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Abstract 

The myotendinous junction (MTJ) contributes to the generation of motion by connecting muscle 

to tendon. At the adult MTJ, a specialized extracellular matrix (ECM) is thought to contribute to 

the mechanical integrity of the muscle-tendon interface, but the factors that influence MTJ 

formation during mammalian development are unclear. Here, we combined 3D imaging and 

proteomics with murine models in which muscle contractility and patterning are disrupted to 

resolve morphological and compositional changes in the ECM during MTJ development. We 

found that MTJ-specific ECM deposition can be initiated via static loading due to growth; 

however, it required cyclic loading to develop a mature morphology. Furthermore, the MTJ can 

mature without the tendon terminating into cartilage. Based on these results, we describe a model 

wherein MTJ development depends on mechanical loading but not insertion into an enthesis.  

 

Keywords: myotendinous junction; musculoskeletal development; type XXII collagen; muscular 
dysgenesis (mdg); ulnar-mammary syndrome; Tbx3 
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Introduction  

To generate movement, force produced by skeletal muscle contraction is transmitted from tendon 

to bone. The interface between muscle and tendon, the myotendinous junction (MTJ), is 

organized to withstand repeated cycles of muscle-generated forces. The ends of myofibers at the 

MTJ terminate in a highly interdigitated interface with tendon, which is linked by specialized 

cell-cell and cell-extracellular matrix (ECM) interactions [1]. 

The ECM is a network of proteins and glycosaminoglycans that contributes to tissue 

formation and function by regulating mechanical stability, cell signaling, and growth factor 

availability [2]. Individual tissues have distinct biomechanical demands, which is reflected by 

differences in ECM composition and organization [2]. For example, type XXII collagen 

(COL22A1) and periostin (POSTN) are localized to the adult MTJ, but not found in the adjacent 

muscle and tendon [3]. Mutations in COL22A1 significantly correlate with muscle injury in 

humans, indicating the ECM is critical for maintaining adult MTJ functionality [4]. Correct 

assembly of the ECM is also important for MTJ development as demonstrated in studies where 

thrombospondin-4 (THBS4), COL22A1, and POSTN were knocked down in zebrafish [5-7]. 

Despite the essential role in facilitating motion, few studies have investigated the factors 

necessary for mammalian MTJ formation.  

Various interactions are required for the correct assembly of each muscle-tendon-bone 

complex. One type of interaction is force transmission, which includes semi-static loading via 

the rapid, anisotropic skeletal growth that induces tension on the developing muscle-tendon unit 

[8, 9], and cyclic loading from muscle contraction [10]. Reciprocal signaling between different 

cell and tissue types also contributes to musculoskeletal assembly. Muscle patterning is 

influenced by connective tissue cells regulated by transcription factors such as Osr1, Tbx3, Tbx5, 

and Tcf4 [11-14]. For example, mutations in Tbx3 disrupt dorsal patterning, leading to an 

abnormal lateral triceps muscle origin and insertion [14]. In contrast, the initial patterning of 

tendons is thought to be regulated by signaling from the developing skeleton [10]. Subsequent 

maturation of both muscle and tendon requires muscle contraction, as indicated by studies using 

a murine model of muscular dysgenesis (mdg) in which a mutation in a calcium ion channel 

(CACNA1S) disrupts muscle excitation-contraction coupling [10, 15, 16]. Investigations in 

zebrafish and Drosophila demonstrated muscle contraction is also critical for MTJ maturation 

[17, 18]. However, the roles of mechanical loading and reciprocal interactions between muscle, 
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tendon, and cartilage/bone during mammalian MTJ formation and ECM patterning remain 

unclear.  

The objectives of this work were to (1) characterize the deposition and maturation of 

ECM in the MTJs of murine forelimbs and (2) investigate musculoskeletal patterning and 

mechanical loading as contributing factors to MTJ morphogenesis. Combining 3D fluorescent 

imaging and quantitative proteomics, we demonstrated that ECM protein composition and 

specificity at the MTJ changed over development. Using mouse models in which muscle 

contractility (mdg) and patterning (Tbx3 knockout) were disrupted, we found that static loading 

across the muscle-tendon interface appeared to be sufficient to initiate MTJ formation. Further 

maturation of the MTJ depended on cyclic loading; however, not insertion into an enthesis. 
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Results  

 

The ECM undergoes distinct morphological and compositional changes during MTJ 

development. 

 

Due to the complex structure of the limb, methods for imaging cell and ECM distribution in 3D 

are needed to view structures that cannot be observed in traditional 2D cryosections [19]. 

Therefore, E12.5 – P21 murine forelimbs were visualized as either wholemount preparations, 

decellularized in sodium dodecyl sulfate (SDS) to remove light scattering lipids [20], or cleared 

using SeeDB [21] (Figures 1A-1D). Changes in MTJ morphology were assessed using 

antibodies against ECM enriched in muscle, MTJ, and tendon (Figures 1E and 1F).  

The presence of COL22A1, an ECM protein thought to physically link the basement 

membrane of individual myofibers with the tendon ECM [22], was negligible at E12.5 (Figures 

1G-G’). By E13.5 - E14.5, COL22A1 was observed in linear structures between the developing 

lateral triceps tendon and muscle (Figures 1H-1I’). At E18.5, COL22A1 was organized into a 

cap-like structure with jagged protrusions (Figures 1J and 1J’), and by P21 the cap contained 

shallow, serrated invaginations of greater frequency, but lower amplitude (Figures 1K and 1K’). 

At all timepoints, COL22A1 was only found at the interface between muscle and tendon.  

In contrast, other ECM varied in distribution across the muscle-tendon interface during 

development. Tenascin-C (TNC), a mechanically regulated matricellular protein [23], and 

THBS4, which is critical for collagen fiber spacing [24], were diffusely expressed in muscle and 

tendon at E14.5, then only found in the tendon at P21 (closed arrowhead = lateral triceps MTJ; 

open arrowhead = long triceps MTJ; Figures 1L-1N’). POSTN, a glycoprotein involved in 

collagen fiber regulation and crosslinking [25], was globally found in the muscle, MTJ, and 

tendon at E14.5 and E18.5; however, was restricted to the MTJ in the adult (Figures 1O-1Q’). 

PRELP, a small leucine-rich proteoglycan that binds both type I collagen (COL1) and basement 

membrane proteins [26], was only found in cartilage at E14.5 and E18.5, but the expression 

expanded to tendon in the adult (Figures 1O-1Q’). The differential dynamics of ECM 

distribution likely represents the changes needed to build and sustain a mechanically functional 

MTJ; however, the role of factors such as embryonic motility and muscle patterning on ECM 

deposition remains unclear. 
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Figure 1: The ECM undergoes distinct morphological and compositional changes during 
MTJ development. (A) The insertion of the lateral triceps (pink) and long triceps (purple) into 
the olecranon (elbow) were either (B) wholemounted, (C) decellularized (decell) in SDS, or (D) 
SeeDB-cleared, stained with markers (E) used to differentially visualize muscle, MTJ, and 
tendon, then imaged. Representative E18.5 limbs shown. (F) Schematic of changes in MTJ 
morphology as assessed by COL22A1 staining. (G-K’) COL22A1 (green, depth projection) was 
identified at the putative MTJ starting at E13.5, and the morphology changed from thin, aligned 
structures at E13.5, to jagged protrusions at E18.5, then a highly interdigitated interface at P21. 
WGA (blue) marks general architecture. (L-N’) TNC (green) and THBS4 (red) were broadly 
distributed at E14.5 and became enriched in the tendon of the long (open arrowheads) and lateral 
triceps (closed arrowheads) at E18.5 and P21. (O-Q’) POSTN (green) was found in muscle 
(LAMA2, blue), tendon, and cartilage during development, but was restricted to the MTJ 
(arrowheads) at P21. PRELP (red) was found in the cartilage at E14.5 and 18.5, as well as the 
tendon at P21. G-K’: 63× decell, 3D rendering, z = 64 μm; L-Q: 10× cryosections; L’-Q’: 63× 
cryosections. Scale bars: 1 mm (B-D, L-Q); 10 μm (G-K’). Representative images from n = 3 
biological replicates. 
 

 

Muscle contraction was required for continuing development of the MTJ.  

 

To determine the role of embryonic motility in MTJ development, we first assessed when muscle 

contraction begins in the developing forelimb. Freshly explanted limbs were exposed to 

acetylcholine; muscle contraction in control limbs was observed at E13.5 and E14.5, but not at 

E12.5 (Figures 2A-2C; Video S1). We then tested the response of limbs from the mdg model, 

wherein a mutation in a Ca2+ channel subunit (CACNA1S) prevents muscle contraction [15, 16], 

and movement was absent as expected (Figure 2D; Video S1).  

We next assessed MTJ formation in mdg limbs and observed there was a slight reduction 

in COL22A1 at E14.5 where the tendon inserts into the long triceps muscle (Figures 2E and 2F). 

By E18.5, THBS4 and COL22A1 were mostly absent in the MTJ of the mdg triceps (Figures 2G 

and 2H). Additionally, there was a decrease in COL22A1 on the cartilage surface of E18.5 elbow 

and wrist joints within mdg limbs compared to controls (Figures S1A-S1D’). Tendon growth 

followed a similar pattern, where mdg and control tendons were of similar size at E14.5, but 

there was a marked decrease of EMILIN1 in mdg tendons at E18.5 (Figures 2I-2L). Comparable 

trends were observed at E14.5 and E18.5 in other mdg MTJs, including the extensor carpi ulnaris 

(ECU) in the wrist (Figures S1E-S1M). 
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To further investigate how muscle contraction contributes to the deposition of ECM 

proteins, or matrisome, we compared the proteome of triceps muscles harvested from E18.5 mdg 

and control mice using liquid chromatography-tandem mass spectrometry (LC-MS/MS). Overall, 

there was not a significant difference in the percentage of matrisome between genotypes; 

however, cytoskeletal proteins were significantly more abundant in controls compared to mdg 

muscles (Figure 2M). CACNA1S, the mutated protein in the mdg model, and striated muscle-

related proteins, including CACNB1, CAPN3, MYL2, MYLK2, MYO18B, NRAP, and SMPX 

were exclusive to controls (Table S1), and FLNC, MYL1, MYL3, MYPN, and TNNI2 [27], 

were significantly reduced in mdg muscles (Figure 2N). Tenomodulin (TNMD), a tendon 

transcription factor [28], was also absent in the mdg triceps (Table S1). Gene ontology (GO) 

terms such as “sarcomere” and “muscle contraction” were generated by proteins enriched in, or 

exclusive to, control muscles. In contrast, terms related to muscle degradation, including 

“vacuole” and “catabolic processes” were generated by GO analysis for proteins enriched in, or 

exclusive to, mdg muscles (Figures 2N and 2O; Table S1). Additionally, there was an elevation 

of axon-related proteins (NEFM, NEFL, PRPH) and neuron-related GO terms (“axon” and 

“neurofilament”) in mdg muscles (Figures 2N and 2O), which corresponded to an expansion of 

neurofilament+ axons in the mdg limb (Figures S1N-S1Q).  

There was a similar percentage of each matrisome classification in control and mdg 

triceps, and there was no difference in muscle-related basement membrane proteins such as 

LAMA2, NID1, and HSPG2 (Figure 2Q; Table S1). However, TNXB, FMOD, and THBS4 

were significantly reduced in mdg limbs, and some ECM exclusive to controls (COMP, KERA, 

PRELP, THBS1, THBS3) were previously shown to be enriched in tendons [3] (Figures 2Q and 

2R). Together, the imaging and proteomic analyses indicated ECM content and organization 

were disrupted across the muscle-tendon interface of non-contractile mdg limbs.  
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Figure 2: Muscle contraction was required for continuing development of the MTJ. (A-D) 
Distinct contraction of the triceps was observed in ScxGFP (green) forelimbs at E13.5 and E14.5 
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in response to acetylcholine, but not at E12.5 or in the mdg E14.5 limb. (E-F) The distribution of 
COL22A1 (green) was reduced at the termination of the long (open arrowheads) and lateral 
(closed arrowheads) triceps in mdg compared to control forelimbs at E14.5 (WGA, red). (G-H) 
By E18.5, COL22A1 was further reduced in the mdg mouse compared to control. (I-J) LAM+ 

muscle basement membranes (red) terminated in THBS4+ (green) MTJs in control, but not mdg 
limbs. WGA (blue) marks general architecture. (K-L) EMILIN1+ (red) long triceps tendons were 
reduced in size in the mdg limb. (M) Proteomic analysis of E18.5 triceps muscles revealed 
proteins from the cytoskeletal and nuclear compartment were significantly higher in mdg 
compared to controls (two-tailed t-test, cytoskeletal: p = 0.017; nuclear: p = 0.043; Table S1). 
(N) Volcano plot of the proteome in the mdg triceps versus control. Grey lines indicate ≥ 2-fold 
change and p < 0.05 (two-tailed t-test). (O) Selected gene ontology (GO) terms generated by 
analysis of proteins upregulated in, or exclusive to, the different genotypes. (P) The distribution 
of matrisome components was similar when muscle motility was disrupted (two-tailed t-test, all 
ns). (Q) Volcano plot of matrisome components. Grey lines indicate ≥ 2-fold change and p < 
0.05 (two-tailed t-test). (R) Table of matrisome identified exclusively by LFQ in control and mdg 
triceps muscles. E-L: 63× decell, 3D rendering, z = 110 µm. Scale bars: 500 µm (A,D); 100 µm 
(E-L). A-L: representative images from n ≥ 3 biological replicates. M-R: average of n = 3 
biological replicates. 
 

 

Knockout of Tbx3 resulted in formation of an ectopic lateral triceps MTJ and tendon in 

E14.5 forelimbs. 

 

To investigate the role of muscle patterning in MTJ formation, we analyzed a model of ulnar 

mammary syndrome, a multi-system disorder caused by mutations in TBX3 that results in 

abnormalities of the ulnar side of the limb [29]. Knockout of Tbx3 in Prrx1-expressing 

connective tissue cells (Prrx1CreTg/+;Tbx3fl/fl) results in the lateral triceps ending in an ectopic 

insertion proximally within the long triceps muscle rather than at the olecranon [14]. 

At E14.5, the Prrx1CreTg/+;Tbx3fl/fl lateral triceps muscle was oriented perpendicular to 

the long axis of the humerus; however, the 3D organization of the fibrillar ECM (type V 

collagen, COL5) and vasculature (laminin, LAM) within the body of the muscle were maintained 

(Figures 3A and 3B). When the matrisome of E14.5 forelimbs was analyzed using LC-MS/MS, 

the ECM composition was similar except for an elevation in TNC and TGFBI in 

Prrx1CreTg/+;Tbx3fl/fl compared with controls (Figures 3C and 3D; Table S2). TNC and THBS4 

were found in the ectopic insertion of the Prrx1CreTg/+;Tbx3fl/fl lateral triceps (arrows), as well as 

within the tendons of controls (Figures 3E-3F’). At E14.5, COL5, ELN, and EMILIN1 were 

also enriched at the insertions of both the long triceps tendon and the mispatterned lateral triceps 
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(Figures 3G-3L). COL22A1+ fibers were observed at the ectopic insertion of 

Prrx1CreTg/+;Tbx3fl/fl limbs when rendered in 3D, but not the equivalent site of control limbs, 

suggesting that an ectopic MTJ formed (Figures 3M-3N”). The formation of the MTJ appeared 

delayed compared to controls, since COL22A1 was not observed in the ectopic triceps at E13.5 

(Figures S2A-S2D’). ScxGFP+ cells were present in the lateral and long triceps tendons and co-

localized with SOX9+ nuclei at the entheses in the elbow; however, ScxGFP was variably present 

at the ectopic insertion and did not colocalize with SOX9+ nuclei (Figures 3O, 3P and S2E-

S2I’).  

  
 
Figure 3: Knockout of Tbx3 resulted in formation of an ectopic MTJ and tendon in E14.5 
forelimbs. (A, B) Muscle fibers marked by COL5 (green) and WGA (red), and LAM+ (blue) 
blood vessels in the lateral triceps (dotted line) were morphologically normal, but abnormally 
oriented, in Prrx1CreTg/+;Tbx3fl/fl forelimbs. (C) Comparison of Pearson correlation coefficients 
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revealed a high degree of similarity between the matrisome of Prrx1CreTg/+;Tbx3fl/fl forelimbs 
and controls. (D) Volcano plot of matrisome components. Grey lines indicate ≥ 2-fold change 
and p < 0.05 (two-tailed t-test); Table S2. (E-F’) The ectopic insertion of the LAMA2+ lateral 
triceps muscle (blue) was TNC+ (green) and THBS4+ (red). (G-L) COL5, ELN, EMILIN1 

(green), and WGA (red) were enriched in tendons of the long and lateral triceps in the controls, 
as well as the ectopic insertion. (M-N”) COL22A1+ (green or depth projection) fibers marked 
the MTJ of the control lateral and long triceps insertions at the olecranon, as well as the ectopic 
insertion. Red = WGA. (O, P) SOX9+ (red) nuclei and ScxGFP+ (green) cells did not co-localize 
at the ectopic insertion of the MY32+ (blue) lateral triceps muscle, but were localized in control 
entheses. A, B: 10× decell, z projection, z = 19.2 µm, inset 2.5×; E, F: 10×, cryosections; E’, F’: 
63× cryosections; G-N’: 25× decell, 3D rendering, z = 110 µm; N”: 3D rendering 90° rotation of 
ectopic insertion z = 175 µm; O, P: 10× wholemount, z projection, z = 458 µm. A-B, E-P: 
representative images from n = 3 biological replicates; scale bars: 100 µm. C-D: average of n = 3 
biological replicates. 
 
 
The MTJ at the ectopic insertion was disorganized and lacked an enthesis at E18.5. 
 

The morphology of the E14.5 ectopic insertion suggested development of the MTJ, and 

potentially the enthesis, was delayed; therefore, we next looked at E18.5 forelimbs. In the control 

lateral head triceps muscle, LAM+ myofibers connected to a THSB4+ MTJ and converged into an 

EMILIN1+ tendon (Figures 4A and 4C). At the ectopic insertion, LAM+ muscle transitioned into 

a disorganized region containing THBS4, EMILIN1, TNC, and ScxGFP (Figures 4B-4D and 

4E-4H’’). The distribution of these markers suggested the presence of an expanded, disorganized 

tendon, which was supported by a significant increase in TNC in the matrisome of the 

Prrx1CreTg/+;Tbx3fl/fl triceps (Figure S3A; Table S3).   

Similar to E14.5, SOX9 and ScxGFP co-localized in cells at the insertion of the lateral 

and long triceps into the olecranon (Figures 4E-4F’). In contrast, SOX9+ nuclei did not co-

localize with ScxGFP in the ectopic lateral triceps. However, SOX9+ nuclei were identified in 

arrays within the bodies of both control and ectopic lateral triceps muscles (Figures 4E-4H’’). 

These arrays were surrounded by TNC and contained neurofilament+ cells, suggesting that these 

SOX9+ nuclei were Schwann cells [30] (Figures 4E-4H’’). Notably, the nerves in 

Prrx1CreTg/+;Tbx3fl/fl forelimbs remained perpendicular to the long axis of the myofibers in the 

ectopic lateral triceps (Figures S3B-S3G). Furthermore, there was no deposition of COL2A1, an 

ECM component enriched in cartilage [31], in the proximity of the COL22A1+/TNC+ ectopic 

insertion in either decellularized or cryosectioned limbs (Figures 4I, 4J, and S3H-S3I”). 
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Figure 4: The MTJ at the ectopic insertion was disorganized and lacked an enthesis at 
E18.5. (A-D) THBS4+ (green) MTJs were present at the interface between LAM+ myofibers 
(red, A, B) and EMILIN1+ tendons (red, C, D) in the long and the lateral triceps in both control 
and Prrx1CreTg/+;Tbx3fl/fl limbs. (E-F’’) SOX9+ (red) nuclei co-localized with ScxGFP+ (green) 
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cells at the enthesis of the control elbow (E’, F’); however, neither the control lateral triceps 
tendon nor the ectopic tendon contained SOX9+ nuclei (E’’, F’’). (G-H’’) SOX9+ nuclei (red) 
co-localized with TNC (green) and neurofilament+ (blue) neurons in both the control and 
Prrx1CreTg/+;Tbx3fl/fl triceps. SOX9+ nuclei and TNC co-localized (*) at the enthesis of the 
control elbow; however, the TNC+ ectopic tendon did not contain SOX9+ nuclei. (I, J) COL2A1 
(red) was present in the cartilage of the humerus, but not in either the control or 
Prrx1CreTg/+;Tbx3fl/fl forelimbs in the area of the ectopic insertion marked by COL22A1 (green). 
A-D, I J: 10× decell, 3D rendering, z = 290 µm (A, B), z = 680 µm (C-D), z = 450 µm (I, J); E, 
F: 10× wholemount, z-projection, z = 40 µm; E-F’’: 63× wholemount, z-projection, z = 25 µm; 
G,H: 10× SeeDB-cleared, z-projection, z = 804 µm; G’-H’’ 63× 3D rendering, z = 86 µm. Scale 
bars: 500 µm (A-J); 10 µm (E, F); 100 µm (G, H). Representative images from n = 3 biological 
replicates. 

 

The ectopic MTJ was mature by P21. 

 

To assess if mispatterning affected muscle and MTJ maturation, proteins from P21 triceps 

muscle-tendon units were analyzed using LC-MS/MS. There was a significant decrease in 

cytoskeletal components in Prrx1CreTg/+;Tbx3fl/fl triceps compared to controls (Figure 5A). Type 

I slow-twitch isoforms of muscle contractile proteins were significantly reduced (MYH7, MYL2, 

MYL3, TPM3, TNNI1, TNNT1, TNNC1) in Prrx1CreTg/+;Tbx3fl/fl triceps, but proteins 

associated with type II fibers (MYH2, MYH4) and embryonic/fetal myosins (MYH3, MYH8) 

were at the same relative abundance [27, 32] (Figure 5B; Tables S4 and S5). GO analysis of 

proteins enriched in, or exclusive to, controls generated the terms “muscle contraction” and 

“transition between fast and slow fibers” (Figure 5C).  

There was a significant increase in the overall matrisome percentage and ECM 

proteoglycans in Prrx1CreTg/+;Tbx3fl/fl triceps (Figures 5A and 5D). Also, tendon-related 

proteins including POSTN [33], THBS4 [24], EMILIN1 [34], TNC [35], COL11A1 [36], and 

COL11A2 [37], were exclusive to Prrx1CreTg/+;Tbx3fl/fl muscles (Figures 5E-5F). GO terms 

related to “ECM structural constituents” were only generated by proteins enriched in 

Prrx1CreTg/+;Tbx3fl/fl triceps (Figure 5C).  

3D visualization of P21 forelimbs revealed both control and ectopic MTJs had a mature 

morphology and were COL22A1+ and THBS4+ (Figures 5G-5J’’). Furthermore, TNC and 

POSTN were enriched at the ScxGFP+ ectopic insertion at P21 (Figure S4). Together, this 

suggested the Prrx1CreTg/+;Tbx3fl/fl ectopic triceps muscle also included and MTJ and tendon. 
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Figure 5: The ectopic MTJ was mature by P21. (A) Proteins from the cytoskeletal and 
matrisome fractions were significantly different in the P21 Prrx1CreTg/+;Tbx3fl/fl triceps unit 
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compared with controls (two-tailed t-test: matrisome: p = 0.020; cytoskeletal: p < 0.0001; 
nuclear: p = 0.049; Table S4). (B) Volcano plot of all proteins revealed a reduction in slow-
twitch muscle-related proteins. Grey lines indicate ≥ 2-fold change and p < 0.05 (two-tailed t-
test). (C) Selected GO analysis terms for proteins upregulated, or exclusive to, the different 
genotypes. (D) The distribution of matrisome components was significantly different with more 
proteoglycan content in Prrx1CreTg/+;Tbx3fl/fl triceps (two-tailed t-test, proteoglycans: p = 0.027; 
all others: ns). (E) Volcano plot of matrisome components in control and Prrx1CreTg/+;Tbx3fl/fl 
triceps. Grey lines indicated ≥ 2-fold change and p < 0.05 (two-tailed t-test). (F) Matrisome 
proteins exclusive to control and Prrx1CreTg/+;Tbx3fl/fl forelimbs, as indicated by LFQ 
intensities. (G-J) COL22A1 (green) and THBS4 (red) were present in the MTJ of the control and 
ectopic lateral triceps. (I'-J’’) LAMA2+ (blue) muscle terminated in THBS4+ (green) and 
ScxGFP+ (red) tendons in control and ectopic lateral triceps MTJs. (I’-J’) LAMA2+ muscle 
fibers in both phenotypes terminated in morphologically mature MTJs. G, H: 10× decell, 3D 
rendering, z = 701 µm; I, J: 10× wholemount, z-projection, z = 1587 µm; I’-J’’: 63×, z-
projection, z = 79 µm. Scale bars: 500 µm (G-J); 100 µm (I’ -J’’). A-F: average of n = 3 
biological replicates. G-J”: representative images from n = 3 biological replicates. 
 

 

Muscle contraction was critical for the maturation of ectopic lateral triceps muscle and 

MTJ.  

 

Our results indicate that muscle contraction is necessary for MTJ maturation; however, the 

presence of COL22A1 and THBS4 at the mdg MTJ suggested the deposition of some ECM may 

also be influenced by static loading (Figures 2E-2L). The perpendicular orientation of the 

ectopic lateral triceps relative to the long axis of the humerus likely minimizes the contribution 

of static loading from longitudinal growth. Therefore, Prrx1CreTg/+;Tbx3fl/fl;mdg double 

knockouts were generated to remove both cyclic and static loads from the developing lateral 

triceps. As expected, muscle contraction was observed at E18.5 in both the control and 

Prrx1CreTg/+;Tbx3fl/fl ectopic lateral triceps, whereas the mdg and Prrx1CreTg/+;Tbx3fl/fl;mdg 

muscles did not contract (Figures 6A-6D; Video S2). The absence of contraction in 

Prrx1CreTg/+;Tbx3fl/fl;mdg limbs resulted in the loss of any discernable lateral triceps muscles, as 

well as the associated ScxGFP+/TNC+/THBS4+ tendons and COL22A1+ MTJs at both E16.5 and 

E18.5 (Figures 6E-6L, S5, and S6).  

Myofibers in control and Prrx1CreTg/+;Tbx3fl/fl lateral triceps were striated, but were 

disorganized and contained vacuoles (*) in mdg and Prrx1CreTg/+;Tbx3fl/fl;mdg muscles (Figures 

6E’-6H’). Furthermore, the morphology of MTJs in Prrx1CreTg/+;Tbx3fl/fl and control limbs were 
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similar, but the mdg and Prrx1CreTg/+;Tbx3fl/fl;mdg MTJs were less mature with fewer 

invaginations (Figures 6I-6L’). The triceps contained CD31+ blood vessels at a similar density 

as control limbs (Figures S5), suggesting vascular patterning was not disrupted in the absence of 

contractile muscle. 

 To assess if the lateral triceps formed, but regressed due to the lack of muscle 

contraction, an earlier embryonic timepoint was investigated. At E14.5, an ectopic lateral triceps 

was present in Prrx1CreTg/+;Tbx3fl/fl;mdg limbs; however, COL22A1, TNC, EMILIN1, and 

ScxGFP were absent at the location of the ectopic insertion (Figures 7A-7H, S2G-S2I’, and S7). 

Interestingly, the ECU and bicep brachii, which were not mispatterned in 

Prrx1CreTg/+;Tbx3fl/fl;mdg limbs and remained parallel to the direction of longitudinal growth, 

had a normal MTJ morphology (Figure S7). Additionally, the ECM fibers aligned in the 

direction of developing muscle fibers in control, Prrx1CreTg/+;Tbx3fl/fl and mdg limbs were no 

longer discernable in the Prrx1CreTg/+;Tbx3fl/fl;mdg ectopic lateral triceps (Figure S7; Video S3). 
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Figure 6: Muscle contraction was critical for the fetal maturation of ectopic lateral triceps 
muscle and MTJ. (A-D) Exposure of E18.5 limbs to 10 µm acetylcholine induced the 
contraction of the lateral triceps in control and Prrx1CreTg/+;Tbx3fl/fl, but not in mdg or 
Prrx1CreTg/+;Tbx3fl/fl;mdg limbs. Arrow indicates ectopic insertion. Dashed line indicates edge 
of tissue, solid line outlines the ectopic lateral triceps. (E-H) The lateral triceps was absent by 
E18.5 in the Prrx1CreTg/+;Tbx3fl/fl;mdg and TNC was not observed at the location of the putative 
ectopic insertion. (E’-H’) Striated muscle fibers were observed in the control and 
Prrx1CreTg/+;Tbx3fl/fl lateral triceps, but myofibers in the mdg and Prrx1CreTg/+;Tbx3fl/fl;mdg had 
reduced striations and contained vacuoles (*). (I-L) THBS4+ (green)/ScxGFP+ (red) tendons were 
present in the triceps of control, Prrx1CreTg/+;Tbx3fl/fl, and mdg, but not 
Prrx1CreTg/+;Tbx3fl/fl;mdg limbs. Blue = LAMA2 (muscle). (I’-L’) MTJs at the end of mdg 
myofibers were less mature, with fewer invaginations, than controls. E-H: 10× wholemount, z-
projection, z = 547 µm; E’-H’, I-L’: 63× wholemount, z-projection, z = 44 µm (E’-H’) z = 39 
µm (I, I’, K, K’, L, L’), z = 80 µm (J, J’). Scale bars: 500 µm (A-D); 100 µm (E-J); 10 µm (E’-
J’). Representative images from n = 3 biological replicates. 
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Figure 7: COL22A1 MTJ formation at the ectopic insertion depended on muscle 
contraction. (A-D) ScxGFP (green) and TNC (red) marked the long and lateral triceps tendon in 
E14.5 control, mdg, and Tbx3 limbs. MY32 muscle (blue) did not terminate in ScxGFP+ or TNC+ 

tissue in the Prrx1CreTg/+;Tbx3fl/fl;mdg limbs. (E-H) At E14.5, COL22A1 (green) was present in 
the lateral and long triceps MTJ in both control and Prrx1CreTg/+;Tbx3fl/fl. COL22A1 was 
reduced in the mdg and absent in the ectopic insertion in Prrx1CreTg/+;Tbx3fl/fl;mdg limbs. (G) In 
the control lateral triceps, the organization of the COL22A1+ (green) MTJ developed from fibers 
(embryonic time point) to a cap-like structure with jagged protrusions (fetal), before maturing 
into caps with slight shallow serrated invaginations with a greater frequency, lower amplitude 
(adult). (H) When muscles were mispatterned (Prrx1CreTg/+;Tbx3fl/fl), the MTJ formed at the 
embryonic time points at the normal insertion of the long triceps and the ectopic insertion of the 
lateral triceps. (I) When muscle contraction was disrupted (mdg), the MTJ failed to mature. At 
embryonic time points, there was decreased COL22A1 in the MTJ, and by the fetal time point, 
the MTJ failed to mature, and tendon ECM decreased in abundance. (J) When mispatterned 
lateral triceps did not contract (Prrx1CreTg/+; Tbx3fl/fl;mdg), tendon and MTJ did not form in the 
embryonic limb, and by the fetal time point, the lateral triceps regressed. A-D: 10× wholemount, 
z-projection, z = 88 µm; E-H: 25× decell, 3D rendering, z = 78 µm. Scale bars: 100 µm. 
Representative images from n = 3 biological replicates. 
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Discussion:  

 

Our results show the ECM in the developing MTJ undergoes dynamic changes in composition 

and morphology during development (Figure 7G). The maturation and specification of ECM at 

the MTJ depended on muscle contraction, as demonstrated using a murine model of muscle 

paralysis (mdg) (Figure 7I). We next investigated a model of musculoskeletal mispatterning 

(Prrx1CreTg/+;Tbx3fl/fl), where the lateral triceps was aligned perpendicular to the long axis of the 

humerus. This ectopic muscle contracted and inserted into a tendon at an MTJ, but there was no 

evidence of termination into an enthesis (Figure 7H). Removal of contraction in 

Prrx1CreTg/+;Tbx3fl/fl;mdg mice demonstrated the presence of the ectopic muscle and MTJ was 

regulated by muscle contraction, since both disappeared by E16.5 (Figure 7J). The 

misorientation of the lateral triceps also revealed that deposition of ECM at the MTJ is likely 

influenced by static loading as well since it was fully absent in the ectopic lateral triceps of 

Prrx1CreTg/+;Tbx3fl/fl;mdg, but not mdg limbs. 

 

Maturation of ECM at the MTJ depended on cyclic, and potentially static, loading.  

 

COL22A1 was first identified at the interface between muscle and tendon at E13.5-E14.5, 

organized in disperse, linear structures (Figures 1G-1K’). There was an increase in frequency 

and decrease in amplitude of the COL22A1+ cap-like structures between E13.5 and P21, 

consistent with the change in myofiber morphology observed with MTJ development [38]. These 

invaginations decrease stress at the interface by increasing the surface area, and are maintained at 

the MTJ by cyclic loading in the adult [39-42]. Forelimbs became responsive to acetylcholine 

between E12.5 and E13.5 (Figures 2A-2D), in line with previous reports that spontaneous limb 

twitching started between E13.0 and E14.0 [43], suggesting that cyclic loading is also important 

for MTJ development. 

 Since the deposition of COL22A1 coincided with the onset of contraction (Figures 1G-

1K’), we analyzed E14.5 limbs in which muscles were paralyzed (mdg) to determine the direct 

influence of muscle contraction on the mammalian MTJ. We found there was no movement 

(Figure 2D; Video S1), even though distinct nerves already innervated the triceps unit (Figures 

S3B-S3G), and there was decreased COL22A1 in the mdg limb at the triceps MTJ (Figures 2E-
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2F). With extended loss of contractility, there was a dramatic reduction in COL22A1 within the 

long triceps MTJ at E16.5 and E18.5 and the joint surfaces (Figures 2G-2H, S1A-S1D’, S5E-

S5H, and S6I-S6L), consistent with a prior study that reported the absence of MTJs in newborn 

mdg mice [44]. However, there was only a minor decrease in COL22A1 in MTJs of the mdg 

ECUs (Figures S1E-S1F’), which are located distal to the triceps, and may be more influenced 

by mechanical stimuli from movements by dam or wild type littermates [45].  

The deposition of COL22A1 at the Prrx1CreTg/+;Tbx3fl/fl ectopic triceps insertion was 

delayed and was first observed at E14.5 (Figures 3M-3N’ and S2), but obtained a mature 

morphology by P21, similar to the controls (Figures 5I-5J’’). The delay could be due to a 

decrease in static loading from the change in the angle of the ectopic lateral triceps insertion. 

Notably, COL22A1 was not found at the ectopic insertion of Prrx1CreTg/+;Tbx3fl/fl;mdg mice in 

which there was reduced static and cyclic loading (Figures 7E-7H). However, COL22A1 was 

observed in the MTJs of Prrx1CreTg/+;Tbx3fl/fl;mdg muscles that were still aligned in the 

direction of longitudinal growth in both the stylopod (biceps brachii) and on the ulnar side of the 

zeugopod (ECU) (Figures S7A-S7H). The influence of static loading has been observed in the 

development of other musculoskeletal tissues. Chick embryos with flaccid paralysis had a 

reduction in tendon equilibrium modulus, cross-sectional area, and ultimate tensile stress, while 

rigid paralysis did not have a significant effect on these properties [46], suggesting reduced static 

loading decreased tendon maturation. 

COL22A1 is thought to play a role in mechanically linking the basement membrane that 

surrounds individual myofibers with the tendon ECM [22]. Recent evidence in zebrafish showed 

knockout of COL22A1 disrupted MTJ stability [47], suggesting presence of COL22A1 at the 

interface between muscle and tendon contributes to force transmission. The cellular origin of 

COL22A1 is currently unclear as it has been reported to be deposited by either muscle [5], 

myofibers after the fusion of fibroblasts during development [48], or a Hic1+ mesenchymal 

progenitor [49]. Nevertheless, COL22A1 deposition depends on the presence of muscle, 

consistent with a previous study that investigated a mouse model in which limb muscles were 

absent (Pax3Cre/Cre) [20]. 

Likewise, expression of THBS4 in the tendon and MTJ was influenced by the presence 

and activity of muscle. Localization to the MTJ depended on muscle contraction (Figures 2I-

2L), similar to zebrafish studies [7, 17], and THBS4 was no longer found in the tendons of 
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muscle-less limbs [20]. THBS4 in decellularized tissues was only found at the MTJ (Figures 2I-

2L), but was present throughout the tendon in cryosections (Figures 1L-1N’), suggesting it is 

more highly cross-linked or enriched at the MTJ [3, 50]. Given THBS4 regulates collagen fiber 

structure and ECM deposition [7, 24], the presence in the tendon and MTJ likely stabilizes the 

ECM at this interface to withstand muscle contraction.  

 

Maturation of muscle was affected by contraction and patterning. 

 

The ectopic lateral triceps in Prrx1CreTg/+;Tbx3fl/fl limbs appeared functional as the muscle 

contracted in response to acetylcholine and contained MY32+ striations indicative of maturing 

contractile machinery (Figures 6E’-6H’; Video S2). Interestingly, there was a specific reduction 

in type I slow-twitch fiber proteins in P21 Prrx1CreTg/+;Tbx3fl/fl muscles: MYH7, MYL2, MYL3, 

TPM3, TNNI1, TNNT1, and TNNC1 [27, 32] (Figure 5B; Table 4). This reduction could be due 

to defects in signaling from the knockout of Tbx3 in connective tissue cells. For example, when 

Tcf4+ connective tissue cells were knocked out, there were fewer slow-twitch fibers due to 

altered ECM or secreted factors [13]. Alternatively, the slow-to-fast muscle fiber type transition 

could result from reduced mechanical loading from the abnormal lateral triceps angle, which is 

known to influence fiber composition [51] 

In contrast, myofibers in mdg muscles did not contract, had reduced striations and muscle 

cytoskeletal associated proteins, and contained vacuoles (Figures 2N-2O and 6E’-6H’; Table 

1), consistent with the autophagic vacuolar myopathy observed when CACNA1S is mutated 

[52]. When the lateral triceps was both mispatterned and non-contractile in Prrx1CreTg/+;Tbx3fl/fl; 

mdg limbs, there was a lack of any discernible lateral triceps myofibers (Figures 6E-6H, S5A-

S5D, S5I-S5L’, and S6A-S6H). This may be due to regression of the muscle observed at E14.5 

from the combined mispatterning (Prrx1CreTg/+;Tbx3fl/fl) and necrosis or autophagy of non-

contractile mdg muscle fibers [53, 54]. 

 

Tendon and MTJ in the ectopic insertion were disorganized but did not require insertion 

into an enthesis for maturation.  
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To assess tendon formation at the ectopic insertion, we investigated the distribution of Scx, a 

transcription factor expressed in developing tendon and ligaments [55]. Scx is required for 

tendon elongation and growth [56], muscle attachment patterning [57], and enthesis development 

[58], and regulates the expression of COL1A1 and other later-stage tendon markers such as 

TNMD [59, 60]. We observed ScxGFP+ cells at the ectopic insertion as early as E14.5 and a 

distinct ScxGFP+ tendon at E16.5 and E18.5 (Figures S2E-S2I’, S5A-S5D, and S6A-S6H). The 

inconsistent presence of Scx at E14.5 was potentially due to variations in inter- and intra-litter 

maturation, as well as differences in Prrx1CreTg/+;Tbx3fl/fl phenotypes [14] (Figures S2G-S2I’). 

Alternatively, ScxGFP+ expression depends on mechanical loading, which was perturbed at the 

ectopic insertion as the muscle was no longer aligned with the axis of growth. Supporting this 

alternative, Scx and tendon-related gene expression increased in tendon cells after mechanical 

loading in vitro and increased after exercise in vivo, but decreased when muscle contraction was 

inhibited [61-64].  

Prrx1CreTg/+;Tbx3fl/fl triceps contained elevated amounts of ECM associated with tendon 

such as EMILIN1, TNC, TGFBI, COL5A1, COL5A2, and COL11A1 [3]. However, staining for 

ECM enriched in the MTJ and tendon (COL22A1, THBS4, POSTN, and TNC) revealed the 

structures were disorganized (Figures 3-5 and S4-S7). This disorganization could indicate the 

expression of ECM at this region was due to an injury response, rather than a reorientation of the 

tendon and MTJ. While POSTN and TNC are known to increase in fibrotic and injured muscle 

[65, 66], they were localized to regions also expressing ScxGFP at P21 (Figures S4D-S4K’). In 

contrast, only COL5 was observed throughout the interstitium of the ectopic muscle (Figures 

S4J-S4K’). Additionally, COL22A1 was not elevated in fibrotic tissue in late-stage muscular 

dystrophy models [67, 68]. Together, these data suggest that ectopic structures are tendon and 

MTJ, not a fibrotic response.  

Although our data indicate the ectopic lateral triceps muscle terminates into a tendon with 

an MTJ, there was little evidence of an enthesis in this region as there was a lack of both cells 

that co-expressed SOX9+/ScxGFP+ and deposition of cartilage ECM (COL2A1) (Figures 4E-4J 

and S3H-S3I’’). Previous investigations of a skeletal-less model (Prrx1CreTg/+;Sox9fl/fl) 

suggested the presence of cartilage was necessary and sufficient to induce tendons in the autopod 

[10]. However, other studies indicated connective tissue patterning was decoupled from 

cartilage, suggesting a modularity in cartilage and tendon patterning for different limb regions 
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(autopod, zeugopod, stylopod) [10, 69]. Data from the Prrx1CreTg/+;Tbx3fl/fl model suggests 

skeletal and connective tissue morphogenesis is decoupled in the stylopod and MTJ formation 

does not require associated skeletal patterning.  

 

Altered muscle patterning disrupts organization of ECM, nerve, and fatty tissue, but not 

blood vessels. 

 

Surprisingly, we observed minimal changes in early ECM composition of the forelimb and the 

patterning of the muscle interstitial ECM was normal at the scale of the myofibers. In the 

Prrx1CreTg/+;Tbx3fl/fl ectopic muscle, the interstitial ECM reoriented in the same direction as the 

myofibers (Figures 3A-3B). However, the fibrillar ECM structures were not discernable in 

Prrx1CreTg/+;Tbx3fl/fl;mdg limbs, despite the presence of non-contractile myofibers (Figures S7I-

S7L; Video S3). This suggested that when muscle mispatterning occurs, deposition of these 

ECM fibers requires reciprocal interactions between contractile muscle and connective tissue 

cells.  

Similarly, the nerves reoriented along with the ectopic triceps in Prrx1CreTg/+;Tbx3fl/fl 

limbs. Other ectopic muscles were also reported to be innervated [70], supporting previous 

conclusions that nerve patterning involves factors intrinsic to the muscle [71, 72]. Notably, in 

limbs that did not contract, axons were expanded and mispatterned (Figures S1N-S1Q’) [73, 

74]. In contrast, the blood vessels did not regress in Prrx1CreTg/+;Tbx3fl/fl;mdg limbs (Figures 

S5I-S5L). This is consistent with prior studies that suggested blood vessels form despite reduced 

metabolic requirements of the muscle [75]. Furthermore, in muscle-less limbs blood vessels form 

normally [20, 76]. 

Additionally, excess fatty/connective tissue was present at the surface of the ectopic 

lateral triceps in the Prrx1CreTg/+;Tbx3fl/fl limbs, which was also observed in an MRI of an ulnar-

mammary syndrome patient [14]. The fatty accumulations could be due to an elevation in 

fibro/adipogenic progenitors, which are associated with mispatterning [12, 49].  

Interestingly, the lateral triceps is also affected in other knockout models, including Tbx5, 

Mox2, and Shox2 [11, 77, 78]. Knockout of Shox2, a proximal limb patterning transcription 

factor, disrupted lateral triceps structure resulting in a proximal insertion and abnormal gait that 

looked remarkably similar to the Prrx1CreTg/+;Tbx3fl/fl mice [14, 79]. This similarity is likely due 
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to overlap in the affected areas: Tbx3 alters the ulnar side while Shox2 alters the proximal limb. 

In the Shox2 knockout, nerve patterning was also disrupted likely due to mispatterned factors 

found in the disrupted lateral triceps, similar to the Prrx1CreTg/+;Tbx3fl/fl at E14.5 and older time 

points (Figures S3B-S3I) [79]. 

Overall, we observed the morphology of ECM at the MTJ matures from linear arrays at 

embryonic time points to a cap containing shallow, serrated invaginations of greater frequency, 

but lower amplitude in the postnatal forelimb. The maturation of the MTJ depended on muscle 

contraction, could occur when muscles were mispatterned, and was independent of enthesis 

formation.  

 

 

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 29, 2022. ; https://doi.org/10.1101/2022.06.28.497966doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.28.497966


 

 

28 

Experimental Procedures: 
 
Transgenic mice and embryos.  
 

Wild type C57BL/6 mice were purchased from the Jackson Laboratory. Tbx3fl/f l [80] and 

Prrx1CreTg/+ [81] mice were a generous gift from Drs. Anne Moon and Gabrielle Kardon. The 

ScxGFP [82] and mdg [15, 16] mice were generously provided by Dr. Ronen Schweitzer. Mice 

were maintained on a C57BL/6 background. Experimental protocols complied with, and were 

approved by, either the Purdue Animal Care and Use Committee (PACUC; protocol # 

1209000723) or University of Colorado Boulder Institutional Animal Care and Use Committee 

(IACUC; protocol # 2705). PACUC and IACUC assess that Purdue University and University of 

Colorado Boulder researchers, respectively, and all procedures and facilities are compliant with 

regulations of the United States Department of Agriculture, United States Public Health Service, 

Animal Welfare Act, and university Animal Welfare Assurance. Mice were time mated, where 

embryonic day (E)0.5 refers to noon of the day when the copulation plug was noted. P21 mice 

and pregnant dams (E14.5, E18.5) were euthanized by CO2 inhalation and confirmed via cervical 

dislocation. E18.5 embryos were decapitated immediately after harvest. Embryos were 

transferred to chilled 1× PBS on ice for fine dissection of the forelimb. Tissues to be analyzed for 

LC-MS/MS were snap-frozen in liquid nitrogen and stored at -80°C until processed. Forelimbs 

for decellularization, SeeDB-clearing, and cryosectioning were processed immediately after 

harvest (as described below).  

 

Genotyping.  

 

Genotyping was performed using primers listed in Table S1. For proteomic experiments, 

Prrx1Cretg/+;Tbx3fl/fl mice were used for Tbx3 knockouts, and Prrx1Cre+/+;Tbx3fl/fl littermates 

were defined as controls. For imaging experiments, embryos with the Prrx1Cre+/+ genotype were 

defined as controls. mdg+/+ (control) and mdg+/- (heterozygotes) were used as controls and 

compared to mdg-/- littermates. For the muscle contraction studies and Prrx1CreTg/+;Tbx3fl/fl;mdg 

experiments, limbs were grouped via phenotype and validated by genotyping.  

 

Immunohistochemistry. 
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For cryosectioning, forelimbs from embryos containing the ScxGFP transgene were fixed for 2 

hours room temperature (RT) then overnight at 4°C. The samples were washed in 1× PBS, then 

incubated overnight at 4°C in sucrose solution (30% wt/vol  solution of sucrose in PBS with 

0.02% sodium azide). Subsequently, the samples were incubated in a 50% OCT:50% sucrose 

solution for 30 minutes. Samples were then embedded in optimal cutting temperature compound 

(OCT; Electron Microscopy Sciences), frozen in isopentane cooled dry ice, and stored at -80°C 

until cryosections were collected. ScxGFP negative samples were directly frozen. 10 µm 

cryosections were cut using a NX50 Cryostar Cryostat (Thermo Fisher Scientific), collected on 

charged slides and stored at -20°C until stained. Slides were stained via standard methods [3], 

using antibodies and probes at the concentrations indicated in Table S1. Negative controls 

consisted of the same processing, but with the exclusion of the primary antibodies. Samples were 

imaged on a Leica DMI6000 or Leica DM6 CFS STELLARIS upright confocal (Leica 

Microsystems). Images are representative of n = 3 biological replicates. 

 

3D imaging of decellularized forelimbs. 

 

Forelimbs were processed for 3D imaging of the ECM using protocols modified from [20]. To 

improve tissue stability for early embryonic limbs, dissected forelimbs were embedded in 1% 

low melt agarose dissolved in Milli-Q water with 0.02% sodium azide. After solidifying at RT, 

agarose-embedded forelimbs were immersed in a solution containing sodium dodecyl sulfate 

(SDS). Samples were gently rocked at RT, with daily changes of the SDS solution for the times, 

concentrations, and volumes indicated in Table S1. After decellularization was complete, the 

samples were washed with 1× PBS for 1 hour at RT with rocking, fixed for 1 hour in 4% 

paraformaldehyde (PFA) in PBS at RT or overnight at 4°C with rocking, and washed with 1× 

PBS for 1 hour RT or 4°C overnight with rocking. The forelimbs were stored in 1× PBS at 4°C 

before processing for wholemount staining. The excess agarose was removed, and the isolated 

forelimbs were placed in a 48 or 96 well plate, blocked and permeabilized overnight at 4°C with 

10% donkey serum and 0.02% sodium azide in 0.1% PBST (0.1% Triton X-100 in 1× PBS). The 

forelimbs were incubated with primary antibodies at concentrations indicated in Table S1 in 

0.2% bovine serum albumin (BSA) and 0.02% sodium azide in 1× PBS for 48 hours at 4°C with 
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gentle rocking. After washing for 3 × 30 minutes in 0.1% PBST at RT, the forelimbs were 

incubated with fluorescently-labeled probes and secondary antibodies at concentrations listed in 

Table S1, diluted in 0.2% BSA and 0.02% sodium azide in 1× PBS at 4°C for 48 hours with 

gentle rocking while protected from light. The general structure of the limb was visualized by 

counterstaining with fluorophore-conjugated wheat germ agglutinin (WGA), which stains 

proteoglycans that contain sialic acid and n-acetylglucosamine [83]. After the forelimbs were 

washed 3 × 30 minutes in 0.1% PBST at RT, the samples were protected from light and stored in 

PBS at 4°C until imaged. 

 

Wholemount stained and SeeDB-cleared forelimbs. 

 

To compare the distribution of ECM with cells, limbs were wholemount stained and cleared 

using SeeDB following [21, 84]. In brief, forelimbs were washed in 1× PBS, fixed for 1 - 2 hours 

in 4% PFA in PBS at RT or overnight at 4°C with rocking. Forelimbs from embryos containing 

the ScxGFP transgene were fixed for 2 hours RT and overnight at 4°C. Samples were washed 

with 1× PBS for 1 hour RT or 4°C overnight with rocking and stored in 1× PBS at 4°C before 

processing for wholemount staining as described above (Table S1). For SeeDB-cleared tissues, 

samples were then incubated in a series of increasing concentrations of fructose diluted in 0.1× 

PBS and 0.5% thioglycerol. Specifically, forelimbs were incubated for 4-12 hours each in 20%, 

40% and 60% fructose (weight/volume) for 12-24 hours each in 80% and 100%, and for 24-48 

hours in 115% fructose. Sodium azide 0.1% was added to the 115% fructose solution for 

antifungal protection. Samples were stored in SeeDB 115% at RT until imaging. 

 

Imaging and image processing. 

 

Forelimbs were placed in an 8 well dish (ibidi) and either suspended in 1× PBS or embedded in a 

dish of low melt agarose and covered with 1× PBS. SeeDB-cleared limbs were placed in a 

custom PDMS imaging chamber with 115% fructose solution and covered with a coverslip. 

Forelimbs were imaged using either a Zeiss LSM 880 confocal microscope (Carl Zeiss 

Microscopy) with Zen 2.3 SP1 black software (V14.0.2.201) or Leica DM6 CFS STELLARIS 

upright confocal (Leica Microsystems) with LAS X software (V4.1.1.23273 to V4.4.0.24851). 
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Confocal settings are indicated in Table S1. The laser power and gain were optimized for each 

sample to improve visualization of the ECM. Negative controls consisted of the same process 

without the addition of the primary antibody. 

 

Limb movement in response to acetylcholine. 

 

Limbs were isolated from freshly harvested embryos and the skin was gently removed prior to 

placing in a bed of 1% low melt agarose in a 100 mm dish. Once solidified, 50 mL of 1× PBS 

was added. 5 µL (E18.5) or 10 µL (E12.5-E14.5) of 100 mM stock acetylcholine was spiked in 

for a final concentration of 10 µM to 20 µM acetylcholine based on [85]. Movement was 

recorded by Infinity Analyze 7 via an Infinity 3 (Lumenera) camera on a Leica M80 microscope. 

 

Image processing. 

 

Confocal z-stacks of decellularized forelimbs were deconvoluted using either Zen Blue software 

(V2.3.64.0; Carl Zeiss Microscopy; nearest-neighbor deconvolution, settings: fast) or LAS 

X software (V4.1.1.23273 to V4.4.0.24851). To increase the signal intensity with depth if 

fluorescence intensity decayed, 10× and 25× decellularized tissues were bleach corrected 

(settings: exponential fit) [86]. Figures 3M-3N’ were processed with the despeckle filter, and 

visualized using FIJI 3D viewer [87]. Color coded stacks were rendered via the Temporal-Color 

Coder macro developed by Kota Miura at the Centre for Molecular and Cellular Imaging, EMBL 

Heidelberg, Germany. Cryosection images were processed with FIJI. Z-stacks of wholemount 

stained limbs were visualized via maximum z-projection. Renderings of forelimbs were 

compiled using Adobe Photoshop and Illustrator. Videos of muscle contraction were processed 

in Hitfilm Express. 

 

Proteomics analysis. 

 

E14.5 Prrx1CreTg/+;Tbx3fl/fl and control forelimbs were microdissected and processed as 

described in [3]. Briefly, forelimbs were homogenized, and intracellular components were 

removed by protein fractionation [3], leaving behind a matrisome-rich insoluble (IN) fraction. 
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Previous work has shown that ECM proteins, especially from embryonic tissues, can be 

extracted into the CS fraction during the protein fractionation process [88]; thus, CS and IN 

fractions for E14.5 and E18.5 forelimbs were digested, cleaned [88] and analyzed by liquid 

chromatography tandem mass spectrometry (LC-MS/MS). Proteins were reduced, alkylated, and 

treated with 0.1U/200μL chondroitinase ABC for 2 hours before three enzymatic digestions: (1) 

1μg LysC/200μL, 2 hours; (2) 3μg trypsin/200μL, overnight; and (3) 1.5μg trypsin/200μL, 2 

hours. Samples were acidified to inactivate enzymes and peptides were cleaned with Pierce 

Detergent Removal Spin columns and C-18 MicroSpin columns. per the manufacturer’s 

protocol. 

 Triceps muscle-tendon units were isolated from E18.5 Prrx1CreTg/+;Tbx3fl/fl and control 

animals, and processed as described above. CS and IN fractions of mutant and control muscle-

tendon units were analyzed by LC-MS/MS. Digested peptides from the E14.5 

Prrx1CreTg/+;Tbx3fl/fl forelimbs and E18.5 Prrx1CreTg/+;Tbx3fl/fl muscle-tendon units were analyzed 

at the Purdue University Life Sciences Mass Spectrometry Facility. Samples were analyzed 

using the Dionex UltiMate 3000 RSLC Nano System coupled to the Q ExactiveTM HF Hybrid 

Quadrupole-Orbitrap Mass Spectrometer. Following digestion and clean up, 1μg of peptide was 

loaded onto a 300μm i.d. × 5mm C18 PepMapTM 100 trap column and washed for 5 minutes 

using 98% purified water/2% ACN/0.01% FA at a flow rate of 5 μL/minute. After washing, the 

trap column was switched in-line with a 75 μm × 50 cm reverse phase AcclaimTM C18 

PepMapTM 100 analytical column heated to 50°C. Peptides were separated using a 120 minute 

gradient elution method at a flow rate of 300 nL/minute. Mobile phase A consisted of 0.01% FA 

in water while mobile phase B consisted of 0.01% FA in 80% ACN. The linear gradient started 

at 2% B and reached 10% B in 5 minutes, 30% B in 80 minutes, 45% B in 91 minutes, and 100% 

B in 93 minutes. The column was held at 100% B for the next 5 minutes before being brought 

back to 2% B and held for 20 minutes. Samples were injected into the QE HF through the 

Nanospray FlexTM Ion Source fitted with an emission tip. Data acquisition was performed 

monitoring the top 20 precursors at 120,000 resolution with an injection time of 100 ms.  

Triceps units were isolated from E18.5 mdg and control, and P21 Prrx1CreTg/+;Tbx3fl/fl 

animals and tissues were processed as described in [3]. Whole muscles were homogenized in 8M 

urea, and proteins were digested and cleaned for LC-MS/MS as described above. 
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Peptides from the E18.5 mdg and P21 Prrx1CreTg/+;Tbx3fl/fl triceps were analyzed at the 

University of Colorado Boulder Proteomics and Mass Spectrometry facility using an UltiMate 

3000 RSLC Nano System coupled to a QE HF-X. Before LC-MS/MS, peptides were cleaned up 

using a Waters Acquity M-class UV-UPLC with a rpC18 column and a fraction collector. 

Raw files were processed by MaxQuant [89] (Tables S1-S4). Data processing, statistical 

analysis, and visualization was done using Microsoft Excel and GraphPad Prism. Proteins were 

classified by either cellular compartment, matrisome classification [90, 91], or slow and fast 

muscle fiber type. A list of key muscle fiber protein types was compiled from the literature 

(Table S4). In addition, a list of proteins enriched in the different muscle fiber types were 

determined from [27]. For proteins with a statistically significant difference between fiber types, 

the fibers were annotated as slow if fiber type 1 was greater than 2a and 2x and fast if fiber type 

1 was less than 2a and 2x. Proteins that did not meet this criteria or there was not a statistically 

significant difference were included as general. (Table S4) Raw intensities were used to 

calculate the distribution of Cellular Compartments and Matrisome Classifications. Log2-

transformed LFQ intensities were used for volcano plot and Pearson correlation coefficient 

analyses. 

GO analysis was performed on proteins significantly increased, or exclusive (via LFQ) 

to, P21 Prrx1Cre Tg/+;Tbx3fl/fl vs control and E18.5 mdg vs control. Using g:profiler [92] and the 

list modified using REVIGO [93] using the setting: similarity: medium (0.7) and whole UniProt.  

 

Quantification and statistical analysis.  

 

Proteomics data were collected with n = 3 biological replicates and analyzed using Prism 

(GraphPad). The effect of genotype on cellular compartment and matrisome components were 

studied using two-tailed t-tests.  

 

Data availability statement:  

 

Mass spectrometry data supporting these results is openly available in the massIVE repository at 

MSV000089551. Reviewers please refer to cover letter for code. 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 29, 2022. ; https://doi.org/10.1101/2022.06.28.497966doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.28.497966


 

 

34 

 
 

Acknowledgments: We would like to thank members of the Calve lab for assistance and helpful 

discussions. In particular, Drs. Yue Leng, Andrea Acuna, and Ye Bu for assistance with imaging 

and Dr. Karin Ejendal, Dr. Naagarajan Narayanan, Alexander Ocken, Caroline Hollier, Kristin 

Barringhaus, Madeline Ku, and Emmarie Ballard for help with mice and genotyping.  

 

Grants. This work was supported by the National Institutes of Health [DP2 AT009833 and R01 

AR071359 to S.C.]. This publication was made possible with partial support of SNL from the 

National Institutes of Health, National Center for Advancing Translational Sciences, Clinical and 

Translational Sciences Award [UL1TR002529 (PI Dr. Shekhar), and TL1TR002531 (PI Dr. 

Hurley)].  

 

Disclosures. The authors declare no competing interests. 

 

Author contributions. S.N.L., K.R.J and S.C. designed the experiments; S.N.L., K.R.J., H.A.C, 

T.G.T., and K.P.M. performed the experiments; S.N.L., K.R.J., T.G.T., D.T.M., and S.C. 

analyzed the data; S.N.L. and S.C. interpreted the data and wrote the manuscript, with edits from 

K.R.J., H.A.C, T.G.T., D.T.M., and K.P.M. 

 

 

References 
 

[1] N. Narayanan, S. Calve (2021). Extracellular matrix at the muscle – tendon interface: 
functional roles, techniques to explore and implications for regenerative medicine, Connect 
Tissue Res 62(1) 53-71. 

[2] O.R. Tonti, H. Larson, S.N. Lipp, C.M. Luetkemeyer, M. Makam, D. Vargas, S.M. Wilcox, 
S. Calve (2021). Tissue-specific parameters for the design of ECM-mimetic biomaterials, Acta 
Biomater 132 83-102. 

[3] K.R. Jacobson, S. Lipp, A. Acuna, Y. Leng, Y. Bu, S. Calve (2020). Comparative Analysis of 
the Extracellular Matrix Proteome Across the Myotendinous Junction, J Proteome Res. 19 3955–
3967. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 29, 2022. ; https://doi.org/10.1101/2022.06.28.497966doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.28.497966


 

 

35 

[4] E. Miyamoto-Mikami, H. Kumagai, N. Kikuchi, N. Kamiya, N. Miyamoto, N. Fuku (2020). 
eQTL variants in COL22A1 are associated with muscle injury in athletes, Physiol Genomics 
52(12) 588-589. 

[5] B. Charvet, A. Guiraud, M. Malbouyres, D. Zwolanek, E. Guillon, S. Bretaud, C. Monnot, J. 
Schulze, H.L. Bader, B. Allard, M. Koch, F. Ruggiero (2013). Knockdown of col22a1 gene in 
zebrafish induces a muscular dystrophy by disruption of the myotendinous junction, 
Development 140(22) 4602-13. 

[6] H. Kudo, N. Amizuka, K. Araki, K. Inohaya, A. Kudo (2004). Zebrafish periostin is required 
for the adhesion of muscle fiber bundles to the myoseptum and for the differentiation of muscle 
fibers, Dev Biol 267(2) 473-487. 

[7] A. Subramanian, T.F. Schilling (2014). Thrombospondin-4 controls matrix assembly during 
development and repair of myotendinous junctions, eLife 3 e02372. 

[8] R.W. Haines (1932). The Laws of Muscle and Tendon Growth, J Anat 66(Pt 4) 578-585. 

[9] J.H. Henderson, D.R. Carter (2002). Mechanical induction in limb morphogenesis: the role of 
growth-generated strains and pressures, Bone 31(6) 645-653. 

[10] A.H. Huang, T.J. Riordan, B. Pryce, J.L. Weibel, S.S. Watson, F. Long, V. Lefebvre, B.D. 
Harfe, H.S. Stadler, H. Akiyama, S.F. Tufa, D.R. Keene, R. Schweitzer (2015). Musculoskeletal 
integration at the wrist underlies the modular development of limb tendons, Development 
142(14) 2431-41. 

[11] L. Besse, C.J. Sheeba, M. Holt, M. Labuhn, S. Wilde, E. Feneck, D. Bell, A. Kucharska, 
M.P.O. Logan (2020). Individual Limb Muscle Bundles Are Formed through Progressive Steps 
Orchestrated by Adjacent Connective Tissue Cells during Primary Myogenesis, Cell Rep 30(10) 
3552-3565.e6. 

[12] P. Vallecillo-García, M. Orgeur, S. vom Hofe-Schneider, J. Stumm, V. Kappert, D.M. 
Ibrahim, S.T. Börno, S. Hayashi, F. Relaix, K. Hildebrandt, G. Sengle, M. Koch, B. 
Timmermann, G. Marazzi, D.A. Sassoon, D. Duprez, S. Stricker (2017). Odd skipped-related 1 
identifies a population of embryonic fibro-adipogenic progenitors regulating myogenesis during 
limb development, Nat Commun (1) 1218. 

[13] S.J. Mathew, J.M. Hansen, A.J. Merrell, M.M. Murphy, J.A. Lawson, D.A. Hutcheson, M.S. 
Hansen, M. Angus-Hill, G. Kardon (2011). Connective tissue fibroblasts and Tcf4 regulate 
myogenesis, Development 138(2) 371-384. 

[14] M.P. Colasanto, S. Eyal, P. Mohassel, M. Bamshad, C.G. Bonnemann, E. Zelzer, A.M. 
Moon, G. Kardon (2016). Development of a subset of forelimb muscles and their attachment 
sites requires the ulnar-mammary syndrome gene Tbx3, Dis Model Mech 9(11) 1257-1269. 

[15] A.C. Pai (1965). Developmental genetics of a lethal mutation, muscular dysgenesis (mdg), 
in the mouse: I. Genetic analysis and gross morphology, Dev Biol 11 82-92. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 29, 2022. ; https://doi.org/10.1101/2022.06.28.497966doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.28.497966


 

 

36 

[16] A.C. Pai (1965). Developmental genetics of a lethal mutation, muscular dysgenesis (mdg), 
in the mouse: II. Developmental analysis, Dev Biol 11 93-109. 

[17] A. Subramanian, L.F. Kanzaki, J.L. Galloway, T.F. Schilling (2018). Mechanical force 
regulates tendon extracellular matrix organization and tenocyte morphogenesis through TGFbeta 
signaling, eLife 7 e38069. 

[18] M. Valdivia, F. Vega-Macaya, P. Olguín (2017). Mechanical Control of Myotendinous 
Junction Formation and Tendon Differentiation during Development, Front Cell Dev Biol 5(26). 

[19] A. Acuna, M.A. Drakopoulos, Y. Leng, C.J. Goergen, S. Calve (2018). Three-dimensional 
visualization of extracellular matrix networks during murine development, Dev Biol 435(2) 122-
129. 

[20] Y. Leng, S.N. Lipp, Y. Bu, H. Larson, K.R. Jacobson, S. Calve (2022). Extracellular matrix 
deposition precedes muscle-tendon integration during murine forelimb morphogenesis, bioRxiv  
2022.01.23.477427. 

[21] M.-T. Ke, S. Fujimoto, T. Imai (2013). SeeDB: a simple and morphology-preserving optical 
clearing agent for neuronal circuit reconstruction, Nat Neurosci 16(8) 1154-1161. 

[22] M. Koch, J. Schulze, U. Hansen, T. Ashwodt, D.R. Keene, W.J. Brunken, R.E. Burgeson, P. 
Bruckner, L. Bruckner-Tuderman (2004). A novel marker of tissue junctions, collagen XXII, J 
Biol Chem 279(21) 22514-22521. 

[23] T.A.H. Järvinen, L. Józsa, P. Kannus, T.L.N. Järvinen, T. Hurme, M. Kvist, M. Pelto-
Huikko, H. Kalimo, M. Järvinen (2003). Mechanical loading regulates the expression of 
tenascin-C in the myotendinous junction and tendon but does not induce de novo synthesis in the 
skeletal muscle, J Cell Sci 116(5) 857-866. 

[24] E.G. Frolova, J. Drazba, I. Krukovets, V. Kostenko, L. Blech, C. Harry, A. Vasanji, C. 
Drumm, P. Sul, G.J. Jenniskens, E.F. Plow, O. Stenina-Adognravi (2014). Control of 
organization and function of muscle and tendon by thrombospondin-4, Matrix Biol 37 35-48. 

[25] R.A. Norris, B. Damon, V. Mironov, V. Kasyanov, A. Ramamurthi, R. Moreno-Rodriguez, 
T. Trusk, J.D. Potts, R.L. Goodwin, J. Davis, S. Hoffman, X. Wen, Y. Sugi, C.B. Kern, C.H. 
Mjaatvedt, D.K. Turner, T. Oka, S.J. Conway, J.D. Molkentin, G. Forgacs, R.R. Markwald 
(2007). Periostin regulates collagen fibrillogenesis and the biomechanical properties of 
connective tissues, J Cell Biochem 101(3) 695-711. 

[26] E. Bengtsson, M. Mörgelin, T. Sasaki, R. Timpl, D. Heinegård, A. Aspberg (2002). The 
leucine-rich repeat protein PRELP binds perlecan and collagens and may function as a basement 
membrane anchor, J Biol Chem 277(17) 15061-8. 

[27] M. Murgia, L. Nogara, M. Baraldo, C. Reggiani, M. Mann, S. Schiaffino (2021). Protein 
profile of fiber types in human skeletal muscle: a single-fiber proteomics study, Skelet Muscle 
11(1) 24. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 29, 2022. ; https://doi.org/10.1101/2022.06.28.497966doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.28.497966


 

 

37 

[28] D. Docheva, E.B. Hunziker, R. Fässler, O. Brandau (2005). Tenomodulin is necessary for 
tenocyte proliferation and tendon maturation, Mol Cell Biol 25(2) 699-705. 

[29] M. Bamshad, R.C. Lin, D.J. Law, W.C. Watkins, P.A. Krakowiak, M.E. Moore, P. 
Franceschini, R. Lala, L.B. Holmes, T.C. Gebuhr, B.G. Bruneau, A. Schinzel, J.G. Seidman, 
C.E. Seidman, L.B. Jorde (1997). Mutations in human TBX3 alter limb, apocrine and genital 
development in ulnar-mammary syndrome, Nat Genet 16(3) 311-5. 

[30] A. Balakrishnan, M.G. Stykel, Y. Touahri, J.A. Stratton, J. Biernaskie, C. Schuurmans 
(2016). Temporal Analysis of Gene Expression in the Murine Schwann Cell Lineage and the 
Acutely Injured Postnatal Nerve, PLoS ONE 11(4) e0153256. 

[31] S.W. Li, D.J. Prockop, H. Helminen, R. Fassler, T. Lapvetelainen, K. Kiraly, A. Peltarri, J. 
Arokoski, H. Lui, M. Arita, et al. (1995). Transgenic mice with targeted inactivation of the Col2 
alpha 1 gene for collagen II develop a skeleton with membranous and periosteal bone but no 
endochondral bone, Genes Dev 9(22) 2821-30. 

[32] S. Schiaffino, A.C. Rossi, V. Smerdu, L.A. Leinwand, C. Reggiani (2015). Developmental 
myosins: expression patterns and functional significance, Skelet Muscle 5(1) 22. 

[33] Y. Wang, S. Jin, D. Luo, D. He, C. Shi, L. Zhu, B. Guan, Z. Li, T. Zhang, Y. Zhou, C.-Y. 
Wang, Y. Liu (2021). Functional regeneration and repair of tendons using biomimetic scaffolds 
loaded with recombinant periostin, Nat Commun 12(1) 1293. 

[34] A. Capuano, F. Bucciotti, K.D. Farwell, B. Tippin Davis, C. Mroske, P.J. Hulick, S.M. 
Weissman, Q. Gao, P. Spessotto, A. Colombatti, R. Doliana (2016). Diagnostic Exome 
Sequencing Identifies a Novel Gene, EMILIN1, Associated with Autosomal-Dominant 
Hereditary Connective Tissue Disease, Hum Mutat 37(1) 84-97. 

[35] A. Gibbon, C.J. Saunders, M. Collins, J. Gamieldien, A.V. September (2018). Defining the 
molecular signatures of Achilles tendinopathy and anterior cruciate ligament ruptures: A whole-
exome sequencing approach, PLoS ONE 13(10) e0205860. 

[36] M. Sun, E.Y. Luo, S.M. Adams, T. Adams, Y. Ye, S.S. Shetye, L.J. Soslowsky, D.E. Birk 
(2020). Collagen XI regulates the acquisition of collagen fibril structure, organization and 
functional properties in tendon, Matrix Biol 94 77-94. 

[37] M. Hay, J. Patricios, R. Collins, A. Branfield, J. Cook, C.J. Handley, A.V. September, M. 
Posthumus, M. Collins (2013). Association of type XI collagen genes with chronic Achilles 
tendinopathy in independent populations from South Africa and Australia, Br J Sports Med 47(9) 
569-74. 

[38] W.K. Ovalle (1987). The human muscle-tendon junction. A morphological study during 
normal growth and at maturity, Anat Embryol (Berl) 176(3) 281-294. 

[39] J.G. Tidball, D.M. Quan (1992). Reduction in myotendinous junction surface area of rats 
subjected to 4-day spaceflight, J Appl Physiol 73(1) 59-64. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 29, 2022. ; https://doi.org/10.1101/2022.06.28.497966doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.28.497966


 

 

38 

[40] P. Kannus, L. Jozsa, M. Kvist, M. Lehto, M. JÄRvinen (1992). The effect of immobilization 
on myotendinous junction: an ultrastructural, histochemical and immunohistochemical study, 
Acta Physiol Scand 144(3) 387-394. 

[41] J.G. Tidball (1984). Myotendinous junction: morphological changes and mechanical failure 
associated with muscle cell atrophy, Exp Mol Pathol 40(1) 1-12. 

[42] D. Curzi, S. Sartini, M. Guescini, D. Lattanzi, M. Di Palma, P. Ambrogini, D. Savelli, V. 
Stocchi, R. Cuppini, E. Falcieri (2016). Effect of Different Exercise Intensities on the 
Myotendinous Junction Plasticity, PLoS ONE 11(6) e0158059. 

[43] N. Kodama, S. Sekiguchi (1984). The development of spontaneous body movement in 
prenatal and perinatal mice, Dev Psychobiol 17(2) 139-50. 

[44] B.Q. Banker (1977). Muscular Dysgenesis in the Mouse (mdg/mdg): I. Ultrastructural Study 
of Skeletal and Cardiac Muscle, J Neuropathol Exp Neurol 36(1) 100-127. 

[45] N.C. Nowlan, G. Dumas, S. Tajbakhsh, P.J. Prendergast, P. Murphy (2012). Biophysical 
stimuli induced by passive movements compensate for lack of skeletal muscle during embryonic 
skeletogenesis, Biomech Model Mechanobiol 11(1-2) 207-219. 

[46] B.E. Peterson, R.A. Rolfe, A. Kunselman, P. Murphy, S.E. Szczesny (2021). Mechanical 
Stimulation via Muscle Activity Is Necessary for the Maturation of Tendon Multiscale 
Mechanics During Embryonic Development, Front Cell Dev Biol 9(2471). 

[47] M. Malbouyres, A. Guiraud, C. Lefrançois, M. Salamito, P. Nauroy, L. Bernard, F. Sohm, 
B. Allard, F. Ruggiero (2022). Lack of the myotendinous junction marker col22a1 results in 
posture and locomotion disabilities in zebrafish, Matrix Biol 109 1-18. 

[48] W. Yaseen, O. Kraft-Sheleg, S. Zaffryar-Eilot, S. Melamed, C. Sun, D.P. Millay, P. Hasson 
(2021). Fibroblast fusion to the muscle fiber regulates myotendinous junction formation, Nat 
Commun 12(1) 3852. 

[49] R.W. Scott, M. Arostegui, R. Schweitzer, F.M.V. Rossi, T.M. Underhill (2019). Hic1 
Defines Quiescent Mesenchymal Progenitor Subpopulations with Distinct Functions and Fates in 
Skeletal Muscle Regeneration, Cell Stem Cell 25(6) 797-813.e9. 

[50] A. Karlsen, A. Gonzalez-Franquesa, J.R. Jakobsen, M.R. Krogsgaard, M. Koch, M. Kjaer, 
S. Schiaffino, A.L. Mackey, A.S. Deshmukh (2022). The proteomic profile of the human 
myotendinous junction, iScience 25(2) 103836. 

[51] S. Ciciliot, A.C. Rossi, K.A. Dyar, B. Blaauw, S. Schiaffino (2013). Muscle type and fiber 
type specificity in muscle wasting, Int J Biochem Cell Biol 45(10) 2191-9. 

[52] F. Wu, W. Mi, E.O. Hernández-Ochoa, D.K. Burns, Y. Fu, H.F. Gray, A.F. Struyk, M.F. 
Schneider, S.C. Cannon (2012). A calcium channel mutant mouse model of hypokalemic 
periodic paralysis, J Clin Investig 122(12) 4580-4591. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 29, 2022. ; https://doi.org/10.1101/2022.06.28.497966doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.28.497966


 

 

39 

[53] P. Heimann, T. Kuschel, H. Jockusch (2004). Elimination by necrosis, not apoptosis, of 
embryonic extraocular muscles in the muscular dysgenesis mutant of the mouse, Cell Tissue Res 
315(2) 243-247. 

[54] F. Piétri-Rouxel, C. Gentil, S. Vassilopoulos, D. Baas, E. Mouisel, A. Ferry, A. Vignaud, C. 
Hourdé, I. Marty, L. Schaeffer, T. Voit, L. Garcia (2010). DHPR α1S subunit controls skeletal 
muscle mass and morphogenesis, EMBO J 29(3) 643-654. 

[55] R. Schweitzer, J.H. Chyung, L.C. Murtaugh, A.E. Brent, V. Rosen, E.N. Olson, A. Lassar, 
C.J. Tabin (2001). Analysis of the tendon cell fate using Scleraxis, a specific marker for tendons 
and ligaments, Development 128(19) 3855-3866. 

[56] A.H. Huang, S.S. Watson, L. Wang, B.M. Baker, H. Akiyama, J.V. Brigande, R. Schweitzer 
(2019). Requirement for scleraxis in the recruitment of mesenchymal progenitors during 
embryonic tendon elongation, Development 146(20) dev182782. 

[57] Y. Ono, T. Sato, C. Shukunami, H. Asahara, M. Inui (2021). Scx-positive tendon cells are 
required for correct muscle patterning, bioRxiv  2021.01.03.424463. 

[58] M.L. Killian, S. Thomopoulos (2016). Scleraxis is required for the development of a 
functional tendon enthesis, FASEB J 30(1) 301-311. 

[59] V. Léjard, G. Brideau, F. Blais, R. Salingcarnboriboon, G. Wagner, M.H. Roehrl, M. Noda, 
D. Duprez, P. Houillier, J. Rossert (2007). Scleraxis and NFATc regulate the expression of the 
pro-alpha1(I) collagen gene in tendon fibroblasts, J Biol Chem 282(24) 17665-75. 

[60] C. Shukunami, A. Takimoto, M. Oro, Y. Hiraki (2006). Scleraxis positively regulates the 
expression of tenomodulin, a differentiation marker of tenocytes, Dev Biol 298(1) 234-247. 

[61] A. Scott, P. Danielson, T. Abraham, G. Fong, A.V. Sampaio, T.M. Underhill (2011). 
Mechanical force modulates scleraxis expression in bioartificial tendons, J Musculoskelet 
Neuronal Interact 11(2) 124-32. 

[62] C.L. Mendias, J.P. Gumucio, K.I. Bakhurin, E.B. Lynch, S.V. Brooks (2012). Physiological 
loading of tendons induces scleraxis expression in epitenon fibroblasts, J Orthop Res 30(4) 606-
12. 

[63] T. Maeda, T. Sakabe, A. Sunaga, K. Sakai, Alexander L. Rivera, Douglas R. Keene, T. 
Sasaki, E. Stavnezer, J. Iannotti, R. Schweitzer, D. Ilic, H. Baskaran, T. Sakai (2011). 
Conversion of Mechanical Force into TGF-β-Mediated Biochemical Signals, Current Biol 21(11) 
933-941. 

[64] A.E.C. Nichols, S.R. Werre, L.A. Dahlgren (2018). Transient Scleraxis Overexpression 
Combined with Cyclic Strain Enhances Ligament Cell Differentiation, Tissue Eng Part A 24(19-
20) 1444-1455. 

[65] S. Calve, S.J. Odelberg, H.-G. Simon (2010). A transitional extracellular matrix instructs 
cell behavior during muscle regeneration, Dev Biol 344(1) 259-271. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 29, 2022. ; https://doi.org/10.1101/2022.06.28.497966doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.28.497966


 

 

40 

[66] A. Lorts, J.A. Schwanekamp, T.A. Baudino, E.M. McNally, J.D. Molkentin (2012). 
Deletion of periostin reduces muscular dystrophy and fibrosis in mice by modulating the 
transforming growth factor-β pathway, Proc Natl Acad Sci U S A 109(27) 10978-10983. 

[67] P. Pessina, D. Cabrera, M.G. Morales, C.A. Riquelme, J. Gutiérrez, A.L. Serrano, E. 
Brandan, P. Muñoz-Cánoves (2014). Novel and optimized strategies for inducing fibrosis in 
vivo: focus on Duchenne Muscular Dystrophy, Skelet Muscle 4(1) 7. 

[68] T.L.E. van Westering, H.J. Johansson, B. Hanson, A.M.L. Coenen-Stass, Y. Lomonosova, J. 
Tanihata, N. Motohashi, T. Yokota, S. Takeda, J. Lehtiö, M.J.A. Wood, S. El Andaloussi, Y. 
Aoki, T.C. Roberts (2020). Mutation-independent Proteomic Signatures of Pathological 
Progression in Murine Models of Duchenne Muscular Dystrophy, Mol Cell Proteomics 19(12) 
2047-2068. 

[69] Y. Li, Q. Qiu, S.S. Watson, R. Schweitzer, R.L. Johnson (2010). Uncoupling skeletal and 
connective tissue patterning: conditional deletion in cartilage progenitors reveals cell-
autonomous requirements for Lmx1b in dorsal-ventral limb patterning, Development 137(7) 
1181-1188. 

[70] A. Irintchev, J.D. Rosenblatt, M.J. Cullen, M. Zweyer, A. Wernig (1998). Ectopic skeletal 
muscles derived from myoblasts implanted under the skin, J Cell Sci 111 ( Pt 22) 3287-97. 

[71] S. Lin, L. Landmann, M.A. Ruegg, H.R. Brenner (2008). The Role of Nerve- versus 
Muscle-Derived Factors in Mammalian Neuromuscular Junction Formation, J Neurosci 28(13) 
3333-3340. 

[72] H. Wu, Y. Lu, A. Barik, A. Joseph, M.M. Taketo, W.-C. Xiong, L. Mei (2012). β-Catenin 
gain of function in muscles impairs neuromuscular junction formation, Development 139(13) 
2392-2404. 

[73] F. Chen, Y. Liu, Y. Sugiura, P.D. Allen, R.G. Gregg, W. Lin (2011). Neuromuscular 
synaptic patterning requires the function of skeletal muscle dihydropyridine receptors, Nat 
Neurosci 14(5) 570-577. 

[74] B.R. Nelson, F. Wu, Y. Liu, D.M. Anderson, J. McAnally, W. Lin, S.C. Cannon, R. Bassel-
Duby, E.N. Olson (2013). Skeletal muscle-specific T-tubule protein STAC3 mediates voltage-
induced Ca2+ release and contractility, Proc Natl Acad Sci U S A 110(29) 11881-11886. 

[75] K. Tyml, O. Mathieu-Costello, E. Noble (1995). Microvascular Response to Ischemia, and 
Endothelial Ultrastructure, in Disused Skeletal Muscle, Microvasc Res 49(1) 17-32. 

[76] S. Tozer, M.A. Bonnin, F. Relaix, S. Di Savino, P. García-Villalba, P. Coumailleau, D. 
Duprez (2007). Involvement of vessels and PDGFB in muscle splitting during chick limb 
development, Development 134(14) 2579-91. 

[77] B.S. Mankoo, N.S. Collins, P. Ashby, E. Grigorieva, L.H. Pevny, A. Candia, C.V. Wright, 
P.W. Rigby, V. Pachnis (1999). Mox2 is a component of the genetic hierarchy controlling limb 
muscle development, Nature 400(6739) 69-73. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 29, 2022. ; https://doi.org/10.1101/2022.06.28.497966doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.28.497966


 

 

41 

[78] P. Hasson, A. DeLaurier, M. Bennett, E. Grigorieva, L.A. Naiche, V.E. Papaioannou, T.J. 
Mohun, M.P.O. Logan (2010). Tbx4 and tbx5 acting in connective tissue are required for limb 
muscle and tendon patterning, Dev Cell 18(1) 148-156. 

[79] L. Vickerman, S. Neufeld, J. Cobb (2011). Shox2 function couples neural, muscular and 
skeletal development in the proximal forelimb, Dev Biol 350(2) 323-336. 

[80] U. Emechebe, P. Kumar P, J.M. Rozenberg, B. Moore, A. Firment, T. Mirshahi, A.M. Moon 
(2016). T-box3 is a ciliary protein and regulates stability of the Gli3 transcription factor to 
control digit number, eLife 5 e07897. 

[81] M. Logan, J.F. Martin, A. Nagy, C. Lobe, E.N. Olson, C.J. Tabin (2002). Expression of Cre 
recombinase in the developing mouse limb bud driven by a Prxl enhancer, genesis 33(2) 77-80. 

[82] B.A. Pryce, A.E. Brent, N.D. Murchison, C.J. Tabin, R. Schweitzer (2007). Generation of 
transgenic tendon reporters, ScxGFP and ScxAP, using regulatory elements of the scleraxis gene, 
Dev Dyn 236(6) 1677-82. 

[83] V.P. Bhavanandan, A.W. Katlic (1979). The interaction of wheat germ agglutinin with 
sialoglycoproteins. The role of sialic acid, J Biol Chem 254(10) 4000-8. 

[84] S. Calve, A. Ready, C. Huppenbauer, R. Main, C.P. Neu (2015). Optical clearing in dense 
connective tissues to visualize cellular connectivity in situ, PLoS One 10(1) e0116662. 

[85] M. Afshar Bakooshli, E.S. Lippmann, B. Mulcahy, N. Iyer, C.T. Nguyen, K. Tung, B.A. 
Stewart, H. van den Dorpel, T. Fuehrmann, M. Shoichet, A. Bigot, E. Pegoraro, H. Ahn, H. 
Ginsberg, M. Zhen, R.S. Ashton, P.M. Gilbert (2019). A 3D culture model of innervated human 
skeletal muscle enables studies of the adult neuromuscular junction, eLife 8 e44530. 

[86] K. Miura, C. Rueden, M. Hiner, J. Schindelin, J. Rietdorf, ImageJ plugin CorrectBleach 
V2.0.2, Zenodo. 10.5281/zenodo.30769, 2014. 

[87] B. Schmid, J. Schindelin, A. Cardona, M. Longair, M. Heisenberg (2010). A high-level 3D 
visualization API for Java and ImageJ, BMC Bioinformatics 11 274. 

[88] K.R. Jacobson, A.M. Saleh, S.N. Lipp, A.R. Ocken, T.L. Kinzer-Ursem, S. Calve (2020). 
Extracellular matrix protein composition dynamically changes during murine forelimb 
development, bioRxiv  2020.06.17.158204. 

[89] J. Cox, M. Mann (2008). MaxQuant enables high peptide identification rates, individualized 
p.p.b.-range mass accuracies and proteome-wide protein quantification, Nat Biotechnol 26(12) 
1367-72. 

[90] A. Naba, K.R. Clauser, S. Hoersch, H. Liu, S.A. Carr, R.O. Hynes (2012). The matrisome: 
in silico definition and in vivo characterization by proteomics of normal and tumor extracellular 
matrices, Mol Cell Proteomics 11(4) M111 014647. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 29, 2022. ; https://doi.org/10.1101/2022.06.28.497966doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.28.497966


 

 

42 

[91] A.M. Saleh, K.R. Jacobson, T.L. Kinzer-Ursem, S. Calve (2019). Dynamics of non-
canonical amino acid-labeled intra- and extracellular proteins in the developing mouse, Cel Mol 
Bioeng 12. 

[92] U. Raudvere, L. Kolberg, I. Kuzmin, T. Arak, P. Adler, H. Peterson, J. Vilo (2019). 
g:Profiler: a web server for functional enrichment analysis and conversions of gene lists (2019 
update), Nucleic Acids Res 47(W1) W191-W198. 

[93] F. Supek, M. Bosnjak, N. Skunca, T. Smuc (2011). REVIGO summarizes and visualizes 
long lists of gene ontology terms, PLoS ONE 6(7) e21800. 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 29, 2022. ; https://doi.org/10.1101/2022.06.28.497966doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.28.497966

