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Serum MicroRNA signatures
associated with hypertrophic callus
formation in polytrauma patients
with traumatic brain injury
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Long-bone fractures occasionally develop excessive callus formation in the presence of traumatic

brain injury, a clinically relevant but poorly understood injury response. Although this phenomenon is
known for decades, the causal factors are still underexplored, and no systemic biomarkers are currently
available to predict the exuberant bone-mass-formation at an early timepoint after injury. In this
study, we used small-RNA-seq, bioinformatic analyses, and in vitro assays to identify a set of micro-
RNAs in sera of hypertrophic callus patients that could serve as potential biomarkers. The identified
miRNAs are highly expressed in the human brain, particularly in the pituitary gland, and have been
shown to regulate mRNA targets implicated in osteogenic processes.
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It is a common observation among orthopedic trauma surgeons that fractures occasionally heal with increased
callus-formation and/or accelerated fracture-union when patients suffer a concomitant traumatic brain injury
(TBI)™2. Although clinical reports of this phenomenon reach back to the 1960s®, knowledge about the causal
factors remains largely elusive. Several hypotheses have been proposed to explain the phenomenon®. However, to
the best of our knowledge, aside from studies in murine models>~7, it has not yet been systematically investigated
in humans on a molecular level.

Any factor that triggers TBI-associated, excessive callus-formation potentially originates from the brain and
is being released to the blood stream during or in the wake of brain injury. Potential biomarkers have been
investigated in animal and human studies that analyzed humoral components in fracture healing in combination
with TBI. Neither of these studies identified the causal factors of accelerated or increased callus-formation in the
context of TBI unambiguously, and none of the analyzed humoral components proved suitable as biomarkers to
predict the risk of acquiring a hypertrophic callus®-!%.

Among the candidate humoral components of interest, micro-RNAs (miRNAs) have garnered significant
attention over the last two decades, both broadly and specifically as biomarkers in bone diseases'>!3. miRNAs
are short (~ 22nt), single stranded oligonucleotides that primarily bind to the 3’-UTR of protein-coding mRNAs,
resulting in downregulation or complete repression of target gene expression on the protein level'*. Although
several studies were able to assign certain miRNA signatures individually to either fracture healing!>"'” or
TBI'8-29, respectively, the combined occurrence of miRNAs in fracture healing, TBI and hypertrophic callus-
formation has not been investigated in human patients.
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We hypothesized that serum levels of miRNAs differ between callus-patients vs. non-callus patients in the
context of TBI. We therefore performed small-RNA-seq to identify miRNA markers in serum of bone-fracture-
patients, TBI-patients, TBI-fracture-patients without hypertrophic callus and TBI-fracture-patients with
hypertrophic callus formation. RNA-seq results were then analyzed bioinformatically and confirmed by in vitro
experiments.

In this study, we show that patients with TBI and bone fractures, who develop a hypertrophic callus, express
increased serum-levels of hsa-miR-127-3p, hsa-miR-376a-3p, hsa-miR-411-5p, hsa-miR-431-5p, hsa-miR-487b-
3p, hsa-miR-543 and hsa-miR-654-5p. These miRNAs are all encoded on a parentally imprinted genomic cluster
on human chromosome 14q32 (C14q32), also known as DLK1-DIO3 cluster?"-22,

Investigation of tissue-specific gene expression data further showed that candidate C14q32 miRNAs are highly
expressed in the human brain, particularly in the pituitary gland. In-silico analysis of miRNA target networks
indicated that several of the identified candidate miRNAs are predicted to regulate transcripts encoding proteins
implicated in neuronal signaling and bone homeostasis. In line with these predictions, we demonstrate that
transfection of hBMSCs with a mimic of the candidate miRNA hsa-miR-543 results in a marked downregulation
of RANKL (TNFSF11), a key regulator of osteoclast differentiation®.

The set of candidate miRNAs identified in our study represents a potential link between brain- and bone
biology. Notably, for the first time since the recognition of the heightened risk of abnormal bone healing, these
miRNAs represent promising serological biomarkers to predict hypertrophic callus formation in patients who
have sustained a concomitant traumatic brain injury.

Results

Approximately one third of included patients with TBI and fractures develop a hypertrophic
callus

The present study included 31 patients grouped into four separate classes, according to the type of underlying
injury: Fx, TBI, TBI+Fx, TBI+Fx+Call (Fig. 1A). One female patient was excluded due to pre-existing
osteoporotic condition and several patients could not be included due to transfer to other hospitals shortly after
their condition stabilized. Patient groups and injuries are shown in Figs. 1 and 2 and detailed demographics are
presented in Table 1. Overall, patient age ranged from 16 to 80 years, of whom ten patients were female (32%)
and 21 were male (68%). Thirteen patients had either isolated or multiple bone-fractures (Fx), nine patients
suffered traumatic brain injuries (TBI) and nine patients had sustained TBI and fractures. All TBIs were classified
as “severe” (GCS 3 to 8) according to the Glasgow coma scale** and by definition for this study, all TBI-cases
demonstrated with an intracranial hematoma, categorized as epidural, subdural, subarachnoid, or intracerebral.
Three out of nine TBI and fracture patients (33%) developed a hypertrophic callus (TBI+Fx+ Call) within 14
to 24 days after admission to the hospital (diagnosed by X-ray and CT-scan), which was characterized by an
excessive accumulation of cartilaginous and/or fibrous tissue at a fracture site. The remaining six patients with
TBI and fracture (TBI + Fx) did not exhibit accelerated callus formation, instead demonstrating normal fracture
healing.

TBI-associated hypertrophic callus-formation is most commonly observed in long-bone fractures. In
addition to increased bone-mass-formation, it is usually accompanied with accelerated fracture union and
occasionally with heterotopic ossification?. In this study, one TBI-fracture-patient developed a hypertrophic
callus after sustaining a facial fracture (mandible) and was therefore assigned to the TBI+ Fx + Call group.

DLK1-DIO3 cluster miRNA levels are increased in serum of hypertrophic callus patients 24 h
after injury

Three representative patient samples of each group (see Table 1 and methods section) were chosen for small-
RNA-seq and miRNA expression analysis. We analyzed serum miRNA levels at three different time points
after admission to the hospital (24 h, 72 h and 7d) in all four patient groups (Supplementary Tables S1-S3;
supplementary Figs. S1 and S2). Of all pairwise group comparisons (see Supplementary Table S4), for this study
we focused on miRNAs that were differentially regulated in TBI+Fx patients who developed a hypertrophic
callus, aiming to identify a distinct molecular signature associated with aberrant fracture healing. The resulting
top ten candidate miRNAs were then chosen for downstream analyses (Fig. 3A). The time course progression of
these miRNAs was validated by gPCR and demonstrated increased serum levels in patients with hypertrophic
callus formation as early as 24 h post admission to the hospital. Two miRNAs, hsa-miR-1246 and hsa-miR-1291,
were downregulated in accordance with RNA-seq data (Fig. 3B). hsa-miR-10a-5p could not be detected by the
miRNA-assay in any sample and was excluded from all consecutive analyses.

Further analysis revealed that seven out of nine remaining candidate miRNAs originate from the same
genomic locus, a parentally imprinted cluster of protein-coding genes, IncRNAs, snoRNAs and miRNAs on
human chromosome 14q32 (C14q32), also known as DLK1-DIO3 cluster (Fig. 3C). While this cluster has been
reported in various biological contexts?, it has not yet been associated with altered bone fracture healing in
combination with traumatic brain injury.

Candidate DLK1-DIO3 miRNA levels are increased in sera of callus-patients compared to
non-callus-patients and to healthy controls

To verify and identify the most strongly deregulated miRNAs associated with hypertrophic callus-formation, we
expanded our dataset and analyzed the expression of candidate miRNAs by qPCR in serum samples retrieved
24 h-post-injury for individual patients of all four groups included in our study. The 24 h timepoint was chosen,
since differences in expression were highest at that timepoint in the RNA-seq analysis, and the expression
decreased at later timepoints except for hsa-miR-543, which showed highest expression 72 h post injury.
Furthermore, we included healthy controls to identify the base-level-expression of the candidate miRNAs.
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Fig. 1. Patient groups and injuries. (A) Patients were assigned to four groups: Fractures (Fx), traumatic brain
injury (TBI), TBI with fractures and normal fracture healing (TBI + Fx) and TBI with fractures and formation
of a hypertrophic callus (TBI + Fx + Call). (B) Total counts for gender distribution (left), age groups (center)
and injury categories (right). (C) Fracture locations and (D) definitions of head injury abbreviations.

Except for hsa-miR-654-5p, the expression of all DLK1-DIO3 cluster miRNAs was significantly increased
in TBI+Fx+ Call patients compared to TBI+Fx patients and to healthy controls. Expression in Fx and TBI
groups showed no statistically significant change compared to any other group or to healthy controls. (Fig. 4A;
supplementary Table S5). Interestingly, the expression of DLK1-DIO3 miRNAs in TBI + Fx patients was as low
as in healthy controls, either being not detectable or almost not present. The two miRNAs that are not encoded
on the DLK1-DIO3 cluster, hsa-miR-1246 and hsa-miR-1291, showed different expression trends compared to
the miRNA-seq results. Instead of being decreased in TBI+Fx+ Call patients, their expression showed either
no significant difference compared to TBI +Fx patients or a slight upregulation of hsa-miR-1246 compared to
healthy controls.

To evaluate the feasibility of our candidate miRNAs as potential markers for hypertrophic callus-formation,
we performed principal component analysis (PCA), which revealed a clear separation of TBI+Fx+ Call
from TBI+Fx and healthy controls (Fig. 4B). Orthogonal partial least squares discriminant analysis (oPLS-
DA) further revealed that candidate miRNAs from the DLK1-DIO3 cluster but not hsa-miR-1246 and hsa-
miR-1291 primarily contributed to the variance observed between TBI + Fx + Call and TBI + Fx patients (Fig. 4C;
supplementary Fig. S3).
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Fig. 2. X-ray and CT images of injuries. Representative examples of injuries from patients included in the
study. (A) Anterior—posterior (AP) X-ray of a lateral clavicle fracture (patient 019). (B) AP X-ray of a forearm
fracture (radius and ulna; patient 016). (C) Frontal CT scan of a femoral shaft fracture (patient 006). (D) AP
X-ray of an open tibial shaft fracture including the pilon (patient 029). (E) AP X-ray of an open distal femur
fracture with hypertrophic callus marked with a red dashed line (patient 032). (F) TBI, SDH, ICH (patient
001). (G) TBL, SDH (patient 028). (H) TBI, SDH, SAH (patient 019). Head injuries in F, G and H are marked
with red dashed circles.

Pituitary gland extract induces the expression of candidate miRNAs in hBMSCs in vitro

To investigate the biological role of our candidate miRNAs, we performed GO-term analysis and found a strong
association with brain development and synaptic activity for the mRNA-targets of hsa-miR-376a-3p, hsa-miR-
487b-3p, hsa-miR-543, hsa-miR-654, hsa-miR-1246 and hsa-miR-1291. Pathways related to bone biology, such
as Wnt-signaling, cartilage and connective tissue development, SMAD signaling, growth factor receptor binding
and GTPase activity was evident for mRNA targets of hsa-miR-543, hsa-miR-1246, hsa-miR-376a-3p and hsa-
miR-411-5p. Except for hsa-miR-411-5p, the three latter miRNAs are categorized by overlapping functions in
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Patient-ID | Group small-RNA-seq | Sex | Age | Fractures and TBI

Poo4 | Fx Seq P |3 | Femoralshaftand trochanterie Disal fomar, Calcanens
P006 Fx Seq M |27 Femoral shaft, Tibial shaft

PO11 Fx M |48 | Distal femur, Patella

P012 Fx M |16 | Humeral shaft

P013 Fx F 17 Femoral shaft, Patella

P014 Fx Seq F 38 | Femoral shaft

P017 Fx F 72 | Distal femoral shaft

P018 Fx M |37 | Humeral shaft

P021 Fx M |21 Forearm (ulna, radius)

P022 Fx M |35 | Humeral shaft

P025 Fx M |18 | Femoral shaft (both sides)

POs3 | Fx Fo |4 | haicrng. Femoral cafe. Tivalshat (ot siden)
P034 Fx M |27 | Monteggia like (ulna Schaft and olecranon), Femoral shaft
P001 TBI Seq M 19 severe TBI, SDH, Intracebreral hematoma

P003 TBI M |48 severe TBI, SAH, SDH

Poo7 TBI M |36 severe TBI, SDH

P008 TBI Seq F 38 severe TBI, EDH, SAH

P009 TBI M |57 | severe TBI, Intracerebreral hematoma

P010 TBI M |61 | severe TBL SAH, Intracerebreral hematoma

P027 TBI M 46 severe TBI, SAH

P028 TBI Seq M |29 | severe TBL, SDH

P030 TBI M |24 | severe TBI, SDH, SAH

P015 TBI+Fx M 16 severe TBI, SDH, Clavicle shaft, Distal radius, Spinal
N T e e
P020 TBI+Fx F 64 severe TBI, SAH, Distal ulna

P026 TBI+Fx M |80 severe TBI, Intracerebral hematoma, Subtrochanteric,, Femoral shaft
P029 TBI+Fx Seq F 29 | severe TBI, SDH, Diffuse atonal injury, Tibial shafts (and fibula; both sides)
P031 TBI+Fx Seq F 58 | severe TBI, SAH, Clavicle, Distal radius, Proximal tibia
P005 TBI+Fx+Call | Seq M |41 severe TBI, EDH, SAH, Mandible

P019 TBI+Fx+Call | Seq M |56 | severe TBI, SDH, SAH, Proximal femoral, Lateral clavicle
P032 TBI+Fx+Call | Seq M |27 severe TBI, SAH, Distal femoral (both sides), Olecranon, Patellar

Table 1. Patient demographics.

brain- and bone biology alike. The complete list of candidate miRNA-mRNA-targets and GO-term analysis
results are documented in supplementary Table S6 and supplementary Fig. S4.

Based on the observation that our candidate miRNAs showed overlapping functions in brain- and bone-
biology according to GO-term analysis, we investigated the overall expression of these miRNAs in human tissues
using publically available miRNA-Tissue-Atlas data®. We noticed that all DLK1-DIO3 miRNAs are highly
expressed in the human brain (Fig. 5, Supplementary Table S7). The non-cluster miRNA hsa-miR-1246 is not
expressed in the brain and hsa-miR-1291 is not constitutively expressed significantly in any tissue at all. None of
the candidate miRNAs shows significant expression in bone tissue.

Given that tissue expression data indicate high levels of most candidate miRNAs in the brain, we further
examined various sub-regions of the human brain in detail. This analysis revealed a notable accumulation of
DLK1-DIO3 candidate miRNAs in the pituitary gland (Fig. 6A; supplementary Table S8). To explore a potential
relation further, we incubated hBMSCs in the presence or absence of bovine pituitary gland extract (PGE) for
72 h and analyzed the expression levels of candidate miRNAs in cell lysates by gPCR. With the exception of
hsa-miR-654-5p and hsa-miR-1291, the expression of all candidate miRNAs was significantly increased when
hBMSCs were cultured in the presence of PGE (Fig. 6B; supplementary Table S9).

Candidate miRNA hsa-miR-543 represses RANKL expression

Based on the combined results from miRNA-target prediction, GO-term enrichment (Supplementary Fig.
S4), and VIP score analysis derived from oPLS-DA (Fig. 4C), hsa-miR-543 emerged as one of the principal
candidate miRNAs within the potential biomarker set distinguishing serum samples from TBI+Fx+ Call and
TBI + Fx patients (Supplementary Fig. S3). Among its predicted mRNA targets is RANKL (TNFSF11; Fig. 7A),
a key regulator of osteoclast differentiation and bone remodeling. To further investigate its functional relevance,
hBMSCs from three individual donors were transfected in vitro with a hsa-miR-543 mimic. In line with the in-
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Fig. 3. Small-RNA-seq analysis and DLK1-DIO3 cluster miRNAs. (A) Top 10 miRNA candidates differentially
expressed between TBI + Fx and TBI+Fx + Call samples 24 h after injury. Positive logFC indicates higher
expression in TBI+ Fx. Hsa-miR-10a-5p could not be confirmed by RT-qPCR and was excluded from all
consecutive analyses. (B) qPCR shows the time course progression of candidate miRNAs in patient sera 24 h,
72 h and 7d after injury. Except for hsa-miR-1246 and hsa-miR-1291 all miRNAs are highly expressed in

TBI + Fx + Call patients 24 h after injury. Hsa-miR-543 shows highest expression 72 h after injury. Expression
of all miRNAs in TBI + Fx + Call decreases with progressing time, whereas expression in the TBI+ Fx group
remains low at all timepoints, except for hsa-miR-1246 and hsa-miR-1291. Boxplots indicate datapoints of
the three patients in each group that were subject to small-RNA-seq analysis. (C) The DLK1-DIO3 cluster

on human chromosome 14q32. Maternal and paternal genomic imprinting is indicated by color code

(green =hypo-methylated and expressed; blue = hyper-methylated and silenced). Candidate miRNAs of this
study are encoded on the miRNA clusters A and B and are indicated in red.

silico predictions, RANKL protein levels showed a trend toward downregulation compared to negative controls
(Fig. 7B; Supplementary Fig. S5).

In-silico analysis further revealed that several of the predicted miRNAs target mRNAs/proteins
(Supplementary Table S6) that are potentially not only involved in the RANKL pathway (e.g., RANKL, RANK,
TRAF6, MAPK1), but also the BMP-RUNX2-axis (e.g., BMP-2, BMPR, SMAD2/4, RUNX2), PI3K-AKT
signaling axis (e.g., PI3K, AKT1/2/3), and the Wnt/p-catenin pathway (e.g., SOST, WNT1, LRP6, CTNNBI1).
These findings suggest that several of the identified candidate miRNAs may impact on bone formation and
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Fig. 4. Candidate miRNA expression in sera of patients and healthy controls. (A) Absolute expression of
miRNAs in patient and healthy control sera 24 h after injury. Expression of all DLK1-DIO3 miRNAs, except
hsa-miR-654-5p, was significantly increased in TBI + Fx + Call patients compared to TBI+ Fx patients and
healthy controls. Micro-RNAs hsa-miR-1246 and hsa-miR-1291 did not show the same trend as in the RNA-
seq analysis. Data are given as 2"4t values in box-plots depicting individual data points. Non-parametrical
Mann-Whitney-U test was used for pairwise comparisons (Healthy: n=6. Fx: n=13. TB: n=9. TBI+ Fx: n=6.
TBI+Fx+ Call: n=3). (B) PCA and k-means clustering shows a clear separation of callus-patients compared to
non-callus-patients and healthy controls. (C) Variable importance in projection (VIP) plot with data generated
from oPLS-DA analysis shows to which extend candidate miRNAs from the DLK1-DIO3 cluster, but not hsa-
miR-1246 and hsa-miR-1291, contribute to the variance between TBI+Fx + Call and TBI + Fx patients.

Scientific Reports|  (2025) 15:43154 | https://doi.org/10.1038/s41598-025-27270-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Reads per Million

2000 -

1000 -

3

hsa-miR-127-3p hsa-miR-376a-3p

900 -

600 -

Wiiiii iiiiiiiiiii =T

hsa-miR-431-5p

Bone

hsa-miR-411-5p

Qo
500~ 5 2-
[
sl . ! 1
o
Tmxdle= =m=x ii (] - oomm 0 M= Jall = N L
hsa-miR-487b-3p hsa-miR-543
900- 30-
3 @
600 - '3 20~ c
=3 o
1]
300- 10- 2 i
0- - Ii;-iii 04 == --====i== -
hsa-miR-654-5p hsa-miR-1246
30- g
600 3
20~
400 -
o £
1o 5 i 200 :z i
@
hsa-miR-1291 RO NN \\ QbQ/ S S5 b
1.00- G\{“ @ o) ““Q)‘ A °° ‘4\ fo\\e‘@ \\%O\\z
£S &Q \3
075 =)
0.50- g £
I : E ;I
0.25- « [
0.00- - x : x ; = = = . x = . —
& L2 O < 4 e 0 & O XN OO
¢ed (\{@,b\@(‘eﬁ.eogb \zég\(\zo\\\\
O &8 o R IO I S @O\ B0 (O W
SRS S IRDIOR A,

Fig. 5. Candidate miRNAs are highly expressed in the human brain. Except for hsa-miR-1246 and hsa-
miR-1291, all miRNAs investigated in this study show high expression in the human brain. None of

the candidate miRNAs is significantly expressed in bone. Data obtained from miRNA-Tissue-Atlas®.

Bars =absolute counts, normalized as reads per million. Errorbars =SD. Explorative data without statistical
analysis.

remodeling, although this requires further experimental validation. Further, not all candidate miRNAs are
expected to be active simultaneously or at the same anatomical site, however, their broad involvement supports
a potential role in TBI-related hypertrophic callus formation and warrant further investigation.

Discussion

The identification of causal factors underlying TBI-associated hypertrophic callus formation remains an ongoing
area of research. In this study, we identified a set of systemic miRNAs which could serve as promising biomarkers
for predicting hypertrophic callus formation at an early stage following TBI-related injuries.

The involvement of DLK1-DIO3 miRNAs in fracture healing and osteogenic pathways has been recently
shown. In 2023, the study from Hadjiargyrou et al.?® identified miR-127-3p and miR-654-5p to be highly
expressed in fracture callus-tissue during physiological healing and a recent study from the Stoddard group®,
found differentially regulated miRNAs located within the DLK1-DIO3 cluster in serum of fracture-patients
and conditioned culture medium of osteogenically induced hBMSCs. The latter study found hsa-miR-1246 to
be elevated at all time-points of fracture healing, along with a number of DLK1-DIO3 miRNAs, which were
similarly found to be regulated in the patients from our study. However, neither study aimed to investigate the
role of these miRNAs in the context of TBI-related fracture healing or demonstrated their origin from the DLK1-
DIO3 cluster. Therefore, the findings of our study not only build upon these previously published results, but also
provide new insights into potential biological roles of these miRNAs.

A number of studies already investigated the miRNA-composition of mild, moderate and severe TBI in
serum/plasma, cerebrospinal fluid and in saliva. In none of these studies, C14q32 cluster miRNAs or hsa-
miR-1246 and hsa-miR-1291 appeared to be differentially regulated. Why these miRNAs have not been identified
in TBI so far and the lack of understanding from which tissue/cells they originate in patients with hypertrophic
callus formation after having sustained a traumatic brain injury may be the consequence of differences in
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Fig. 6. Candidate miRNAs are functionally connected to the pituitary gland. (A) Candidate miRNAs are
highly expressed in the pituitary gland. Data obtained from miRNA-Tissue-Atlas?. Bars =absolute counts,
normalized as reads per million. Errorbars = SD. Explorative data without statistical analysis. (B) hBMSCs were
cultured in presence (PGE) or absence (Contr.) of 70 pg/ml bovine pituitary gland extract for 72 h. Expression
of miRNAs was assessed by qPCR (n =4, bars =arithmetic mean, errorbars = SEM. Either Student’s t-test or
Welchss t-test were applied for pairwise comparison).

study designs and methodologies employed. Some studies used assays with pre-defined panels of miRNAs that
did not include any of the miRNAs of the present study'**. A majority of studies solely focused on murine
models®!~3* or investigated the miRNA expression patterns of TBI in humans in specific neurologic contexts that
are not comparable to our study'®**. Another critical aspect is the timing of blood sampling. We observed that
serum miRNA expression levels were highest at the early 24 h timepoint and declined progressively thereafter,
suggesting that delayed sampling may fail to capture relevant miRNA signatures.

All fractures heal with a thickening callus at the fracture site, which is subsequently resorbed in a controlled
manner during the remodeling phase of fracture healing®. A TBI-associated hypertrophic callus, on the other
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Western blot of hBMSCs from three individual donors. Cells were either transfected with 25 nM hsa-miR-543-
mimic or with a negative control. The effect varies in degree between the three hBMSCs, and the foldchange
computed from densitometric analysis is close to statistical significance (p=0.064, Mann-Whitney-U test).
Original, uncropped, Western blot and densitometric data are provided in supplementary Fig. S5. (C)
Schematic overview illustrating potential of identified miRNA biomarker candidates for early risk stratification
after trauma.

hand, is not only increased but occasionally remains and requires surgical debridement. The miRNAs identified
in our study, their mRNA-targets and their affected pathways potentially offer new insights underlying this
phenomenon.

In this study, we demonstrate, to the best of our knowledge for the first time, that treatment of BMSCs with
a hsa-miR-543 mimic leads to reduced expression of RANKL. Interestingly, a previous study demonstrated that
treatment with either the bisphosphonate alendronate or inhibition of RANKL using the humanized monoclonal
antibody denosumab resulted in an increased final callus size in a mouse femoral fracture model. In silico
analyses further indicate that several of the identified candidate miRNAs may downregulate proteins involved
in bone formation and remodeling; however, these predictions remain to be experimentally validated and thus
lie beyond the scope of the present work. Moreover, whether the systemic increase of these miRNAs observed as
early as 24-72 h post-injury contributes to hypertrophic callus formation in polytraumatized patients remains
unclear and warrants further investigation.

In silico analysis showed marked accumulation of DLK1-DIO3 miRNAs in the human pituitary gland,
potentially suggesting an endocrine contribution to the increase in callus formation in TBI patients. Consistently,
pituitary gland extract (PGE) induced upregulation of several candidate miRNAs in hBMSCs. As these effects
cannot be ascribed to defined PGE components, the findings remain descriptive, and mechanistic insights
will require systematic analysis of individual pituitary factors and analysis of additional patient sera in future

Scientific Reports |

(2025) 15:43154 | https://doi.org/10.1038/s41598-025-27270-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

studies. The strong pituitary expression is however noteworthy, as prolactin has been proposed as a link between
traumatic brain injury and hypertrophic callus formation?.

The major limitation of our study is undoubtedly the small sample size, with only three patients presenting
hypertrophic callus formation. However, the observation that approximately one third of patients who had
sustained a TBI and bone fracture(s) develop a hypertrophic callus is in good approximation with the numbers
reported from a similar study where collagen degradation, delayed fracture union and increased osteogenesis were
investigated in patient groups comparable to ours®. Despite the small sample size, we were able to demonstrate
that differences in miRNA expression between hypertrophic callus and non-callus patients as well as healthy
controls are statistically significant with only few exceptions. However, future studies involving larger cohorts
are essential to substantiate and validate our findings. Such studies will be crucial to confirm the identified set of
miRNAs as definitive markers associated with hypertrophic callus formation and to establish serum thresholds
or cutoff values suitable for clinical diagnosis. Further, future studies should not only include larger cohorts
but also encompass additional OMICs methodologies, an expanded range of clinical diagnostic analyses, and
careful consideration of factors such as gender and age. Furthermore, a thorough evaluation of patients’ medical
histories will be critical to providing a more nuanced understanding of the observed phenomena and their
potential clinical implications.

In conclusion, the identified DLK1-DIO3 cluster miRNAs show significantly increased serum levels in
hypertrophic callus patients as early as 24-72 h post-injury. While these signatures may not be causally linked
to the underlying biological mechanisms driving hypertrophic callus formation, their early regulation highlights
their potential as serological biomarkers to predict excessive callus formation (Fig. 7C). Such biomarkers could
provide valuable clinical tools to identify patients at risk before radiographic signs of hypertrophy become
apparent, allowing personalized therapeutic interventions.

Methods

Ethics statement

This study included blood samples of human subjects and was approved by the Ethics Commission for the
State of Salzburg (approval number 415-E/2293/4-2018). Due to the critical condition of traumatic brain injury
patients at the time of admission to the hospital (unconscious due to head injury or through medically induced
coma), blood sampling at the University Hospital Salzburg, Austria was performed with written informed
consent of a legal guardian. All experiments that included human subjects were performed in accordance with
the World Medical Association Declaration of Helsinki—Ethical Principles for Medical Research Involving Human
Subjects*. No animal experiments were conducted in this study. No large language models (LLM) were used in
the generation or analyses of data or for writing the manuscript.

Patient inclusion and exclusion criteria

Inclusion-criteria

Patients with one or several long-bone fractures. Patients with isolated traumatic brain injury with confirmed
intracranial bleeding with or without fracture of the skull including craniomaxillary fractures. Patients with
long-bone fractures accompanied with traumatic brain injury with confirmed intracranial bleeding with or
without fracture of the skull.

Exclusion-criteria

Patients with fractures of only small bones. Patients with isolated traumatic brain injury without confirmed
intracranial bleeding. Patients with chronic illnesses of the central nervous system. Patients with muscular-
skeletal illnesses. Patients with metabolic illnesses. Patients with ongoing immune-suppressive therapy or
ongoing treatment with bisphosphonates. Children under the age of 16 years. Pregnancy.

Blood sampling

Blood samples were taken at the University Hospital Salzburg, Austria, at the following time-points: within 6 h
after injury; at 24 h, 72 h, 7 days and 14 days after injury. Peripheral blood was collected in a BD Vacutainer®,
clotted for 30 min and then centrifuged at 2.500¢ for 10 min. At least three serum aliquots (0.5 ml each) were
stored at -20 °C short term, transferred to the laboratory and stored at -80 °C long term. After thorough
instruction of the medical team, blood sampling started with May 2018 and continued for a period of three years
until April 2021. Healthy control serum samples were kindly provided by the Department of Dermatology and
Allergology of the University Hospital Salzburg.

RNA extraction from serum and cell-lysates

Total RNA was extracted from human blood samples using miRNeasy Serum/Plasma Advanced Kit (qgiagen,
#217204) according to manufacturer’s protocol. Total RNA from cell lysates was extracted using TRI-Reagent
(MRC, #TR118) followed by chloroform extraction and isopropanol precipitation according to standard
protocols.

Small-RNA-seq analysis

Micro-RNA-seq analysis was performed by a contractor (TAmiRNA GmbH, Leberstrasse 20, 1110 Vienna,
Austria) according to their customized protocol. RNA preparation and library construction was performed using
Serum/Plasma Advanced Kit (Qiagen, #217204) and Biofluids Plasma/Serum miRNA Library kit (RealSeq, #600-
00048) according to manufacturer’s protocol. Sequencing was performed on an Illumina platform (NextSeq 550,
75 bp, SR). Analysis parameters were defined as follows: Sequencing adapter: RealSeq (cutadapt -a Realseq3P =
TGGAATTCTC -ul). Minimum read length: 17nt. Reads quality cutoff: 30 (phred quality score). Significance
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level: 0.05. Overall quality of the next-generation sequencing data was evaluated automatically and manually
with fastQC v0.11.9 and multiQC v1.10. Reads from all passing samples were adapter trimmed and filtered using
cutadapt v3.3. Reads were then filtered for a minimum length of 17 nucleotides. Mapping was performed with
bowtie v1.3.0 and miRDeep2 v2.0.1.2, whereas reads were mapped first against the genomic reference GRCh38.
p12 provided by Ensembl allowing for two mismatches and subsequently miRBase v22.1, filtered for miRNAs
of hsa only, allowing for one mismatch. For a general RNA composition overview, non-miRNA mapped reads
were mapped against RNAcentral and then assigned to various RNA species of interest. Statistical analysis
of preprocessed NGS data was done with R v4.0 and the packages pheatmap v1.0.12, pcaMethods v1.82 and
genefilter v1.72. Differential expression analysis with edgeR v3.32 used the quasi-likelihood negative binomial
generalized log-linear model functions provided by the package. The independent filtering method of DESeq2
was adapted for use with edgeR to remove low abundant miRNAs and thus optimize the false discovery rate
(FDR) correction.

The selection of the three representative patient samples for RNA-seq was primarily based on age and clinical
presentation, which allowed us to achieve the closest possible matching across groups. While sex was considered
where feasible, a complete match could not be achieved due to the composition of the available patient pool
(e.g., only male patients in the TBI + FX + Call group, predominantly female patients in the TBI+ FX group). The
selected samples therefore represent the most clinically comparable cases available. Patient-IDs for small-RNA-
seq: Fx (P004, P006, P014), TBI (P001, P008, P028), TBI +Fx (P016, P029, P031), TBI+Fx+ Call (P005, P019,
P032).

Cell culture

Human bone-marrow-derived mesenchymal stem cells (hBMSCs) were kindly provided by the Ludwig
Boltzmann Institute for Traumatology (Vienna, Austria), and by the GMP core facility at Paracelsus Medical
University, (Salzburg, Austria). Samples were stored in liquid nitrogen (hBMSC-1: female, age 29, passage 1;
hBMSC-2: female, age 27 passage 0; hBMSC-3: male, age 35, passage 0; hBMSC-4: female, age 20, passage 2).
All in vitro experiments were performed at passage 5. Proliferation medium for primary cultures contained
DMEM high glucose (gibco, #11960-044), 10% FBS (sigma, #F7524-500ML), 1 x Glutamax (gibco, #350500-
038), 1 x Penicillin/Streptomycin (sigma, #P4333-100ML) and 1 ng/ml bEGF (peprotech, #AF-100-18B-50UG).
Cells were cultured at 37 °C and 5% CO, in a humidified atmosphere. Medium was changed every second day
and cells were passaged at 90% confluence with 0.125% trypsin/EDTA (sigma, #T4049-500ML).

Pituitary gland extract treatment

Treatment of hBMSCs with bovine pituitary gland extract (PGE, Gibco, #13028014) was conducted as follows:
2x10* hBMSCs (hBMSC-1, hBMSC-4) were seeded in 12-well cell-culture plates in duplicates (total n=4).
Untreated control samples were cultured in a-modified MEM Eagle (PAN Biotech, #P04-21050) supplemented
with 1xGlutamax, 10% FBS (sigma, #F7524-500ML) and 1 X Penicillin/Streptomycin. PGE-treated samples
were incubated in the same medium, supplemented with a final concentration of 70 pg/ml PGE. All samples
were cultured for 72 h with one medium change in between. Cells were finally lysed in TRI-Reagent and RNA
was extracted as described above.

Micro-RNA-mimic

Transfection of hBMSCs with a hsa-miR-543 mimic was conducted as follows: 2x10* cells of hBMSC-1,
hBMSC-2 and hBMSC-3 were seeded in 12-well cell-culture plates in triplicates the day before the experiment
and cultured in a-modified MEM Eagle (PAN Biotech, #P04-21050) supplemented with 1x Glutamax and
1 x Penicillin/Streptomycin but without FBS. Hsa-miR-543 mirVana™ miRNA Mimic (Invitrogen, #4464066;
Assay MC13037) and mirVana™ miRNA Mimic, Negative Control #1 (Invitrogen, #4464058) were used in a final
concentration of 25 nM in a total volume of 1 ml medium. The transfection solution was prepared in a mixture of
Opti-MEM (Fisher scientific, #10149832) and Lipofectamine RNAiMax (Fisher scientific, #13778100) according
to the RNAiMax protocol. All cells were incubated for 24 h. Cells were finally lysed in 100 ul RIPA-buffer
(Pierce™, #89900) supplemented with 1x protease inhibitor (Sigma, #P8340) and 1 x phosphatase inhibitor
(Sigma, #P0044) and stored at -80 °C.

Micro-RNA expression assay

RNA from patient serum or cell culture lysates was diluted to a final concentration of 5 ng/ul and a total amount
of 10 ng (2 ul per reaction) was used for cDNA preparation using miRCURY LNA RT kit (giagen, #339340).
Relative expression of miRNAs was assessed by qPCR on a BIO-RAD CFX96 thermocycler using miRCURY
LNA SYBR® Green PCR kit (qiagen, #339346) and LNA miRNA PCR Assays for selected miRNAs following
manufacturer’s protocol. miRNA Assays used in this study: hsa-miR-1246 (qiagen/GeneGlobe ID-YP00205630),
hsa-miR-10a-5p (qiagen/GeneGlobe ID-YP00204778), hsa-miR-127-3p (qiagen/GeneGlobe ID-YP00204048),
hsa-miR-1291 (giagen/GeneGlobe ID-YP02107164), hsa-miR-376a-3p (qiagen/GeneGlobe ID-YP00204508),
hsa-miR-487b-3p (giagen/GeneGlobe ID-YP00204489), hsa-miR-411-5p (qiagen/GeneGlobe ID-YP00204532),
hsa-miR-543 (qiagen/GeneGlobe ID-YP00204447), hsa-miR-654 (qiagen/GeneGlobe ID-YP00204439) and
hsa-miR-431-5p (qiagen/GeneGlobe ID-YP00204737). U6-snRNA (qiagen/GeneGlobe ID-YP02119464) and
5s-rRNA (giagen/GeneGlobe ID-YP00203906) were tested as references for data normalization. Throughout all
experiments, 5s-rRNA expression was more reliable and stable compared to U6-snRNA and therefore used for
data normalization. Results are given either as 2"t values or as fold changes calculated with the 2"24¢ method*’.
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Western Blot

Cell lysates were prepared using RIPA-buffer (Pierce™, #89900) supplemented with 1 x protease inhibitor (Sigma,
#P8340) and 1 x phosphatase inhibitor (Sigma, #P0044). Protein concentration of cell-lysates was determined
using BCA Protein Assay Kit (Pierce™, #23227). For initial SDS-PAGE and Western blot, 20 pg total protein
per sample were electrophoretically separated on 10% gels (BIO-RAD TGX Stain Free FastCast Acrylamide
Kit, #1610183), followed by transfer on PVDF-membranes (Sigma-Aldrich, #3010040001). Membranes were
blocked for one hour in 5% milk powder in 1x TBS-Tween. Primary antibodies were incubated over night at
4 °C. Membranes were washed with TBS-Tween and secondary antibodies were applied in 5% milk powder in
TBS-Tween for one hour at room temperature. After washing away secondary antibodies, blots were developed
in Clarity Max ECL Substrate (BIO-RAD, #1705062) and inspected on a gel-imaging system. In consecutive
technical replicates, the protein amount was adjusted to achieve homogenous p-actin loading control bands.
BIO-RAD Image Lab 5.2 software was used for densitometry and relative quantification of protein bands on
blots. Antibodies used: Beta-actin (ACTB, Proteintech, #66009-1-Ig); RANKL (TNFSF11, Proteintech, #23408-
1-AP); goat-a-mouse-HRP (BIO-RAD, #170-5047); goat-a-rabbit-HRP (BIO-RAD, #170-5046). Original,
uncropped, Western blots are provided in supplementary Fig. S5.

Statistical- and bioinformatics analysis

Statistical parameters (sample-size, arithmetic mean, standard deviation or standard error, p-values etc.) are
presented in the figures and figure legends. Statistical tests for pairwise comparison of samples were chosen based
on the following considerations: A Shapiro-Wilk-test was performed to test for normality. If normal distribution
was not the case, non-parametric Mann-Whitney-U-test was performed. In case of normality, homogeneity of
variances was determined with Levene’s test. Student’s-t-test was chosen for data with homogenous variances;
Welch’s-t-test was chosen for inhomogenous variances. Pairwise comparisons are always independent and
two-sided. Statistical analysis was only performed with biological replicates. R-statistical software (v4.4.2) and
RStudio (v2024.09.0) were used for bioinformatic analysis of miRNA-targets, GO-term-analysis and for the
creation of plots.

Data availability
Sequencing datasets generated and/or analysed during the current study are available in the GEO repository
(GSE294842). In addition, all raw data, including small-RNA-seq data and qPCR-Ct-values are available in the
supplementary tables.
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