental file 1). Ten most prevailing miRNAs in serum exosome
fraction were miR-486a-5p, miR-486b-5p, miR-22-3p, miR-92a-3p,
miR-16-5p, miR-142a-5p, miR-25-3p, miR-451a, miR-215-5p and miR-
192-5p.

Thirty-four miRNAs were expressed with a baseMean >100
(Fig. 3A). Out of them, six miRNAs were differentially expressed after
fracture (Fig. 3B, Table 2). The expression of miR-451a (baseMean 598)
was decreased by 2.3 1og2FC on D1 post-fracture and increased there-
after but remained at a slightly lower level compared to the control. Two
miRNAs miR-328-3p (baseMean 114) and miR-133a-3p (baseMean
270), were increased in serum at D1 but thereafter returned to baseline,
thereby also representing early post-fracture response in serum. Levels
of three miRNAs, miR-375-3p (baseMean 107), miR-423-5p (baseMean
243), and miR-150-5p (baseMean 164) were increased at D1 and
thereafter remained elevated throughout D1-D14.

3.3.1. Decreased levels of miR-451a in circulation at D1 after fracture

In serum, miR-451a was one of the ten most prevalent miRNAs
(Supplemental file 1). After fracture, miR-451a level initially decreased
by log2FC of —2.3 at D1 but returned thereafter to almost a control level
(Fig. 3B, Table 2). In callus tissue, miR-451a was downregulated with a
— 4.6 to —2.5 log2FC during D5-D14 among the top54 differentially
expressed miRNAs of tibial closed fracture in mice (Bourgery et al.,
2021). In another study with a femoral closed fracture in mice, miR-
451a was also downregulated through D1-D14 by roughly about 55 %
where contralateral femoral diaphysis was used as a control (Hadjiar-
gyrou et al., 2016). Conversely, expression of miR-451a was higher on
postfracture days 14 and 28 with dynamic expression patterns in a
standard fracture healing callus in comparison to fibrous tissue of an
unhealing fracture produced by periosteal cauterization in rat femurs
(Waki et al., 2016). In mouse calvarial primary osteoblast cultures, miR-
451a contributed via a glucose-dependent manner to parathyroid
hormone-mediated mineralization and osteoblast differentiation of pri-
mary mouse calvarial osteoblasts by suppressing the expression of Osr1,
a putative target of miR-451a (Karvande et al., 2018). In callus tissue,
miR-451a and Osrl expression levels negatively correlated with each
other, thereby also connecting miR-451a to osteoblast differentiation
during fracture healing (Bourgery et al., 2021). In human RA patients,
miR-451a was reduced in neutrophils when compared to healthy con-
trols, and in murine neutrophils in vitro, it has been shown to reduce
inflammation by targeting p38 MAPK (Murata et al., 2014). Erythrocyte
vesicles are rich in miR-451a and may therefore also contribute posi-
tively to its amount in circulating exosomes (Thangaraju et al., 2020; Xu
et al., 2019). Future studies will show whether this decreased level in
circulation after fracture has any physiological role in fracture healing.
These studies altogether suggest that miR-451a acts as a fine tuner in
callus tissue to regulate dynamically inflammation and osteogenesis
during the healing process.
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3.3.2. Elevated levels of miR-133a-3p and miR-328-3p in circulation at D1
after fracture

Levels of miR-133a-3p and miR-328-3p increased in serum at D1 but
thereafter returned to baseline (Fig. 3B, Table 2). In callus tissue, miR-
133a-3p was highly expressed and was upregulated by 2.7 and 1.7
log2FC at D5 and D7 (inflammatory and chondrogenic phases of fracture
healing), respectively (Table 2 and Bourgery et al., 2021).

In oral and oesophageal squamous carcinoma cells, miR-133a-3p has
been shown to suppress cell proliferation, migration, and invasion via
targeting Collal (Heetal., 2018;Y. Yinetal., 2019). Further, miR-133a-
3p is enriched in muscle cells and hence also called myomiR. Its levels in
circulation correlate with myoglobin synthesis and remain high even
after 24 h of an 8 km run (Yin et al., 2020). It was also significantly
increased in the serum of patients with coronary artery disease (Singh
et al., 2020). It has been shown to target MET, a proto-oncogene, and
several other growth factor and cytokine receptors, such as receptor
tyrosine kinase, EGFR, FGFR1, and IGF1R, thereby inhibiting P13K/AKT
signalling in PCa cells and bone metastases (Tang et al., 2018). P13K/
AKT signalling is also required in osteogenic differentiation of MSCs,
and endochondral ossification via a positive feedback loop with Runx2
to induce osteogenesis (Baker et al., 2015, McGonnell et al., 2012). A
chemical inhibitor of C-Met has been shown to promote fracture healing,
tissue remodelling and regeneration (R. Wang et al., 2019). In callus
tissue, miR-133a-3p levels correlated negatively with Met expression
(Bourgery et al., 2021). Recent data indicates that overexpression of
miR-133a-3p inhibits osteogenesis of bone marrow mesenchymal stem
cells by regulating ankyrin repeat domain 44 (Ankrd44) (Li et al., 2021).
Based on these previous studies, we propose that miR-133a-3p functions
as a regulator of bone remodelling via targeting P13K/AKT to regulate
osteogenic differentiation. Its differential expression in serum may also
reflect the muscular trauma at the fracture site.

In the present study, miR-328-3p was increased in serum at D1,
whereafter it returned to almost a control level while in callus tissue,
miR-328-3p was expressed at a low level, and was mildly downregulated
during fracture healing, being lowest at D10 (Table 2 and Bourgery
et al., 2021). It is not known whether miR-328-3p in circulation affects
osteogenesis but in vitro studies indicate that miR-328-3p inhibits Axin1l
and thereby activates Wnt/p-catenin pathway (D. Liu et al., 2018). The
level of circulating miR-328-3p was decreased in osteoporotic patients
and showed a tight association with Wnt pathway (R. Chen et al., 2018).
Further, in vitro studies indicated that miR-328-3p inhibits osteoblast
differentiation in human and mouse osteoblastic cell lines via decreased
alkaline phosphatase activity and suppress mineral deposition. Also, in
another study with osteoporotic fractures, miR-328-3p was reduced in
circulation of postmenopausal women, and repression of miR-328-3p
reduced significantly alkaline phosphatase activity during osteogenic
differentiation of human adipose-derived stem cells but did not affect
calcium deposition (Weilner et al., 2015). In humans with fragility
fractures, miR-328-3p decreased in serum at 14 and 21 days postfixation
(W. Xie et al., 2020). Further, miR-328-3p targets PTEN and its over-
expression decreases PTEN/P13K/AKT, increases osteoblast differenti-
ation and decreases apoptotic rate of human osteoblast cells, suggesting
that miR-328-3p accelerates fracture healing by promoting osteoblast
viability.

Future studies will show the physiological relevance of miR-133a-3p
and miR-328-3p in circulation and how they associate with the regula-
tion of osteogenesis during fracture healing via, e.g., P13K/AKT and
Wnt/p-catenin signalling.

3.3.3. Levels of miR-375-3p, miR-423-5p and miR-150-5p were elevated in
serum through D1-D14 of fracture healing

In serum, mir-375-3p was increased by 2.6 to 3.3 of log2FC
throughout D1-D14 after fracture while in callus its expression was close
to the detection limit (Fig. 3B, Table 2 and Bourgery et al., 2021). It has
been shown to negatively modulate osteogenesis via decreasing the
expression levels of LRP5 and Ctnnb1 and Wnt/p-catenin signalling (Sun
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Fig. 3. Differential expression of circulating cellular miRNAs after closed tibial bone fracture in mice. (A) Volcano plots visualize the expression of circulating
miRNAs after fracture in serum. Blue dots visualize the tiRNAs with a 1og2FC < - 1.5 decrease and P-adjusted value < 0.1, and red dots log2FC > 1.5 increase and P-
adjusted value < 0.1. Annotated miRNAs have a baseMean > 100. (B) Box plots visualize the expression levels of miR-451a, miR-328-3p, miR-133a-3p, miR-375-3p,
miR-423-5p, and mmu-miR-150-5p through D1-D14. DO (n = 3), D1 (n = 4), D5 (n = 4), D7 (n = 4), D10 (n = 4), D14 (n = 4). P-adjusted value was calculated by
DESeq2 during differential expression analysis: ns, non-significant; *: < 0.1; ***: < 0.001; ****: < 0.0001. The whole list of miRNAs with their expression levels is
presented in Supplemental file 1.



Table 2

Top six differentially expressed miRNAs in serum compared to their differential expression in callus after fracture. Callus data is retrieved from Bourgery et al., 2021, Supplemental file 3. Data includes baseMean and
adjusted p-value. Log2FC was calculated against intact tibial diaphysis samples. *These miRNAs were among top54 differentially expressed miRNAs in callus (Bourgery et al., 2021, Fig. 5 and Supplemental files 3 and 5).
**mRNA typed with bold fonts indicate the significant negative correlation between miRNA and its target mRNA in callus tissue (from Bourgery et al., 2021). Relative baseMean was calculated against the highest
baseMean (average normalized reads) value: in serum, baseMean of miR486a-5p was 17,700 and in callus, baseMean of miR-22-3p was 24,666. Statistically significant adjusted p-values (<0.1) are highlighted by red
fonts. Green and blue shadings indicate statistically significant increased and decreased absolute value of expression (>1.5 log2FC) after fracture, respectively.

Relative Major
base  base D1 D5 D7 D10 D14 metabolic mRNA targets
Annotation Sample | Mean Mean log2FC  padj log2FC  padj log2FC  padj log2FC padj log2FC  padj impact in tissue**
miR-451a serum 598 3,377 -2,27 1,98-05 | -0,52 0,55259 | -0,85 024352 | -1,13 0,05549 -1,16 0,04518 | Erythropoiesis
callus* | 1056 4,282 -4,58 1,36E-11 | -4,57 2,62E-15 | -3,86 3,98E-10 -2,52 0,00198 | Inflammation P38 MAPK
miR-328-3p | serum 114 0,645 1,98 1,56-08 | 1,15 0,00483 | 0,93 0,02752 | 1,12 0,00489 1,46  0,00013 Whnt/beta- Axinl
callus 54 0,221 -0,72 0,04234 | -1,31 3,04E-06 | -1,47 1,20E-06 -0,95 0,04561 | catenin PTEN
PTEN/P13K/AKT
miR-133a-3p | serum 270 1,525 2,25 0,06807 | -0,56 0,81551 | 1,23 045212 | 0,70 0,65529 0,40 080693 | P13/AKT Egfi, Fgfil,
callus* | 7149 28,982 2,73 0,00065 | 1,66 0,01923 | 0,62 0,45859 0,14 092771 | Fracture Igfrl, Met
healing
miR-375-3p | serum 107 0,607 3,03 5,1E-11 | 2,61 1,4E-08 | 3,29 1,5e-13 | 3,07 1,2E-11 2,80 1,78-09 | P13/AKT Lrp5, Ctnnp
callus 1 0,003 -2,19 0,48157 | -1,31 0,58546 | 0,21 0,94467 2,19 N/A Osteogenesis Brd4
miR-423-5p | serum 243 1,371 2,58 53E-11 | 1,63 0,00022 | 1,71 0,00012 | 2,10 3,7E-07 2,02 13E-06 | NF-xB Tnip2, Cdknla,
callus* | 142 0,576 0,12 0,86257 | -1,33 0,00374 | -1,52 0,00179 -3,53  5,05E-07 | Osteo- Igf2bpl
clastogenesis
miR-150-5p | serum 164 0,924 2,30 0,00016 | 1,72 0,01139 | 2,52 6,2E-05 | 2,79 2,1E-06 2,46 6,76-05 | Extracellular Vegf, Socsl,
callus* | 177 0,719 -1,88 2,24E-06 | -3,44 1,50E-24 | -3,09 4,67E-18 -1,70  0,00032 | matrix Rab9, Mmp14,
remodeling Sic2al, Elk1
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et al., 2017). Further, mir-375-3p induces apoptosis of MC3T3-E1 cells
in vitro.

A significant increase of circulating miR-375-3p was observed in a
CENTRAL Trial study for Lifestyle intervention in participants with
prediabetes, which was related to fasting insulin and insulin resistance
and reduced visceral and hepatic fat (Heianza et al., 2022). Further-
more, increased serum levels of miR-375-3p were observed with pro-
gression of osteoporosis in an experimental rat model, and in
postmenopausal women with osteoporotic vertebral fractures,
compared to non-fractured controls (Weigl et al., 2021; Zarecki et al.,
2020). These studies suggest an association of increased levels of serum
miR-375-3p after fracture with the negative regulation of osteogenesis/
bone remodelling.

In serum, the miR-423-5p level increased at D1 by log2FC of 2.6 and
remained thereafter at a slightly lower but elevated level with log2FC
between 1.6 and 2.1, in comparison to intact control mice (Table 2). In a
recent study, elevated levels of miR-423-5p were reported in serum of
women with osteoporosis and osteoarthritis (Pertusa et al., 2021).
Elevated level of miR-423-5p was associated with a lower bone mineral
density in an ageing study with healthy adult baboons (Quillen et al.,
2022). In a study of two Finnish families with osteoporosis due to the
heterozygous p.C218G WNT1 mutation, miR-423-5p was decreased in
the circulation of patients with the mutation (Makitie et al., 2018).
During fracture healing, miR-423-5p was significantly downregulated at
D10 and D14 in callus tissue and negatively correlated with the
expression of Tnip2, Cdknla, and Igf2bp1 (Bourgery et al., 2021) which
have been shown by others as verified targets of miR-423-5p (Guo et al.,
2018; W. Wang et al., 2017; S. Xie et al., 2020). TNIP2 activates NF-kB
signalling, which induces osteoclastogenesis and triggers osteoporosis
(Fischer and Haffner-Luntzer, 2022; Wang et al., 2017). Cdknla codes
for p21, which functions as a regulator of cell cycle progression at G1
and its deletion enhances the osteogenic potential of bone marrow-
derived mesenchymal stem cells in vitro (Juran et al., 2021). Igf2bp1
codes for Insulin-Like Growth Factor 2 mRNA-Binding Protein 1
(IGF2BP1) which binds to the mRNA of certain genes, including IGF2
and p-actin, and regulates their transcription (Yakar et al., 2018).
Igf2bp1 is also targeted by miR-150-5p (L. Wang et al., 2019). Based on
these studies, miR-423-5p is a potential regulator of osteoclastogenesis
and bone remodelling during fracture healing. The functional relevance
of upregulated levels in serum remains to be solved in future studies but
certainly, it has potential as a biomarker.

MiR-150-5p levels were increased in serum and remained high
through D1-D14 with 1og2FC between 1.7 and 2.8 (Table 2). Lower
levels of miR-150-5p were found in the serum of RA patients compared
to the serum of osteoarthritic patients. Interestingly, studies with miR-
150 knockout mice have indicated the importance of miR-150 in regu-
lation of immune system which is also involved in RA (Huang et al.,
2015). MiR-150-5p has been previously shown to directly target matrix
metalloproteinase 14 (Mmp14) to reduce extracellular matrix modelling
(Z. Chen et al., 2018). Furthermore, its overexpression reduces the
expression of MMP14 and vascular endothelial growth factor (VEGF) in
RA fibroblast-like synoviocyte samples (Z. Chen et al., 2018). In our
published callus data, miR-150-5p was downregulated through D5-D14
with lowest expression at D7-D10, and negative correlation was shown
between miR-150-5p and its several target mRNAs regulating tran-
scription of multiple cellular functions, e.g., Socsl (suppression of
cytokine signalling), Mmp14 (extracellular matrix remodelling), Rab9
(intracellular protein transport), Slc2al (glucose uptake), and Elkl
(binds to promoters of FOS and IER2 and induces target gene tran-
scription by JNK-signalling pathway) (Bourgery et al., 2021). Mature B-
and T-cells also express miR-150-5p which downregulates C-MYB, an
essential regulator of hematopoiesis (Vasilatou et al., 2010). These
studies suggest that its major function in fracture healing is associated
with extracellular matrix remodelling and immune system.
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3.4. Expression levels in callus and serum are poorly correlated

Profiles of the differentially expressed tsRNAs and miRNAs mainly
deviated between serum and callus samples (Tables 1 and 2, and
Bourgery et al.,, 2021). A correlation assay of the six differentially
expressed miRNAs in serum revealed no significant correlation between
the expression levels in serum and callus tissues (Supplemental file 2).
This raises a question on how the serum and callus levels of small non-
coding RNAs are coordinated and what is the origin of miRNAs or tsRNA
fragments contributing to the altered levels in circulation.

Exosomes contain highly specific RNA cargo and parent cells control
the sorting of miRNAs into vesicles and secretion into circulation (Groot
and Lee, 2020; O'Brien et al., 2020). Secretion into circulation may be
activated as a response to cytokine stimuli or other systemic effects. An
interesting mechanism for systemic regulation was presented by Sun and
others. They propose that erythrocytes as a response to a certain stim-
ulus release a large number of extracellular vesicles loaded with eryth-
rocyte derived miRNAs which are taken up by recipient cells and
modulate their function (Sun et al., 2020).

Circulating miRNA carco functions as cell-cell communication where
small RNA is released from the donor cell and taken up by a recipient cell
at a distance, resulting in changes of gene expression (Qiu et al., 2021).
Selected sorting of a certain small RNA into export with no increase in
the endogenous miRNA synthesis might result in reduced levels in callus
tissue and increased levels in serum. Immediately after fracture,
increased serum levels may result also by the leakage from the fracture
site to the circulation. While interpreting the data, it is also important to
remember that the comparison is only relative as reliable the comprisons
can be made only within serum or callus tissue and at their best they are
only relative, notquantitative.

Certain small non-coding RNAs in circulation may originate from
specific organs/tissues via different systemic mechanisms. E.g., there is
increasing evidence on adipose tissue as a major source of miRNAs in
circulation and that miRNAs are a new class of factors mediating
endocrine and paracrine functions (Ji and Guo, 2019; Mori et al., 2019;
Peng and Wang, 2018; Vienberg et al., 2017). Moreover, adipose-
derived miRNAs in circulation can modify gene expression in other
tissues (Thomou et al., 2017). Therefore, adipose tissue has a large input
into the systemic regulation of body metabolism via miRNA cargo in
circulation. An example of miRNAs associated with adipose tissue
metabolism and fracture healing is miR-150. It was downregulated in
callus and increased in serum during fracture healing. Interestingly,
studies with miR-150 knockout mice have shown that miR-150 knock-
down significantly decreases the capacity of adipogenic differentiation
of adipose-derived stem cells (ADSCs) and its overexpression signifi-
cantly increases C/EBPa and PPAR-y expression and lipid formation in
ADSCs with adipogenic induction (Li et al., 2019). In addition, in vitro
studies suggest that miR-150 suppresses proliferation potential and
expression of Nanog in ASDCs and regulates adipogenic differentiation
via downregulation of its target gene Notc3. Further, studies with PId1~/
~ knockout mice revealed that PLD1 is a novel regulator of bone ho-
meostasis and adipogenic function through Runx2, B-catenin-OPG,
PPAR-y and C/EBPa axis, and it regulates the mesenchymal cell lineage
differentiation by increasing osteogenesis while decreasing adipogenesis
(Kang et al., 2021). These connections between bone and adipose tissue
homeostasis highlight the complexity of the systemic effects in the
regulation of body metabolism.

It is tempting to speculate that also other indirect factors, such as
reduced exercise and immobilization in association with bone fractures
may contribute to the miRNA profile in circulation, e.g., via adipose
tissue metabolism, thereby transmitting the systemic effects to the body
metabolism.

Transfer RNA-derived fragments add a whole new level to the
regulation of tissue metabolism. Although data on systemic effects is
more limited, tRNA fragments are found in circulation, and in the target
tissues, they can modulate protein translation and alter the physiology
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of the recipient cells (Kim, 2019). In addition to the question on the
systemic contribution of various organs onto small non-coding RNA
profiles in circulation, there are a lot of open questions, e.g., what is a
physiologically relevant concentration leading to the changes in recip-
ient cell metabolism or how the circulating RNAs are recognized and
taken up in the target tissue and whether, e.g., a specific exported
miRNA just ends up as junk in circulation. Interestingly, a recent study
revealed specific motifs that determine whether the miRNA is retained
in the cell (CELLmotif) or released into exosomes (EXOmotif) (Garcia-
Martin et al., 2022). The discovery of this RNA code provides a novel
insight into the data analysis on how to link the miRNAs in circulation to
the tissue of origin. Yet, it remains largely unknown if all cell types or
tissues have their own RNA code and how the target cell is defined for
unloading the cargo.

4. Summary and conclusion

Understanding of the functional roles of small non-coding RNAs in
circulation is emerging, although the current knowledge particularly on
tsRNAs is at a very early age. In this study, we report expression profiles
of tsRNAs and miRNAs in circulation in mice and show that closed tibial
fracture resulted in differential expression of a pool of tsRNAs and
miRNAs during a follow-up period of D1-D14.

Fourteen cellular 5'tiRNAs and i-tRFs were observed in circulation
with a baseMean between 10 and 1640, and six of them were differen-
tially expressed after fracture. Val-tsRNAs were the most prevalent
tsRNAs in circulation but were not affected by the fracture. Levels of
5'tiRNAs Lys-CTT-5'end, Lys-TTT-5'end and, i-tRFs Lys-TTT and Lys-
CTT were decreased while 5tiRNA His-GTG-5' and i-tRF His-GTG
were increased during fracture healing. Further, 93 miRNAs were
observed in circulation with a baseMean over 10 and 34 of them were
expressed with a baseMean over 100. Six miRNAs were differentially
expressed after fracture. Only the level of miR-451a was decreased after
fracture with the major drop at D1, while levels of miR-328-3p and miR-
133a-3p were elevated mainly at D1 and returned thereafter close to the
control level. These three miRNAs represent an early response to the
fracture, while the other three miRNAs miR-375-3p, miR-423-5p and
miR-150-5p were expressed at an increased level throughout D1-D14.
Based on current published knowledge, these differentially expressed
tsRNAs and miRNAs are all capable of targeting pathways to modulate
osteogenesis and tissue remodelling during fracture healing, including,
e.g., Wnt/B-catenin and P13K/AKT pathways, if taken up by the target
tissue. The expression levels in serum did not significantly correlate with
the upregulated expression levels in callus tissue, suggesting selected
sorting into circulation from the fracture site or release from other tis-
sues due to systemic effects of fracture healing process.

Future characterization on the functional role of these differentially
expressed tsRNAs and miRNAs during fracture healing will increase our
understanding on the systemic regulation of body metabolism in
general.

This study is descriptive in nature, but the purpose of it was to bring
out the possibilities of small non-coding RNAs, including tRNA derived
fragments as novel tools to monitor fracture healing and tissue regen-
eration. Functional studies will verify their value in the development of
therapeutic applications to target fracture healing process or as
biomarker tools which utilize circulating small non-coding RNAs as in-
dicators of faultless fracture healing.

5. Limitation of the study

In this study, ExoQuick precipitation was used to isolate exosomal
miRNA fraction after which the total RNA was isolated by miRNeasy
(Qiagen). Although precipitation and ultracentrifugation have been
considered equally acceptable isolation methods for exosomal miRNA
profiling analysis (Rekker et al., 2014), there are studies indicating that
freely circulating miRNAs that are associated with lipid/HDL particles
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and RNA binding proteins in circulation may coprecipitate with the
exosome fraction (Karttunen et al., 2019).

As blood cells contain a wide range of RNA molecules, they can also
contribute to the small RNA profile in serum. To avoid random
contamination, no samples with hemolysis were accepted for the anal-
ysis and blood samples were centrifuged twice to remove any cells from
the serum before isolation of the exosome fraction. In human plasma,
hemolysis-related contamination has been described to contain mir-486-
5p, miR-451a, miR-16-5p, miR-106a-5p, miR-17-5p, miR-93-5p, miR-
20a-5p, miR-107, and miR-20b-5p (Shkurnikov et al., 2016). Scrutiny
of the expression of these miRNAs suggested no systemic input of blood
cell contamination in our data. Out of the miRNAs characteristic to
hemolysis, miR-451a, miR-16-5p, miR-93-5p, and miR-107 were
expressed in our data with a baseMean above 100 while the others were
either not detected or their expression level was low with baseMean 5 or
below (Supplemental file 1). Erythrocyte enriched (or erythromiR) miR-
451a as well as monocyte enriched miRNAs miR-150-5p and miR-423-
5p were differentially expressed in our data.

As discussed above in connection with miR-451a, vesicles released
from blood cells may contribute to the background of exosome's small
RNA profile in circulation. Possible random contamination in a single
sample by, e.g., hemolysis would increase variation, and systemic
contribution would add background. Differential expression of the six
miRNAs in circulation was statistically significant, compared to the
control samples, suggesting that the contributing factor was the bone
fracture although the source may have been the callus tissue itself or
other tissues, e.g., adipose, or blood cells, as a response to the stimulus
received from the fracture site (Fig. 3, Table 2).

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bonr.2022.101627.
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