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Abstract 

The myotendinous junction (MTJ) is a specialised interface for transmitting high forces between 

muscle and tendon and yet the MTJ is a common site of strain injury with a high recurrence rate. The 

aim of this study was to identify previously unknown MTJ components in mature animals and humans. 

Samples were obtained from the superficial digital flexor (SDF) muscle-tendon interface of 20 horses 

and the tissue was separated through a sequential cryo-sectioning approach into muscle, MTJ (muscle 

tissue enriched in myofiber tips attached to the tendon), and tendon fractions. RT-PCR was performed 

for genes known to be expressed in the three tissue fractions and t-SNE plots were used to select the 

muscle, MTJ and tendon samples from 5 horses for RNA-sequencing. The expression of previously 

known and unknown genes identified through RNA-sequencing was studied by immunofluorescence 

on human hamstring MTJ tissue. The main finding was that RNA-sequencing identified expression of a 

panel of 61 genes enriched at the MTJ. 48 of these genes were novel for the MTJ, and 13 genes had 

been reported to be associated with the MTJ in earlier studies. The expression of known (COL22A1, 

NCAM, POSTN, NES, OSTN) and previously undescribed (MNS1 and LCT) MTJ genes was 

confirmed at the protein level by immunofluorescence on tissue sections of human MTJ. In conclusion, 

in muscle-tendon interface tissue enriched with myofiber tips, we identified expression of previously 

unknown MTJ genes representing diverse biological processes, which may be important in the 

maintenance of the specialized MTJ. 

 

Keywords 

myotendinous junction, extracellular matrix, RNA-sequencing, collagen XXII 
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Introduction 

Muscle strain injury accounts for the majority of exercise related injuries in skeletal musculature, but is 

also common in relation to work and military training, and represents a leading cause for long-term 

functional disability, pain, and economic burden (1). Strain injury occurs in connection with abrupt 

muscle movement at the interface between the muscle and tendon, and in many cases leads to a 

separation of these two tissues. One of the main clinical challenges in this field is that, despite thorough 

rehabilitation, substantial injury recurrence is common, and it is estimated that about 80% of re-injuries 

occur at the same site as the original injury (17, 56, 62, 71). Together, this indicates suboptimal repair 

after strain injuries, and highlights the importance of gaining detailed insight into the molecular 

composition of the myotendinous junction (MTJ).  

 

Data related to tendon and cartilage indicate that these tissues have no, or very limited, capacity for 

tissue renewal after skeletal maturity (19, 20), in contrast to skeletal muscle which has a high rate of 

renewal (19). However, skeletal muscle contains a large extracellular matrix component in addition to 

the myofibres, and many types of resident mononuclear cells, all of which have different rates of 

turnover. We have previously shown that expression of muscle connective tissue associated proteins 

demonstrates a slower and more prolonged time course of adaptation to experimentally induced muscle 

injury when compared to the cells and proteins related to regeneration of the muscle fibres themselves 

(29, 39-42). Interestingly, the sustained elevated expression of several extracellular matrix proteins was 

associated with protection against re-injury (39). Whether similar principles apply at the MTJ is 

unknown. As the MTJ is the connecting interface between muscle and tendon, it is reasonable to 

assume that dynamic protein activity on both sides of the MTJ is required for maintenance and repair of 

the MTJ. Current knowledge about the MTJ comes largely from rodent, chick, fish and frog , and often 

during development when direct cell-cell contact between tendon and muscle precursor cells exists (5, 

7, 21, 24, 49, 59, 67, 68). In contrast, in the adult state these cells are separated by the muscle fibre 

basement membrane, and most of the tendon cells are embedded in a dense collagen matrix. Thus, 

formation of the MTJ during development is fundamentally different to MTJ injury repair in the mature 

organism.  
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Several molecules involved in the formation of the connection between the two tissues have been 

described, both at the tendon side and at the muscle side of the junction (5). For example, collagen 

XXII is found in the basement at the MTJ in animals (31) and humans (25), and in the developing 

zebrafish has been shown to be crucial for optimal MTJ mechanical resilience (5). Furthermore, it has 

recently been suggested that single-nucleotide polymorphisms related to collagen XXII alpha 1 chain 

(COL22A1) expression are associated with a susceptibility to muscle injury in humans (44). Recently 

the application of single nuclei RNAseq (snRNAseq) to mouse skeletal muscle has provided detailed 

pre-mRNA profiles of clusters of nuclei characterizing the MTJ (8, 12, 30, 53), confirming this region 

to be a highly specialized domain. A few of the MTJ genes identified by snRNAseq have been verified 

on tissue sections. For example, the presence of mRNA for Adamts20 (53), Tigd4 and Ebf1 (30), was 

convincingly shown in the myonuclei at the fibre tips by FISH. In further support of the MTJ being a 

specialised region of the myofibre, it was elegantly demonstrated using RNAscope that, during 

development (E15.5), mRNA for the slow myosin heavy chain type I (Myh7) emerges initially at the 

tips of the fibres while the rest of the fibre body remains predominantly filled with transcripts for 

(neonatal) Myh8 (12). Taken together, there is clear and mounting evidence for a specialised role for 

nuclei at the MTJ. However, we still lack studies using an unbiased systematic approach to analyse 

adult muscle, MTJ and tendon, in a tissue and region-specific manner, while accounting for biological 

variation.  

 

Here we studied the muscle-tendon complex from the superficial digital flexor (SDF) muscle of the 

horse, due to its exposure to great strain during activity and high incidence of injury in racing horses 

(52), and the hamstrings in humans, because they are the most common location for strain injury (13). 

The main aim of the study was to uncover unique, or enriched, expression patterns of genes at the MTJ 

(defined as the muscle tissue enriched with fibre tips, adjacent non-muscle cells, and the layers of 

tendon closest to the MTJ) when compared to neighbouring tendon and muscle tissue, using an 

unbiased tissue-specific analysis approach.   
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Materials and Methods 

Animal and human study approval 

Horse 

Samples were obtained from 20 horses (7 geldings and 13 mares) that were enrolled in a study 

investigating cardiac function and arrhythmia in response to exercise. All horses were between 5-10 

years of age and standardbred trotters. Nine had been sedentary for at least 1 year, and 11 had 

performed high intensity training and racing for at least 3 years prior to inclusion in the study. The 

project was approved by the Animal Experiments Inspectorate in Denmark (2016-15-0201-01128) and 

the Ethical committee at the Department of Veterinary Clinical Sciences, University of Copenhagen. 

All horses were subjected to a protocol testing their cardiac function. Over a 3-day period they did 3 

familiarization sessions walking on a treadmill, followed by 3 maximal effort tests performed with 2-3 

days recovery in between. All maximal effort tests were performed on a treadmill with 6% inclination 

and speed set to 7m/sec with increases in speed of 0.5m/sec every 60 seconds until the horses could not 

keep up. 

 

Human 

The human tissue was obtained from patients (2 females and 2 males, age 24-35, BMI < 25, non-

smokers, and with no known diseases) undergoing anterior cruciate ligament (ACL) reconstruction 

surgery with use of the hamstring tendons, as previously described (23). Participation was approved by 

The Research Ethics Committees of the Capital Region of Denmark (ref. H‐3‐2010‐070) according to 

the standards set by the Declaration of Helsinki. All volunteers gave written informed consent before 

inclusion.  

 

Tissue collection 

Two to eight days following the last exercise, the horses were premedicated with flunixin-meglumine 

1.1mg/kg, detomidine 0.01 mg/kg, acepromazine 0.03mg/kg, morphine 0.06 mg/kg and butorphanol 

0.01 mg/kg iv. General anaesthesia was induced by intra-venous administration of zolazepam 

combined with tiletamine (Zoletil®, Virbac Denmark A/S, Kolding, Denmark, 1.5 mg/kg i.v.) and 

maintained by isoflurane inhalation (IsoFlo Vet., Orion Pharma Animal Health, Copenhagen, Denmark, 

1.4%). During anaesthesia additional analgesia with 0.06 mg/kg morphine (Morfin DAK 20 mg/ml, 
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Takeda Pharma A/S, Taastrup, Denmark) every 3 hours along with a continuous rate infusion of the 

muscle relaxant Rocoronium (Rocoronium, 10mg/mL, Hameln Pharmaceuticals, Hameln, Germany, 

0.3 mg/kg/h) were applied. Cardiac electrophysiology testing was performed during anaesthesia, 

ending with exsanguination and the heart being removed for further processing in a different project 

not related to the outcomes of the current study. 

From humans, the muscle-tendon interface of the semitendinosus was obtained in relation to harvest of 

the tendon for ACL reconstruction. The unused interface tissue was donated for the study. The samples 

were mounted in TissueTek (Sakura Finetek Europe, Zoeterwoude, Netherlands), frozen in liquid 

nitrogen-cooled isopentane and stored at -80 °C. 

 

Sample preparation 

As soon as possible post-mortem the left forelimb was cut off and transported on ice to the laboratory, 

where the SDF muscle was dissected and small samples of muscle with attached tendon were punched 

out using a 4 mm diameter biopsy puncher. The samples were mounted in TissueTeK, tendon side 

down, frozen in liquid nitrogen-cooled isopentane, and stored at -80 °C until analysis.  

 

To isolate the MTJ, these blocks of tissue were mounted in a cryostat (muscle face-up; figure 1) and 

sectioned in 10 µm thick slices. The first section was mounted onto a glass slide, serving as a control 

section to determine tissue composition (muscle/MTJ/tendon) and measuring the area of the section 

later. Twenty sections (200 µm total depth) were then cut and collected in an Eppendorf tube using a 

sterile technique. The first section after the collection of these 20 sections was also mounted onto the 

glass slide. This was repeated until tendon began to be visible on the control sections (figure 1d). This 

assessment was made by viewing unstained sections immediately upon collection onto a glass slide, 

using a standard brightfield microscope. The subsequent sections were collected as the fraction termed 

“MTJ” until the point where only tendon (i.e. no muscle) remained. Because some of the samples were 

cut at a slight angle, the number of sections in the MTJ fraction varied from 20 to 30 (200-300µm). 

Collection of sections continued until no tissue remained. Based on evaluation of the control sections, 6 

specific fractions from each sample were retrospectively identified for RT-PCR as illustrated in Figure 

1: 1) “muscle”: the second fraction collected (with lowest risk of tendon contamination); 2) “muscle-
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MTJ”: the fraction collected just before the MTJ; 3) “MTJ”: containing both muscle and tendon; 4) 

“tendon-MTJ”: the fraction collected immediately after the MTJ (potentially containing some muscle); 

5) “tendon”: pure tendon tissue collected immediately after “tendon-MTJ”; 6) “tendon(surface)”: the 

part of the tendon furthest away from the MTJ, only collected from a small number of samples due to 

limited thickness of tendon tissue. 

 

RNA extraction 

The cryo-sections were homogenized in 1 mL of TriReagent (Molecular Research Center, Cincinnati, 

OH, USA) containing five stainless steel balls of 2.3 mm diameter (BioSpec Products, Bartlesville, 

Oklahoma, USA) by shaking in a FastPrep®-24 instrument (MP Biomedicals, Illkirch, France) at speed 

level 4 for 15 s. Following homogenization, bromo-chloropropane was added in order to separate the 

samples into an aqueous and an organic phase. Following isolation of the aqueous phase, RNA was 

precipitated using isopropanol and 80 μg glycogen (Invitrogen, Naerum, Denmark). The RNA pellet 

was then washed in ethanol and subsequently dissolved in 10 μL RNAse-free water. Total RNA 

concentrations were determined by Ribogreen assay (R11490, Life Technologies, Naerum, Denmark). 

 

Real-time RT-PCR 

Total RNA (30 ng) was converted into cDNA in 20 μL using the OmniScript reverse transcriptase 

(Qiagen, California, USA) and 1 μM poly-dT (Invitrogen, Naerum, Denmark) according to the 

manufacture's protocol (Qiagen). For each target mRNA, 0.5 μL cDNA was amplified in a 25 μL 

SYBR Green polymerase chain reaction (PCR) containing 1 × Quantitect SYBR Green Master Mix 

(Qiagen) and 100 nM of each primer (Table 1). The amplification was monitored real time using the 

MX3005P Real-time PCR machine (Stratagene, California, USA). The Ct values were related to a 

standard curve made with known concentrations of cloned PCR products or DNA oligonucleotides 

(UltramerTM oligos, Integrated DNA Technologies, Inc., Leuven, Belgium) with a DNA sequence 

corresponding to the sequence of the expected PCR product. Undetected products set to one molecule 

(Supplemental file 1, https://doi.org/10.6084/m9.figshare.14748216.v1). The specificity of the PCR 

products was confirmed by melting curve analysis after amplification. RPLP0 mRNA was chosen as 

internal control. 

 

https://doi.org/10.6084/m9.figshare.14748216.v1
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RNA sequencing 

As the samples contain variable amounts of muscle, MTJ and tendon, a PCA/t-SNE analysis of the RT-

PCR data was performed in R to identify the most representative samples for muscle, MTJ and tendon 

(54, 70). Based on the t-SNE-plot of the RT-PCR data, “muscle”, “MTJ” and “tendon” fractions from 5 

horses (one sedentary mare, one race gelding, and three race mares) were selected for RNA sequencing.  

Total RNA from these samples were sent to BGI for RNA sequencing (SE50, BGI Europe, 

Copenhagen, Denmark) using their Smart-seq II/DNBseq method. Approximately 25 million reads 

were obtained after quality filtering (>97 % clean reads). The reads were mapped to the horse reference 

genome (EquCab3.0) using Rsubread (34) (restricted to unique alignments). It was possible to map 60-

73 % of the reads uniquely to the genome and those were counted and assigned to the transcripts. The 

count data were analyzed with DESeq2 (36) (normalized rlog values used for PCA and expression 

measures). The full data are available in the Gene Expression Omnibus database (GSE166468). 

 

Estimation of muscle and tendon contribution to MTJ fractions 

Expression levels in MTJ fractions were estimated (“expected mix”) based on the relative contribution 

from muscle and tendon tissue. From the muscle and tendon fractions, reference genes "specific" to 

muscle or tendon respectively were selected based on displaying at least a 10-fold difference between 

the two tissues, and having at least 100 counts within all samples of the tissue with the high expression 

levels (see Supplemental file 2, “Reference genes for MTJ prediction.xlsx”, 

https://doi.org/10.6084/m9.figshare.14748216.v1). For each horse, to estimate the relative amount of 

muscle in the MTJ fraction, the counts for each muscle specific reference gene of the MTJ sample were 

divided by the counts for the same gene in the muscle fraction and the median used as an estimate, 

Factormuscle. The relative amount of tendon (Factortendon) was determined in the same manner using the 

tendon specific reference genes and normalizing to the tendon fraction. The expected contribution of 

muscle and tendon to the counts of each gene in the MTJ fraction was then calculated as MTJexpected = 

Factormuscle * Countsmuscle + Factortendon * Countstendon, where Countsmuscle and Countstendon refer to the 

counts of that gene in the Muscle and Tendon fractions respectively. Before comparison to the real 

MTJ counts, all values below 10 were set to 10 and likewise for the real MTJ counts to prevent 

excessive noise from low counts. 

 

https://doi.org/10.6084/m9.figshare.14748216.v1
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Pathway analyses 

The measured and expected MTJ values were used to search for enriched pathways in MTJ by 

Generally Applicable Gene Set Enrichment (GAGE) (38) and Fast Gene Set Enrichment Analysis 

(FGSEA) (32) in R against the KEGG and GO databases. Pathway analyses for enrichment in MTJ 

versus tendon or muscle were not performed, as such analyses would be expected to simply yield 

muscle or tendon specific pathways due to the mix in MTJ samples. 

 

Immunofluorescence 

Nine targets identified by RNAseq to be enriched at the MTJ were selected for further evaluation by 

immunofluorescence (IF) on cryosections of human semitendinosus MTJ: NES (nestin), OSTN 

(musclin/osteocrin), CD52 (CAMPATH-1 antigen), ACTC1 (actin alpha cardiac muscle 1), 

ADAMTS8 (A Disintegrin And Metalloproteinase with Thrombospondin type 1 motif 8), LCT 

(lactase), NEFM (neurofilament medium), POSTN (periostin), MNS1 (meiosis-specific nuclear 

structural protein 1), COL22A1 (collagen XXII), and NCAM1 (neural cell adhesion molecule 1).  From 

the human samples, sections (10µm thick) were cut with a cryostat and stored at -80 °C. For the IF 

protocol, the sections were washed in TBS and incubated in TBS containing 1% Bovine Serum 

Albumin (BSA), before being incubated overnight in a mixture of two primary antibodies (Table 2), 

diluted in TBS containing 1% BSA. The following day the slides were washed in TBS and incubated 

for 45 min in appropriate secondary antibodies (Table 2), diluted 1:500 in TBS containing 1% BSA. 

After washing in TBS, the slides were mounted with cover slips and mounting medium containing 

DAPI (Molecular Probes ProLong Gold antifade reagent, cat. no. P36931, Thermo Fisher Scientific, 

Denmark). Initially each antibody was stained in combination with collagen XXII. Based on staining 

patterns, a subsequent double stain was carried out with collagen IV for antibodies against lactase and 

ADAMTS8, to investigate whether staining was associated with capillaries. Initially all antibodies were 

tested with fixation in Histofix (Histolab, Gothenburg, Sweden) for 8 minutes, either before application 

of the primary antibody or before mounting. For all antibodies except MNS1, the final protocol 

included fixation prior to the final wash (before mounting) for improved preservation of nuclei 

morphology. For MNS1, fixation was carried out before the wash step prior to incubation with the 

primary antibodies.  
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The M3F7 monoclonal antibody developed by Furthmayr, H. was obtained from the Developmental 

Studies Hybridoma Bank, created by the NICHD of the NIH and maintained at The University of Iowa, 

Department of Biology, Iowa City, IA 52242. 

 

Statistics 

All PCR data were analysed in Sigmaplot version 14.0. Mann-Whitney Rank Sum tests were performed 

on the PCR data to investigate potential differences in mRNA levels between trained and untrained 

horses, within each tissue fraction. For the pooled (trained and untrained horses) PCR data, Wilcoxon 

Signed Rank tests with Bonferroni corrections were made for each target, comparing the fractions 

muscle with MTJ, MTJ with tendon, and tendon with muscle. The muscle-MTJ and tendon-MTJ 

fractions were not included in this analysis since they might represent a mixture of two tissue fractions. 

The tendon-surface region was also excluded because only a very limited number of samples were 

collected from this region. For RNAseq data, statistical differences between tissue types where 

determined using DESeq2 (36) (design = ~ HorseID + Tissuetype, lfcshrink/apegml) with FDR < 0.05 

and log2FC > 1. For comparison between the MTJ measured and expected mix values, log-relative 

differences were tested using one-tailed (increase) t-test (FDR < 0.1, log2FC > 1). The reason for using 

a one-tailed test is that the expected counts are the sum of muscle and tendon contributions such that 

any contribution from the MTJ must be in addition to this value. 
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Results  

RT-PCR 

Tissue-specific samples of the SDF muscle-tendon complex from the horses were collected by cryo-

sectioning the tissue from the muscle side, through the MTJ, and ending at the tendon side, as 

illustrated in Figure 1. To validate this sectioning approach in obtaining muscle, MTJ and tendon 

tissue, RT-PCR was performed for genes that were likely to be differentially expressed in the muscle, 

MTJ and tendon tissue fractions. mRNA levels for the racing and sedentary horses were compared 

within each tissue type. No statistically significant differences were found (Supplemental file 3, 

https://doi.org/10.6084/m9.figshare.14748216.v1), so the data from all 19 horses were pooled. In 

Figure 2 the RT-PCR results are displayed for the respective tissue fractions, for each of the genes. 

The results are expressed relative to the mean value from muscle and in this graph normalized to 

RPLP0. RPLP0 was chosen since the total amount of RNA varies between muscle and tendon tissue 

because of the larger number of cells in skeletal muscle. However, RPLP0 is more equally expressed in 

the different tissues resulting in a more reliable result when comparing gene expression relative to 

RPLP0 from the different tissues (see Supplemental file 1, 

https://doi.org/10.6084/m9.figshare.14748216.v1). 

 

As can be seen in Figure 2, a variety of patterns is evident from the 14 targets. For example, at the 

MTJ, COL22A1 was expressed at a greater level compared to both muscle and tendon, whereas 

Tenomodulin was expressed to a greater extent in the MTJ than in muscle, but not compared to tendon. 

In muscle, GAPDH was found to be elevated compared to the two other regions. In tendon, higher 

levels of cartilage oligomeric peptide (COMP), but lower levels of scleraxis, were seen relative to 

muscle and MTJ.  

 

Selection of samples for RNAseq 

To select the cleanest muscle, MTJ and tendon samples for RNAseq, all the PCR data (all samples and 

all genes) were analysed together by Principle Component Analysis (PCA) and t-distributed Stochastic 

Neighbour Embedding (t-SNE). From the PCA (Figure 3), most of the MTJ samples can be observed 

close to each other, but there are some outliers and ”infiltration” of muscle and tendon tissue. The 

muscle and muscle-MTJ fractions are also separated from the others with a few outliers, but no clear 

https://doi.org/10.6084/m9.figshare.14748216.v1
https://doi.org/10.6084/m9.figshare.14748216.v1
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separation is apparent between muscle-MTJ and muscle. The fractions labelled tendon and tendon-

surface are very distinct and located close to each other. In the t-SNE plot (Figure 3) most of the MTJ 

fractions are clustered close together, separated from most of the tendon and muscle fractions. The 

tendon fractions have the most distinct separation and are clustered closely together with only one MTJ 

sample infiltrating the cluster. In the muscle fractions, two clusters can be observed. One of them 

located close to the MTJ samples and the other further away. The two clusters contain a mixture of 

both the muscle and the muscle-MTJ fractions. From this t-SNE plot (Figure 3), muscle, MTJ and 

tendon samples from 5 horses were selected for RNA-sequencing to gain unbiased insight into genes 

that might be enriched or uniquely expressed at the MTJ. The criteria for selection were good 

separation into the three tissue regions (muscle, MTJ and tendon). The horses that were selected were 

one sedentary mare, one race gelding, and three race mares. These horses are indicated in Figure 3D.  

 

RNA-sequencing 

From the RNAseq data, a PCA plot was made for samples from the 5 horses to illustrate that variation 

in gene expression was primarily due to the different tissue types and to a lesser extent the different 

horses (Figure 4A). No clear effects of gender or previous activity status were seen in the PCA plot 

(Supplemental file 4A, https://doi.org/10.6084/m9.figshare.14748216.v1). Comparing muscle with 

tendon, 3293 genes were more expressed in muscle, and 4239 in tendon. In the MTJ fraction, 602 

genes were more expressed compared to muscle, whereas 3117 were observed to be higher in MTJ 

compared with tendon (Figure 4B). While no genes were uniquely expressed at the MTJ, 27 genes, 

including COL22A1, were observed to be significantly higher (>2fold difference) in MTJ than both 

tendon and muscle (Figure 4C).  

 

Since the MTJ tissue fractions consist of varying amounts of muscle and tendon tissue, a second 

approach was used to explore the RNAseq data. An estimate of the contribution of muscle and tendon 

tissue was calculated for all MTJ samples based on the expression levels of the most highly expressed 

genes specific to muscle (219) and tendon (322). (For a list of genes see Supplemental File 2, 

“Reference genes for MTJ prediction.xlsx”, https://doi.org/10.6084/m9.figshare.14748216.v1). A high 

correlation was seen between the expected and measured values from the genes in the MTJ samples, 

where less than 1.5-fold differences were seen between the expected and measured values for more 

https://doi.org/10.6084/m9.figshare.14748216.v1
https://doi.org/10.6084/m9.figshare.14748216.v1
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than 95% of the genes (Supplemental file 4B, https://doi.org/10.6084/m9.figshare.14748216.v1). The 

estimated contribution of muscle and tendon was 86-96% and 6-14%, respectively. Using this 

approach, we detected 43 genes in the MTJ displaying higher expression levels than expected (Figure 

5, Supplemental file 5, https://doi.org/10.6084/m9.figshare.14748216.v1). See Supplemental file 6, 

“MTJ_changes.xlsx” (https://doi.org/10.6084/m9.figshare.14748216.v1) for the fold change from the 

calculated expected mix value for all 17013 genes. Represented in this set of genes were 8 of the genes 

among the 27 identified in Figure 6 (COL22A1, OSTN, ALDH3B1, POSTN, CNTNAP4, NCAM1, 

MNS1, and CD52). Of the 43 genes, 5 displayed at least 10-fold higher expression than expected, with 

COL22A1 demonstrating the greatest (17-fold) difference above expected levels. 

A search for enriched pathways within the measured versus expected mix MTJ values was performed 

using GAGE and FGSEA. No significant pathways in GO or KEGG were found, except for four 

KEGG pathways that were downregulated in MTJ with GAGE analysis (Table 3). The KEGG pathway 

database represents knowledge on metabolism and function at the cell and organism levels, which can 

be linked to specific genes. The 27 and 43 genes identified from the two approaches are combined in 

Table 4.  

 

Immunofluorescence 

To investigate whether expression of some of the MTJ enriched genes (in Table 4) were also present at 

the protein level, immunofluorescence was performed. The presence of collagen XXII, NCAM, 

periostin, osteocrin, nestin, MNS1, and lactase was confirmed in the human MTJ (Figure 6, Figure 7, 

Figure 8). Staining for CD52, NEFM, ADAMTS8, and ACTC1 was inconclusive. NCAM and nestin 

were present in the cytoplasm of the muscle fibres as they approached the tendon whereas periostin was 

located distal to collagen XXII, at the tips of the fibres. MNS1 was expressed by myonuclei close to the 

MTJ and in mononuclear cells between muscle fibres close to the MTJ. Lactase was seen in 

mononuclear cells between the skeletal muscle fibres and distributed both between the distal parts of 

muscle fibre and at the interface between the muscle fibre and the tendon at the MTJ. Osteocrin 

immunoreactivity was observed in muscle fibre cytoplasm and also in mononuclear cells at the MTJ.   

https://doi.org/10.6084/m9.figshare.14748216.v1
https://doi.org/10.6084/m9.figshare.14748216.v1
https://doi.org/10.6084/m9.figshare.14748216.v1
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Discussion   

The main findings of the present study were the identification of genes demonstrating enriched 

expression at the injury-prone myotendinous junction (MTJ) of the adult horse SDF muscle. While no 

genes were exclusively expressed at the MTJ, RNA-sequencing revealed genes representing a wide 

range of biological processes that were highly expressed in the MTJ. This is the first unbiased approach 

to explore this unique tissue interface in a large, mature mammal, where exposure to great mechanical 

strain is high and strain injury is frequent. Furthermore, immunofluorescent staining of human 

hamstring MTJ tissue demonstrated the presence of periostin, osteocrin, lactase and MNS1 in the 

human MTJ for the first time. Together, these findings indicate the expression of previously 

unrecognised genes and proteins at the muscle-tendon interface, which may be important for 

maintaining plasticity in, and between, the myofibre and tendon ECM compartments.  

 

The lack of difference in gene expression levels between the racehorses and sedentary horses can most 

likely be explained by the study protocol, as all horses performed treadmill exercises 2-8 days before 

tissue sampling. Therefore, gene activity is probably more determined by loading of the MTJ during 

the recent exercise than by the status of the horse as racing or sedentary. It is important to emphasise 

that these findings should not be interpreted as a lack of capacity for remodelling of the MTJ in 

response to exercise loading. As discussed elsewhere, loading and unloading lead to alterations in the 

folding morphology of the MTJ as well as changes in gene and protein expression levels (24, 67). 

Indeed, it is possible that differences between the racing and sedentary horses exist at the protein and/or 

structural level. A study with more stringent timing of exercise and tissue sampling is required to 

investigate this.  

 

Collagen XXII is a protein uniquely expressed at tissue junctions, including the MTJ, where in situ 

hybridization clearly shows gene expression exclusively in the basement membrane of the muscle cells 

at the MTJ and aponeurosis (31). Our PCR and RNA-sequencing data confirm that COL22A1 was 

expressed at significantly higher levels in the isolated MTJ fraction compared to muscle and tendon. 

However, the detection of COL22A1 to some extent in the muscle and tendon samples indicates 

incomplete separation of the three tissues, reducing the likelihood of detecting genes uniquely 

expressed at the MTJ. Nonetheless, the finding of COL22A1 as one of the most enriched genes at the 
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MTJ in both RNA-sequencing approaches confirms that the method developed for this study to isolate 

MTJ-enriched tissue, muscle and tendon can be used to analyse and compare the three tissues.  

 

The first RNA-sequencing approach identified 27 genes that were expressed at significantly higher 

levels at the MTJ, when compared to both muscle and tendon. The second approach took into account 

the relative contribution from muscle and tendon tissue to the MTJ samples, estimated to be between 

86-94% and 6-14%, respectively, and calculated expected mix values based on these tissue proportions. 

43 genes that were expressed at higher levels than the expected mix values, where COL22A1 emerged 

as top of the list, expressing 17-fold greater levels than expected mix. Using these data, GAGE 

enrichment analysis revealed a downregulation of four pathways (Parkinson disease, ribosome, 

thermogenesis, and Huntington disease) in the MTJ tissue (Table 3), the significance of which remains 

obscure. Determining the correct analysis approach of the RNA-sequencing data is not straightforward 

due to the MTJ representing a combination of muscle and tendon rather than an independent tissue that 

can be isolated. Interestingly, eight common genes were detected on both the 27-gene and the 43-gene 

lists (COL22A1, OSTN, ALDH3B1, POSTN, CNTNAP4, NCAM1, MNS1, and CD52), so we 

combined these into one list of 61 genes (Table 4). While no GO or KEGG pathways enriched in MTJ 

were found, frequently appearing GO annotations for the 61 genes were related to neural activity, the 

immune system, cell adhesion, extracellular matrix, cytoskeleton, tissue repair, and metabolism, 

indicating great diversity in biological processes active at the MTJ.  

 

Notably, neural-related genes were heavily represented amongst the enriched MTJ genes (e.g. FEZ1, 

GPR149, GRIN2A, NCAM1, NEFM, PRUNE2, and UCHL1), indicating that a strong neural 

component exists at the MTJ. The detection of NCAM1 in both data sets supports our earlier finding of 

NCAM at the protein level in the cytoplasm of myofibres as they approach the MTJ, while being 

virtually absent throughout the rest of the myofibre cell (23). NCAM is known to be expressed by 

satellite cells, myotubes, and muscle fibres during development and regeneration (40, 58), in addition 

to denervated muscle fibres (63). These processes are also characterised by the presence of centrally 

positioned myonuclei, a feature we previously reported in fibres close to the MTJ in human muscle 

(23). Similar to the expression of NCAM, nestin was seen in the cytoplasm of muscle fibres as they 

inserted at the MTJ. This expression of nestin has previously been described in animal and human 
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tissue at the MTJ and also in relation to acetylcholine receptors at the neuromuscular junction (4, 69). 

In further support of a neural component at the MTJ, staining of the nerve-related acetylcholine 

esterase (AChE) has been observed on the muscle side of the MTJ in rats and fish (37, 43, 46), as well 

as a wide range of sensory nerve receptors, including Golgi tendon organs, Ruffini corpuscles and free 

nerve endings (28, 48). However, the implications of these neural-related genes at the muscle-tendon 

interface remain unknown.  

 

Periostin (POSTN) was found to stain human MTJ tissue distal to collagen XXII in the ECM of the 

inserting fibre. Periostin is a matricellular protein, known to be involved in ECM remodelling and it 

increases in concentration following injury, suggesting a potential role for this protein in regeneration 

and repair of ECM (33, 51). Its presence at the MTJ has been documented recently by proteomics and 

IHC in mice (21), but the current study is the first to show periostin in human MTJ tissue. We suggest 

that it is present at the MTJ to support ECM plasticity and readiness for repair, whenever necessary. As 

an indication of ECM plasticity at the MTJ we further identified FGF7 and PDGFD to be higher 

expressed at the MTJ than muscle and tendon. Both of these growth factors are involved in regulation 

of fibroblast activity and fibrosis. While PDGFD is involved in progression of cancers and remodelling 

of the myocardium following infarction (72, 73), less is known about FGF7, especially in relation to 

skeletal muscle, but an association with FGF7 and the MTJ has been found by snRNAseq in mice (12, 

53), in line with our data. 

 

In addition to periostin and other known components of the MTJ (COL22A1, NCAM1, NES), we 

identified three previously undescribed proteins of the human MTJ: lactase, MNS1, and osteocrin. 

Osteocrin (also known as musclin) was observed to stain the muscle fibre cytoplasm in addition to what 

appeared to be mononuclear cells between muscle fibres and at the muscle-tendon interface. Osteocrin 

is a member of the natriuretic peptide family and is known to regulate bone formation and dendritic 

branching as well as myogenesis and T-cell activity (45). Osteocrin is produced by skeletal muscle 

(50), is responsive to exercise (64), and overexpression of osteocrin has been reported to prevent 

muscle atrophy in cachexic mice (55). Furthermore, osteocrin has been linked to browning of adipose 

tissue (26), which is potentially related to our recent observations of adipocytes at the muscle-tendon 
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interface in human hamstring tissue (22). Together these studies suggest a role for osteocrin 

specifically in the domain of skeletal muscle fibres close to the MTJ. 

 

Lactase (LCT) was expressed to a higher degree in MTJ than muscle and tendon, and has not been 

previously described at the MTJ, with its presence close to the MTJ confirmed by immunofluorescence. 

Small cells expressing lactase were found between muscle fibres and in the tendon tissue adjacent to 

the inserting muscle fibres. Lactase is produced by the microvilli-coated epithelial cells of the 

intestines, where it splits lactose in the process of digestion (57), and it has not yet been described in 

skeletal muscle-tendon tissue, where it possibly plays a role in metabolism. Similarly, MNS1, another 

MTJ component identified in the current study, has received very little attention and is not known to be 

associated with the muscle-tendon complex. It is related to nuclear morphology during meiosis (in 

spermatogenesis) (15) which may be a relevant function in relation to our observation of MNS1 being 

present in myonuclei near the MTJ. Myonuclei in this region are more often positioned centrally in the 

fibre than in the mid-region (23) and it is possible they are subjected to different patterns of mechanical 

strain as force is transferred from the muscle to the tendon. With regard to alternative roles for MNS1, 

loss-of-function mutations in humans have been linked to left-right patterning defects and male 

infertility (65). Studies in MNS1 knock-out mice reveal its importance for motile ciliary functions and 

microtubule organisation (74), which are particularly important during development and potentially 

also at the MTJ.  

 

Immune cell genes were also strongly represented in the RNAseq data, e.g. CD52, RAG2, ANKS1B, 

CXADR, ALCAM. While we have documented the presence of CD68+ macrophages at the human 

MTJ, and an increase in cell number after 4 weeks of heavy resistance training (25), other immune cell 

types have so far not been shown to be implicated in the MTJ. Thus, the expression of genes related to 

B-cell and T-cell activity opens up possible new roles for additional immune cells in remodelling and 

injury-repair of the MTJ.  

  

The ECM-related genes initially selected for RT-PCR (COMP, COL1A, COL3A, COL22A1) were 

found to be expressed at higher levels in the MTJ than in muscle, as expected. Tenomodulin (TNMD), 

which is normally considered a phenotypical indicator of tendon (27, 60, 61), was also expressed to a 
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greater degree at the MTJ when compared to muscle, but surprisingly muscle and tendon levels were 

similar. Tenomodulin is believed to be expressed by tenocytes and involved in the proliferation of these 

cells, primarily during growth and development but it is also important for tendon healing and 

remodelling following injury and exercise (9-11, 35). Scleraxis, another widely used marker of 

tendons, did not display high expression levels in tendon, and in fact both MTJ and muscle 

demonstrated higher mRNA levels for scleraxis than tendon. This is likely to be related to scleraxis as a 

marker for developing or growing tendons (27, 60, 61), and it is probably downregulated in the adult 

tendon where the protein turnover is low (19). ITGA7 demonstrated a pattern similar to scleraxis, and 

is believed to be important for strength of the adhesion between actin filaments and laminin in the basal 

lamina surrounding the muscle fibres (2, 16, 18). The presence of tenomodulin and scleraxis at the MTJ 

has not previously been reported, but given the high plasticity of the MTJ and the susceptibility to 

strain injuries in this region, it is possible that they are present to aid in remodelling of the connective 

tissue and secure optimal repair following injury (35). Interestingly, a matricellular regulator of ECM, 

fat metabolism and angiogenesis, Angiopoietin-like-4 (ANGPTL4) was found to be expressed at higher 

levels in tendon tissue vs both MTJ and muscle, in line with earlier findings of an important role for 

ANGPTL4 in angiogenesis in stretched tendon (47).  

 

Only 13 of our 61 MTJ genes identified by RNAseq have been reported in the MTJ gene data sets of 

the recent snRNAseq studies in mice (8, 12, 30, 53). Of the handful of genes actually shown to be 

expressed at the MTJ (by FISH), Tigd4 (30) and Adamts20 (53) were not detected in our data set. Ebf1 

(30) was detected however, but not significantly enriched at the MTJ. The reason for this rather low 

concordance is unclear, indeed it is challenging to even compare these two fundamentally different 

approaches. Potential differences in the MTJ of mice and larger mammals may exist, or it is possible 

that the nature of snRNAseq measuring largely only pre-mRNA, compared to the more mature mRNA 

detected by RNAseq, is behind this discrepancy. It is also worth noting that snRNAseq is carried out on 

nuclei collected from whole muscle, rather than the tissue-specific regions prepared in the current study 

and MTJ nuclei tend to be classified based on expression of COL22A1 rather than their location in the 

tissue. Furthermore in some cases only the myonuclei were analysed by snRNAseq (30), which will 

generate different sets of gene clusters than when nuclei from non-muscle cells are included, 

illustrating the importance of tissue context in interpreting cluster-based data. Potentially even more 
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difficult to reconcile are differences in our MTJ data and data acquired by proteomics (3, 21) and 

earlier studies identifying proteins common to the MTJ and costameres, such as talin and vinculin (14, 

66). For example, COL5A3 was recently reported to be expressed at the MTJ of mouse soleus muscle 

according to proteomics analysis of one sample of pooled muscles, although immunofluorescence 

could not confirm specificity for the MTJ (21). However, we did not detect COL5A3 in our data set. 

For the costameric proteins, talin and vinculin (14, 66), it is possible the mRNA for these proteins was 

expressed in the muscle fraction to a degree that a relative significant enrichment could not be detected 

in the MTJ fraction. An interesting issue is whether mRNAs are produced ubiquitously within a muscle 

fibre and transported to the MTJ or are produced exclusively by nuclei locally at the MTJ. It is possible 

that if we had included more targets in our PCR analysis, such as talin and vinculin, we might have 

observed differences between the tissue fractions. In general, it is important to highlight that our 

RNAseq data represent five biological replicates and a conservative statistical analysis was applied. In 

the first approach, the 43 genes identified at the MTJ only represent genes demonstrating at least 2-fold 

greater levels than both the muscle and tendon tissue fractions, according to FDR adjusted p-values. 

Further work, at the gene expression and protein levels, is clearly required to reconcile the differences 

observed with these various methodological approaches.  

 

In conclusion, through an unbiased approach, we identified 48 novel MTJ genes using RNA-

sequencing. As well as genes involved in ECM, adhesion, tissue regeneration and development, neural 

and immune cell genes were strongly represented. In addition, we demonstrate for the first time the 

presence of periostin, osteocrin, lactase and MNS1 in the human MTJ by immunofluorescence. Future 

work could focus on obtaining cleaner MTJ tissue since our MTJ fraction represents tendon on one side 

of the MTJ and muscle on the other side enriched in myofiber tips as they terminate at the muscle-

tendon interface. Furthermore, many mononuclear cells in this region remain to be identified. A 

limitation of our study is that the physiological function of the mRNAs identified to be enriched at the 

MTJ was not determined, either in the context of maintenance or repair of this complex tissue interface. 

Indeed, it is possible that different genes would be identified during conditions of loading or repair, in 

contrast tox the maintenance state studied in the present study. Given that much of our understanding 

of the development, composition and repair of the MTJ is based on elegant studies performed in 

animals, as reviewed elsewhere (6, 7, 24), there is a need for the development of suitable standardised 
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models for studying repair of the human MTJ in order to address the clinical problem of (recurring) 

muscle strain injury in athletes.  
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TABLES 

 

Name NCBI/ENSEMBL ID Sense Antisense 

RPLP0 NM_001252576.1 GAGACTGATTACACCTTCCCACTTGCT ACAAATGCAGATGGATCAGCCAAGAA 

GAPDH NM_001163856.1 GCATTGCCCTCAACGACCACTTT CATAAGGTCCACCACCCTATTGCTGT 

COL1A1 XM_023652710.1 CGCTTCACCTACAGCGTCACCTAC AGCGGGAGGTCTTGGTGGTTT 

COL3A1 ENST00000317840.9 TTTGGTTTGGAGAATCTGTGGATGGT TCAAGGACATCTTCAGGAAGGTCAGG 

SCX NM_001105150.1 GCACCTTCTGCCTCAGCAACC CTCCGAATCGCCGTCTTTCTGT 

TNMD NM_001081822.1 GCGCCAGACAAGCAAGTGAAGA TCTCATCCAGCATGGGGTCAAA 

VEGFA NM_001081821.1 GTGTGCCCCTGATGCGGTGT TGTGTTGGCTTTGGTGAGGTTTG 

ANGPTL4 XM_023644667.1 ACGACCTCCGCAGGGACAAG TTGAAGAGGGATGGAGCGGAAG 

ATF3 XM_005609809.3 AGCTGCCAAGTGCCGAAACAAG TGGGCCTTCAGTTCAGCATTCAC 

PTGS1 NM_001163976.1 GCATGAAGCCCTACGCCTCTTT GCAGCCCAGGGTAGAACTCCAA 

PTGS2 NM_001081775.2 ATGATGAACGCTTGTTCCAGACGA CAGTTTGAAGTGATAGCCGCTCAGG 

COL22A1 XM_014728097.2 GGCAGGTGGGTCTGGAAGGA TCCCAGGAGGCCCCATCTCG 

COL17A1 XM_014733101.2 TGGCTTTGCTGGAGGTCTGGA CCTGGACAGTGTAGGCCATTCCTT 

COMP NM_001081856.1 CTATGGAAGGACCCCCGCAAC ACCAGCTCAGGGCCCTCATAGAA 

ITGA7 XM_023643743.1 TGATCGTCCGAGCCAACATCAC CCACCGGGTCCAAGTATACCATC 

Table 1. Primers for real-time RT-PCR. 
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Gene name Protein Primary Antibody Secondary Antibody 

NES Nestin Mouse, sc-23927, Santa 

Cruz Biotechnology Dallas, 

Texas, USA 

Donkey anti-mouse, 715-

545-152, Jackson 

Immunoresearch, Ely, UK 

OSTN Osteocrin / musclin Rabbit, orb157918, Biorbyt, 

Cambridge, UK 

Donkey anti-rabbit, 711-

486-152, Jackson 

Immunoresearch 

CD52 CAMPATH-1 antigen Rabbit, 21809-1-AP, 

Proteintech, Rosemont, 

Illinois, USA 

Goat anti-rabbit, A-11034, 

Molecular Probes, Thermo 

Fisher Scientific, Denmark 

ACTC1 Actin alpha cardiac muscle 1 Rabbit, sab2700789, Sigma-

Aldrich Denmark A/S 

Goat anti-rabbit, A-11034, 

Molecular Probes 

ADAMTS8 ADAM metallopeptidase with 

thrombospondin type 1 motif 8 

Rabbit, hpa066349, Sigma-

Aldrich 

Goat anti-rabbit, A-11034, 

Molecular Probes 

LCT Lactase Rabbit, hpa007408, Sigma-

Aldrich 

Goat anti-rabbit, A-11034, 

Molecular Probes 

NEFM Neurofilament medium Mouse, amab91030, Sigma 

Aldrich 

Goat anti-mouse, A-11029, 

Molecular Probes 

POSTN Periostin Rabbit, ab14041, Abcam, 

Cambridge, UK 

Donkey anti-rabbit, 711-

486-152, Jackson 

Immunoresearch 

MNS1 Meiosis-specific nuclear structural 

protein 1 

Rabbit, PA5-59016, Thermo 

Fisher Scientific 

Donkey anti-rabbit, 711-

486-152, Jackson 

Immunoresearch 

COL22A1 Collagen XXII Guinea pig, provided by 

Manuel Koch 

Goat anti-guinea pig, A-

11075, Molecular Probes  

or  

Donkey anti-guinea pig, 

706-585-148, Jackson 

Immunoresearch 

NCAM1 Neural cell adhesion molecule / 

CD56 

Mouse, 347740, Becton 

Dickinson 

Goat anti-mouse, A-11029, 

Molecular Probes 

COL4A1/ 

COL4A2 

Collagen IV Mouse, M3F7, Hybridoma 

Bank 

Goat anti-mouse, A-11031, 

Molecular Probes 

Table 2. Primary and secondary antibodies used for staining the sections of human muscle-tendon 

tissue.  
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Direction GAGE analysis: Observed vs Expected mix statistic Genes adj.Pval 

Down Parkinson disease (path:ecb05012) -3.7623 82 3.7e-02 

 Ribosome (path:ecb03010) -3.5452 90 3.8e-02 

 Thermogenesis (path:ecb04714) -3.2323 137 5.0e-02 

 Huntington disease (path:ecb05016) -3.2293 109 5.0e-02 

 

Table 3. GAGE enrichment analysis for KEGG pathways on MTJ measured versus expected mix 

values. Only pathways identified as downregulated in MTJ were found. 
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        Pairwise Comparisons of tissues     MTJ observed vs expected 
mix 

  

  
   

Tendon vs Muscle MTJ vs Muscle MTJ vs Tendon 
  

  

GeneID Gene Description Grouping fold 
diff 

p-value FDR fold diff p-value FDR fold 
diff 

p-
value 

FDR 
  

fold 
diff 

p-value FDR Previously 
reported at MTJ 

100057678 ACTC1 actin alpha cardiac muscle 1 cytoskeletal 0.4 0.0190 0.0333 1.1 0.0127 0.1031 11.1 0.0000 0.0000 
 

$ 5.0 0.0003 0.0585   

100072682 ADAMTS8 ADAM metallopeptidase with thrombospondin type 1 motif 8 integrin binding 4.2 0.0013 0.0028 17.9 0.0000 0.0000 3.1 0.0011 0.0028 # 
 

4.0 0.0559   (12) 

100061848 ALCAM activated leukocyte cell adhesion molecule adhesion 2.2 0.0001 0.0003 2.1 0.0001 0.0017 1.0 0.8689 0.9040 
 

$ 2.2 0.0044 0.0858   

100053339 ALDH3B1 aldehyde dehydrogenase 3 family member B1 metabolism 2.7 0.0000 0.0000 5.9 0.0000 0.0000 2.1 0.0005 0.0014 # $ 5.4 0.0000 0.0124   

100052606 ANKS1B ankyrin repeat and sterile alpha motif domain containing 1B  ephrin receptor 
binding 

1.7 0.1171 0.1707 5.1 0.0001 0.0015 2.5 0.0048 0.0104 # 
 

2.2 0.0061     

102150106 C2H4orf51 chromosome 2 C4orf51 homolog uncharacterised 1.0 0.8740 0.9056 3.1 0.0009 0.0150 3.9 0.0001 0.0004 # 
 

1.7 0.0528     

100068401 CALB2 calbindin 2 calcium handling 1.1 0.7756 0.8275 2.6 0.0033 0.0411 2.7 0.0051 0.0112 # 
 

2.3 0.0200     

100059622 CASQ2 calsequestrin 2 calcium handling 0.5 0.0318 0.0532 1.1 0.1824 0.4812 4.0 0.0005 0.0013 
 

$ 2.3 0.0002 0.0559   

100052471 CCDC88A coiled-coil domain containing 88A microtubule, 
cytoskeletal 

1.2 0.1536 0.2162 1.9 0.0000 0.0002 1.6 0.0018 0.0044 
 

$ 2.1 0.0003 0.0594 (30) 

111772400 CD52 CD52 molecule immune cells 0.7 0.0227 0.0392 2.2 0.0000 0.0002 3.6 0.0000 0.0000 # $ 2.9 0.0000 0.0013   

100050546 CIDEA cell death inducing DFFA like effector a lipid regulation 2.6 0.0102 0.0187 9.5 0.0000 0.0000 2.7 0.0076 0.0159 # 
 

7.8 0.0023     

100055462 CNTNAP4 contactin associated protein family member 4 adhesion 1.6 0.0966 0.1435 4.1 0.0000 0.0001 2.4 0.0018 0.0044 # $ 4.9 0.0038 0.0840   

100069427 COL22A1 collagen type XXII alpha 1 chain ECM 16.6 0.0000 0.0000 59.2 0.0000 0.0000 2.3 0.0162 0.0316 # $ 17.1 0.0002 0.0460 (8, 12, 21, 25, 30, 
31, 53) 100067795 CXADR CXADR Ig-like cell adhesion molecule adhesion 0.4 0.0053 0.0103 1.1 0.1699 0.4634 4.9 0.0000 0.0001 

 
$ 2.4 0.0006 0.0639   

100049011 FEZ1 fasciculation and elongation protein zeta 1 neural 1.9 0.0013 0.0028 2.4 0.0000 0.0001 1.3 0.1184 0.1818 
 

$ 2.6 0.0013 0.0681   

100033961 FGF7 fibroblast growth factor 7 tissue repair 6.0 0.0000 0.0000 9.4 0.0000 0.0000 1.5 0.0287 0.0528 
 

$ 5.7 0.0001 0.0293 (12, 53) 

100062675 FREM2 FRAS1 related extracellular matrix 2 ECM 0.6 0.1212 0.1757 1.1 0.1050 0.3598 3.6 0.0015 0.0036 
 

$ 2.7 0.0029 0.0808 (12) 

100067870 GPNMB glycoprotein nmb integrin binding 3.7 0.0000 0.0000 2.6 0.0000 0.0002 0.8 0.1768 0.2552 
 

$ 2.2 0.0009 0.0639   

100054036 GPR149 G protein-coupled receptor 149 neural 0.9 0.6363 0.7101 2.5 0.0033 0.0411 4.1 0.0002 0.0006 # 
 

1.4 0.0252     

100051329 GRIN2A glutamate ionotropic receptor NMDA type subunit 2A neural 1.5 0.2449 0.3230 3.6 0.0008 0.0129 2.2 0.0170 0.0330 # 
 

2.4 0.0016     

100062868 HHIP hedgehog interacting protein tissue repair 1.7 0.1512 0.2133 14.4 0.0000 0.0000 6.7 0.0000 0.0000 # 
 

5.8 0.0035     

100051119 HNMT histamine N-methyltransferase metabolism 4.5 0.0000 0.0000 3.0 0.0000 0.0000 0.7 0.0043 0.0095 
 

$ 2.1 0.0012 0.0681   

100058129 IGSF1 immunoglobulin superfamily member 1 inhibin signalling 1.6 0.1014 0.1500 5.0 0.0018 0.0256 1.5 0.1349 0.2032 
 

$ 10.2 0.0003 0.0575   

100058705 KCNA2 potassium voltage-gated channel subfamily A member 2  ion channel 1.4 0.2427 0.3206 5.2 0.0000 0.0002 3.2 0.0003 0.0008 # 
 

4.7 0.0000     

100055369 LCT lactase metabolism 23.8 0.0000 0.0000 68.7 0.0000 0.0000 1.9 0.0437 0.0764 
 

$ 15.1 0.0007 0.0639   

100629324 LOC100629324 uncharacterized LOC100629324 uncharacterised 0.9 0.7522 0.8079 1.9 0.0062 0.0642 2.7 0.0023 0.0053 
 

$ 3.3 0.0008 0.0639   

102147582 LOC102147582 uncharacterized LOC102147582 uncharacterised 4.1 0.0002 0.0004 11.4 0.0000 0.0000 2.2 0.0077 0.0162 # 
 

5.9 0.0006     

102149019 LOC102149019 uncharacterized LOC102149019 uncharacterised 2.3 0.0026 0.0053 6.2 0.0000 0.0000 2.4 0.0009 0.0023 # $ 6.1 0.0006 0.0639   

106783412 LOC106783412 uncharacterized LOC106783412 uncharacterised 0.8 0.4365 0.5238 2.4 0.0013 0.0193 3.8 0.0000 0.0001 # 
 

2.7 0.0119     

111775490 LOC111775490 uncharacterized LOC111775490 uncharacterised 4.1 0.0325 0.0543 41.2 0.0000 0.0010 2.6 0.0156 0.0305 # 
 

1.9 0.0454     

100055858 LYVE1 lymphatic vessel endothelial hyaluronan 
receptor 1 

adhesion 4.5 0.0000 0.0000 2.9 0.0000 0.0000 0.7 0.0852 0.1365 
 

$ 2.1 0.0053 0.0895   

100070789 MAP1A microtubule associated protein 1A microtubule, 
cytoskeletal 

0.6 0.0607 0.0950 1.4 0.0200 0.1367 2.8 0.0000 0.0001 
 

$ 2.3 0.0011 0.0681   

100070127 ME1 malic enzyme 1 metabolism 1.1 0.6131 0.6896 2.0 0.0000 0.0000 1.9 0.0000 0.0000 
 

$ 2.2 0.0000 0.0219   

100033948 MMP2 matrix metallopeptidase 2 ECM 3.5 0.0000 0.0000 3.5 0.0000 0.0000 1.0 0.9761 0.9841 
 

$ 2.8 0.0004 0.0594 (30) 

100068954 MNS1 meiosis specific nuclear structural 1 meiosis, cilium 1.6 0.0268 0.0455 3.7 0.0000 0.0000 2.3 0.0001 0.0002 # $ 3.9 0.0009 0.0639   

100073103 MOXD1 monooxygenase DBH like 1 metabolism 2.5 0.0193 0.0339 7.3 0.0000 0.0003 2.2 0.0171 0.0331 # 
 

2.9 0.0154     

100630214 MTURN maturin, neural progenitor differentiation 
regulator homolog 

tissue repair 4.2 0.0000 0.0000 3.5 0.0000 0.0000 0.8 0.0935 0.1481 
 

$ 2.5 0.0001 0.0293   

100050448 NAV3 neuron navigator 3 microtubule, 
cytoskeletal 

6.7 0.0000 0.0000 5.9 0.0000 0.0000 0.9 0.4602 0.5592 
 

$ 3.4 0.0001 0.0417 (8, 12, 30, 53) 

100062164 NCAM1 neural cell adhesion molecule 1 tissue repair 1.3 0.4603 0.5475 3.9 0.0010 0.0162 2.7 0.0109 0.0221 # $ 6.7 0.0010 0.0639 (8, 23) 

100054129 NEFM neurofilament medium microtubule, 
cytoskeletal 

53.7 0.0000 0.0000 122.3 0.0000 0.0000 1.3 0.3299 0.4279 
 

$ 16.3 0.0008 0.0639   

100064419 NES nestin cytoskeletal 1.0 0.9057 0.9306 1.6 0.0099 0.0870 2.0 0.0070 0.0149 
 

$ 2.5 0.0060 0.0924 
 

100059841 OSTN osteocrin tissue repair 2.3 0.0370 0.0609 21.5 0.0000 0.0000 3.5 0.0034 0.0076 # $ 16.4 0.0037 0.0837 (12, 53) 

100061488 PDGFD platelet derived growth factor D tissue repair 4.3 0.0000 0.0000 3.1 0.0000 0.0000 0.7 0.0252 0.0469 
 

$ 2.3 0.0005 0.0632   

102148273 PDPN podoplanin adhesion 3.8 0.0000 0.0000 2.7 0.0000 0.0002 0.8 0.2124 0.2979 
 

$ 2.2 0.0056 0.0910   

100066733 PIP4K2A phosphatidylinositol-5-phosphate 4-kinase type 2 alpha metabolism 0.9 0.6300 0.7049 1.7 0.0023 0.0302 2.1 0.0004 0.0011 
 

$ 2.2 0.0026 0.0805 (8, 12) 

100062608 POSTN periostin ECM 1.2 0.5328 0.6161 5.1 0.0002 0.0048 3.7 0.0021 0.0049 # $ 8.1 0.0016 0.0719 (21, 30) 

100034016 PRG4 proteoglycan 4 ECM 5.3 0.0000 0.0000 3.8 0.0000 0.0000 0.7 0.0619 0.1037 
 

$ 2.4 0.0046 0.0872   

100063534 PRUNE2 prune homolog 2 with BCH domain neural 1.6 0.0020 0.0042 2.1 0.0000 0.0000 1.4 0.0183 0.0353 
 

$ 2.3 0.0030 0.0811   

100033979 PTHLH parathyroid hormone like hormone tissue repair 0.9 0.5131 0.5980 2.0 0.0001 0.0023 2.4 0.0000 0.0000 # 
 

2.5 0.0003     

100049881 RAG2 recombination activating 2 immune cells 1.7 0.1872 0.2564 11.3 0.0001 0.0030 4.3 0.0015 0.0037 # 
 

1.2 0.0380     

100067588 RANBP3L RAN binding protein 3 like BMP signalling 12.7 0.0000 0.0000 5.4 0.0000 0.0000 0.5 0.0000 0.0000 
 

$ 2.1 0.0058 0.0916   

100068747 RBM11 RNA binding motif protein 11 tissue repair 1.6 0.2699 0.3511 7.8 0.0007 0.0115 3.2 0.0084 0.0176 # 
 

1.1 0.1870     

100051067 RGS2 regulator of G protein signaling 2 tissue growth 1.5 0.0113 0.0206 2.7 0.0000 0.0000 1.8 0.0004 0.0011 
 

$ 2.9 0.0009 0.0639   

100033887 S100A6 S100 calcium binding protein A6 calcium handling 8.9 0.0000 0.0000 4.6 0.0000 0.0000 0.5 0.0000 0.0001 
 

$ 2.2 0.0009 0.0639   

100050682 SORBS2 sorbin and SH3 domain containing 2 cytoskeletal 4.0 0.0000 0.0000 6.9 0.0000 0.0000 1.6 0.0159 0.0311 
 

$ 5.2 0.0010 0.0639 (8, 12, 30, 53) 

100053029 SPP1 secreted phosphoprotein 1 integrin binding 31.3 0.0000 0.0000 24.5 0.0000 0.0000 0.8 0.2696 0.3627 
 

$ 4.3 0.0040 0.0840   

100059332 TCEAL7 transcription elongation factor A like 7 other 0.8 0.4201 0.5079 2.7 0.0006 0.0101 4.1 0.0000 0.0000 # 
 

2.3 0.0157     

100065098 TMEM108 transmembrane protein 108 microtubule, 
cytoskeletal 

1.2 0.4261 0.5136 3.8 0.0000 0.0002 3.1 0.0001 0.0002 # 
 

4.9 0.0011     

100146229 TRIM16 tripartite motif containing 16 autophagy 1.7 0.0005 0.0011 2.4 0.0000 0.0000 1.4 0.0218 0.0412 
 

$ 2.5 0.0009 0.0639   

100052052 TTL tubulin tyrosine ligase microtubule, 
cytoskeletal 

1.7 0.0015 0.0031 2.7 0.0000 0.0000 1.6 0.0021 0.0050 
 

$ 2.8 0.0010 0.0639   

100033838 UCHL1 ubiquitin C-terminal hydrolase L1 neural 0.4 0.0000 0.0000 1.2 0.0514 0.2394 4.7 0.0000 0.0000   $ 2.1 0.0028 0.0808   

 Table 4. Overview of the two approaches (comparisons of two tissues, and observed vs. expected mix) to identify genes significantly enriched at the MTJ from the horse RNAseq data. The fold 

differences (diff), p-values and false discovery rate (FDR) are displayed. # indicates genes that were significantly greater (log2FC>1, FDR<0.05) in the MTJ vs. both the muscle and tendon fractions; 

$ indicates genes that were observed to be significantly greater (log2FC>1, FDR<0.1) than expected (based on relative contribution from tendon and muscle tissue). Significant FDR values alone 

(regardless of fold difference) are displayed in bold font. Source data: Supplementary Data 3 (8); Supplementary Data 1 (12); Supplementary Data 3 (30); Supplementary Data 2 (53); Table 1 (21). 
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Figure legends 

 

Figure 1. Study overview. 

A piece of horse SDF muscle-tendon complex (A, B) was frozen for cryo-sectioning. Control sections 

were examined before collecting sections for of the 6 tissue fractions, for example the “muscle-MTJ” 

fraction (C) or “MTJ” (D, arrow points to tendon tissue emerging); scale bars 50 µm. For identification 

of novel targets (F), t-SNE plots of the RT-PCR data were used to select 5 horses for RNAseq. Human 

hamstring semi-tendinosus MTJ tissue was collected (G, ruler units in cm) and oriented for sectioning 

(I) to have both muscle (m) and tendon (t) present on the section (H). Targets enriched at the MTJ in 

the RNAseq data were selected for immunofluorescence (J). 

 

Figure 2. PCR data. 

The graph shows the mRNA results for each of the 14 targets. Each tissue fraction is indicated by a 

different colour and each dot represents a horse (n=19). The values are expressed relative to muscle and 

normalized to RPLP0. In A, all regions are shown but no statistical analyses were carried out. In B only 

the “muscle”, “MTJ” and “tendon” fractions are shown since these displayed clearer separation 

between the tissue types. Comparisons were performed pairwise using the Wilcoxon Signed Rank Test, 

with Bonferroni correction. *p<0.05.  

 

Figure 3. Distribution of PCR data in relation to tissue fractions. 

Principal Component Analysis (A) and t-distributed Stochastic Neighbour Embedding (t-SNE) plots 

(B), showing the distribution of the various samples from all the horses (n=19). Samples located close 

together reflect more similar mRNA levels. The numbers refer to the individual horse from which the 

tissue is taken. In B, the tendon tissue fractions are isolated and clustered together. The same is seen for 

most of the MTJ fractions, whereas the two different muscle regions are mixed. C and D contain the 

same data points as A and B, but with the 5 horses selected for RNAseq indicated.  

 

Figure 4. RNA-seq 27 enriched MTJ genes.  
Genes expressed at higher levels in MTJ than both muscle and tendon (n=5 horses). A: PCA plot based 

on the RNAseq data showing the distribution of the samples from 5 horses selected for RNAseq. The 

muscle and MTJ samples are clustered close together with larger differences between the tendon 

samples. B: Venn diagram illustrating the differences in gene expression between the three tissue types. 

27 genes are more greatly expressed at the MTJ than both muscle (red circle) and tendon (blue circle), 

determined using DESeq2 with FDR < 0.05 and log2FC > 1. C: Box plots showing the expression of 

the 27 genes in muscle, MTJ and tendon.  

 

Figure 5. RNA-seq 43 enriched MTJ genes. 

List of genes from RNA-sequencing of horse muscle, MTJ and tendon tissue fractions, showing 43 

genes that are more highly expressed at the MTJ than expected mix values, based on the relative 

contribution of muscle and tendon, and using one-tailed (increase) t-test (FDR < 0.1, log2FC > 1). Each 

dot represents the mean fold difference from the calculated expected mix value, for each horse (n=5). 

The lines indicate the range. See Supplemental file 5 

(https://doi.org/10.6084/m9.figshare.14748216.v1) for individual plots of genes in each tissue fraction.  

 

https://doi.org/10.6084/m9.figshare.14748216.v1
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Figure 6. Microscopy images of NCAM (A), Periostin (B) and Nestin (C) staining in human MTJ. 

Muscle (m) and tendon (t) are seen on either side of the MTJ. Single greyscale images are displayed 

with a merged image to the right. NCAM is expressed in the muscle fibre cytoplasm at the fibre tips 

only, where the intensity of staining increases as the fibres approach the MTJ (collagen XXII). 

Periostin can be observed between the tendon and collagen XXII at the MTJ, as well in close 

association with collagen XXII. Nestin displays a similar staining pattern to NCAM, present in the 

muscle fibre cytoplasm as it approaches the MTJ. Scale bars are 50 µm. 

 

Figure 7. Microscopy images of Osteocrin (A), and MNS1 (B) staining in human MTJ.  

Muscle (m) and tendon (t) are seen on either side of the MTJ. Single greyscale images are displayed 

with a merged image to the right. Osteocrin labelled the membrane of some mononuclear cells (arrows 

point to examples) in addition to some immunoreactivity for the muscle fibre cytoplasm. MNS1 was 

observed to stain some (arrows indicate examples), but not all (see arrow heads for examples) 

myonuclei. Scale bars are 50 µm. 

 

Figure 8. Microscopy images of Lactase (A, B) staining in human MTJ.  

Muscle (m) and tendon (t) are seen on either side of the MTJ in A, while the images in B are captured 

further away from the MTJ. Single greyscale images are displayed with a merged image to the right. 

Lactase was observed in the membrane of mononuclear cells near the MTJ (examples indicated by 

arrows), in the tendon tissue (arrow heads point to examples) as well as between muscle fibres (B), 

some of which were associated with capillaries (collagen IV). Scale bars are 50 µm. 
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Principal Component Plot (PCA)

PCA shows a nice clustering of the di�erent tissue type with a clear separation of Muscle samples from
Tendon and Peritendon samples. The mixed samples, including MTJ, ends up somewhere in between.

# PCA plot

PCA = prcomp(TaaH[Data_col],cen=T,sca=T)
ggplot(data.frame(PCA$x)) + geom_point(aes(x = PC1, y = PC2, colour=TaaH[,"Tissue"]), size=5) +

geom_text(aes(x = PC1, y = PC2, label=TaaH[,"Horse"]), size=2) +
labs(color="Tissue") +
labs(title="PCA plot") +
theme(plot.title = element_text(color="black", size=18, hjust = 0.5))
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