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Abstract

Tendons have a uniaxially aligned structure with a hierarchical organization of collagen fibrils 

crucial for tendon function. Collagen XII is expressed in tendons and has been implicated in the 

regulation of fibrillogenesis. It is a non-fibrillar collagen belonging to the Fibril-Associated 

Collagens with Interrupted Triple Helices (FACIT) family. Mutations in COL12A1 cause 

myopathic Ehlers Danlos Syndrome with a clinical phenotype involving both joints and tendons 

supporting critical role(s) for collagen XII in tendon development and function. Here we 

demonstrate the molecular function of collagen XII during tendon development using a Col12a1 
null mouse model. Col12a1 deficiency altered tenocyte shape, formation of interacting cell 

processes, and organization resulting in impaired cell-cell communication and disruption of 

hierarchal structure as well as decreased tissue stiffness. Immuno-localization revealed that 

collagen XII accumulated on the tenocyte surface and connected adjacent tenocytes by building 

matrix bridges between the cells, suggesting that collagen XII regulates intercellular 

communication. In addition, there was a decrease in fibrillar collagen I in collagen XII deficient 

tenocyte cultures compared with controls suggesting collagen XII signaling specifically alters 

tenocyte biosynthesis. This suggests that collagen XII provides feedback to tenocytes regulating 

extracellular collagen I. Together, the data indicate dual roles for collagen XII in determination of 

tendon structure and function. Through association with fibrils it functions in fibril packing, fiber 

assembly and stability. In addition, collagen XII influences tenocyte organization required for 
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assembly of higher order structure; intercellular communication necessary to coordinate long 

range order and feedback on tenocytes influencing collagen synthesis. Integration of both 

regulatory roles is required for the acquisition of hierarchal structure and mechanical properties.
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INTRODUCTION

Tendons are responsible for transmission of mechanical force from muscle to bone, allowing 

for mobility and joint stability. Tendons have a uniaxially aligned collagenous extracellular 

matrix. This matrix is composed of hierarchically organized components: collagen 

molecules assemble into fibrils, fibrils assemble into fibers, and fibers together with tendon 

fibroblasts (tenocytes) are organized into fascicles [1–5]. This unique hierarchal structure is 

crucial for facilitating transmission of force and directly influences overall mechanical 

function of the tissue [1,5]. The hierarchical organization of collagen during development, 

growth and maturation determines connective tissue structure and function[5–7] and 

disruption of this assembly results in tissue dysfunction [8–11] that often underlies 

connective tissue diseases [12–17]. However, the mechanisms underlying development of 

the unique tendon hierarchical structure and, therefore, function have not been fully 

elucidated.

Tendon development is initiated by condensation of tenocytes, that become aligned into 

columns defining the tendon longitudinal axis [18–20]. As tendons develop, tenocytes 

secrete collagens and a series of sequential events leading to tissue-specific extracellular 

matrix assembly is initiated at the tenocyte surface [21–23]. These include: collagen 

nucleation initiating collagen fibril assembly, fibril assembly, and organization of fibrils into 

fibers [7]. Tenocyte alignment along the longitudinal axis of the developing tendon drives 

the longitudinal organization of the tendon extracellular matrix and structure [1]. On the 

other hand, in the transverse axis, tenocytes extend cell processes perpendicular to the 

tendon axis. These processes interact with adjacent tenocytes defining a series of specific 

domains where fibrils are organized into fibers and fiber assembly can be regulated [1,2,22]. 

These interacting aligned columns of tenocytes together with uniaxial collagen fibers 

constitute a primary tendon unit. Depolymerization of the tenocyte actin cytoskeleton results 

in disorganized tenocyte shape and disruption of cell process formation and organization as 

well as the loss of parallelism of the tendon extracellular matrix [24]. These lines of 

evidence indicate that tenocyte shape, cell process formation and organization are crucial for 

the development of tendon structure.

The tenocyte network responsible for tendon-specific assembly of the extracellular matrix 

has structural and communicating connections. The structural connections between tenocyte 

processes are via cadherin 11, which is the major adhesion molecule in tendon [25,26]. The 

inhibition of cadherin 11 expression decreases fibril deposition and distinct fiber-forming 

domains are lost [25]. This demonstrates the importance of intercellular interactions in 
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formation of tendon hierarchal structure. In addition, tenocytes form a communicating 

network expressing two gap junction components; connexin 32 and 43 [27,28]. The major 

connexin is connexin 43 that localizes to the tips of tenocyte processes and to the cell body, 

whereas connexin 32 is localized only on the tenocyte cell body. In the response to 

mechanical stimuli, gap junctions have a role in mediating increased collagen I synthesis by 

tenocytes [28]. Therefore, the tenocyte gap junction mediated communicating network is 

critical not only for determining tendon structure, but also mediating the tendon response to 

mechanical stimuli.

We previously demonstrated that collagen XII is crucial in establishing/maintaining a 

communicating network via connexin 43 in osteoblasts during bone formation [29,30]. In 

addition, collagen XII expression is increased in response to the mechanical stimuli in vitro 

[31,32] and in vivo [33,34]. Furthermore collagen XII is highly expressed in tendons, 

compared to bones and muscles [30]. These lines of evidence indicate that collagen XII 

plays a critical role(s) in tendons.

Collagen XII is a member of the Fibril-Associated Collagens with Interrupted Triple Helices 

(FACIT) family, and is found associated with collagen I fibrils [35,36]. Its molecular 

structure and tissue localization suggest a role in regulation of collagen I fibrillogenesis [37–

40]. Functionally, collagen XII has been implicated regulating intercellular communication 

during development [29,30] and tissue regeneration [41,42]. In addition, changes in collagen 

XII can result in altered growth factor availability with resulting changes in tenocyte 

behavior that would influence tissue function [15]. It has been shown that collagen XII is 

expressed in developing tendons and ligaments [38,40,43,44]. In chicken metatarsal tendon, 

the expression of collagen XII then becomes restricted to the endotenon, suggesting that 

collagen XII regulates the integration of developing tendon matrices and fascicles to 

functional units [38,43]. Clinically, patients with myopathic Ehlers-Danlos Syndrome have 

COL12A1 mutations with an overlapping phenotype combining clinical involvement from 

muscle and from connective tissue [16,17,45–48]. A number of COL12A1 dominant and 

recessive mutations have been identified. Both dominant and recessive mutations in the 

COL12A1 gene result in excess weakness at birth, strikingly hypermobile distal joints, and 

absence of deep tendon reflexes. These clinical manifestations indicate a critical role(s) of 

collagen XII in tendon and ligament development and function.

Here, we address the physiological roles of collagen XII in establishing tendon hierarchal 

structure and function. We define the developmental defects in our Col12a1−/− mouse model 

at molecular, cellular and tissue levels to probe the roles of collagen XII in the regulation of 

tendon extracellular matrix assembly and mechanical function.

RESULTS

Collagen XII content throughout tendon development and maturation

Collagen XII expression in tendon was analyzed in flexor digitorum longus (FDL) tendons 

by Western blotting. Collagen XII content was comparable in developing (P4, 10), maturing 

(P30) and mature (P90) wild type tendons. As expected, no collagen XII was present in 

Col12a1−/− tendons (Fig. 1A). The localization of collagen XII was analyzed using 
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immunofluorescence. Collagen XII was expressed throughout the tendon extracellular 

matrix in transverse sections from P4, P10, P30 and P90 wild type mice (Fig. 1B–E). At all 

4 stages pericellular localization is clear and the tendon proper demonstrated diffuse 

reactivity (Supplementary Fig. 1).

Absence of collagen XII altered both lateral tenocyte network formation and longitudinal 
columnar arrangement.

To determine the regulatory functions of collagen XII during tendon development, 

morphological analyses of Col12a1−/− and wild type control FDLs were performed. 

Transverse sections of FDLs were analyzed in P4 and P30 mice (Fig. 2A–D). At P4, wild 

type FDLs consisted of well-organized tenocytes with defined collagen fibers within distinct 

domains (Fig. 2A). In contrast, the tenocyte defined domains containing fibers were less 

distinct in Col12a1−/− FDLs than in wild type controls (Fig. 2B). At P30, wild type 

tenocytes extended attenuated cytoplasmic processes toward adjacent tenocytes establishing 

a well-organized interacting network (Fig. 2C). This well-defined tenocyte network 

compartmentalizes and clearly defines the maturing collagen fibers. In contrast, the 

Col12a1−/− tenocytes lacked organization and were characterized by ill-defined and shorter 

processes (Fig. 2D), resulting in a less defined tenocyte network compared to wild type 

controls. In addition, distinct fiber domains were not formed leading to a mass of 

disorganized collagen fibrils rather than distinct collagen fibers seen in the wild type 

controls. These data demonstrate that collagen XII regulates tenocyte shape and lateral 

network formation, compartmentalizing a fiber domain. Disruption of these domains in the 

absence of collagen XII results in dysfunctional fiber assembly.

In wild type tendons, tenocytes are longitudinally arranged in columns along the tendon 

axis. Longitudinal sections of FDLs were analyzed in P4, P10 and P30 mice (Fig. 2E–J). At 

P4 wild type, tenocytes defined by their cytoplasmic actin filaments were organized along 

with the longitudinal axis with a parallel alignment of tenocytes (Fig. 2E). At P10 and P30, 

the tenocytes became more attenuated with a retention of the parallel and axial alignment 

seen at P4 (Fig. 2F,G), consistent with maturation of tenocyte alignment. In contrast, in 

Col12a1−/− FDLs at P4, actin signal was reduced compared to controls suggesting a less 

developed cytoplasmic filamentous actin cytoskeleton. The tenocytes also were disorganized 

with respect to the tendon axis (Fig. 2H). At P10 and P30, the Col12a1−/− tenocytes did not 

attain the same parallel and axial alignment seen in the wild type tendons (Fig. 2I,J), 

suggesting that the columnar arrangement of tenocytes in longitudinal axis is disordered in 

Col12a1−/− FDLs. Therefore, the absence of collagen XII alters not only tenocyte lateral cell 

process formation, but also longitudinal columnar arrangement of tenocytes.

Collagen XII deficiency results in impaired tenocyte process formation and fiber 
organization.

Ultrastructural analyses of the interactions involved in defining the tenocyte network and 

collagen fibers were done using transmission electron microscopy. Developing (P4) and 

maturing (P30) FDLs were analyzed in transverse sections from wild type and Col12a1−/− 

mice (Fig. 3). At P4, wild type tenocytes had extended processes that laterally interacted 

with adjacent cells to form clear domains containing well defined collagen fibers (Fig. 3A). 
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In contrast, in Col12a1−/− FDLs the tenocyte processes were irregular and ill-defined (Fig. 

3B). In addition, the interactions between adjacent cells were unclear, and fiber domains 

were not completely formed resulting in poorly defined and organized fibers. Similar to the 

developing FDLs, maturing wild type tenocytes had well-defined processes (Fig. 3C) and 

fiber-forming domains, resulting in well organized and defined tenocyte networks and well-

organized fiber compartmentalization. In contrast, no clear tenocyte processes (Fig. 3D) and 

fiber-forming compartments were detected in mature Col12a1−/− FDLs, resulting in an ill-

defined mass of collagen fibrils with tenocytes embedded in it. These data support a 

regulatory role for collagen XII in tenocyte process formation resulting in decreased 

tenocyte cell-cell connection and fiber domain formation.

Next, collagen fibril assembly as a function of collagen XII content was analyzed. 

Transverse sections of FDLs at P4 and P30 from wild type and Col12a1−/− mice were 

analyzed (Fig. 4). At P4, wild type fibrils were regularly packed, and the fibrils were 

uniform with normal circular cross-sectional profiles (Fig. 4A). Fibril packing was less 

regular with increased interfibrillar spacing in Col12a1−/− FDLs compared to wild type 

controls (Fig. 4B). In mature wild type FDLs, fibrils were well packed with circular cross-

sectional profiles similar to the developing tendon (Fig. 4C). However, collagen XII 

deficiency increased interfibrillar spacing and impaired fibril packing consistent with P4. At 

P4, collagen fibril structures were comparable with fibrils from both genotypes having 

circular profiles. The mean fibril diameter was similar in both genotypes, 55.0±4.9nm and 

50.1±3.1nm for wild type and Col12a1−/− respectively (Supplementary Fig. 2). At P30, a 

similar situation was observed with mean diameters being 115.5±16.5 nm versus 117.4±14.7 

nm respectively (Supplementary Fig. 2). However, fibrils in P30 Col12a1−/− FDLs 

demonstrated some irregularity in fibril profile compared to controls. Specifically, many of 

the larger fibrils show non-circular transverse fibril profiles. The collagen XII deficient FDL 

fibrils show ‘bumps’ in the contours consistent with unregulated lateral fusion of fibrils. The 

data suggest a role for collagen XII in mediating fibril packing consistent with a functional 

role in fiber assembly. The irregularity in transverse fibril profiles suggest collagen XII may 

stabilize the fibril surface with its absence resulting in abnormal lateral interactions.

Collagen XII deficiency alters FDL stiffness

Cellular arrangement and fibril packing are important determinants of biomechanical 

properties in mature tendon [49–51]. Therefore, an assessment of the biomechanical 

properties in mature wild type controls and Col12a1−/− FDLs was done (Fig. 5). Collagen 

XII deficient FDLs were significantly larger in cross-sectional area than the wild type FDLs. 

Col12a1−/− FDLs exhibited ~1.2 fold increase in stiffness compared to controls. However, 

no difference in modulus was observed when compared to wild type. Also, there was no 

difference in percent relaxation, a measure of viscoelasticity, between genotypes.

Altered tenocyte intercellular communication in the absence of collagen XII

We found that collagen XII deficiency alters tenocyte cell shape, arrangement and 

interactions leading to dysfunctional fiber assembly resulting in increased tendon stiffness. 

Tenocyte junctional interactions were analyzed. Tenocytes communicate via gap junctions 

[20,27,28] and are connected by various adhesion molecules [25]. The gap junction protein, 
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connexin 43 was localized in wild type and Col12a1−/− FDLs using immunofluorescence 

microscopy of transverse sections (Fig. 6A). Wild type tenocytes demonstrated a dendritic 

morphology with cellular processes extending laterally toward adjacent cells. Connexin 43 

was localized to where adjacent tenocyte processes interact, as expected. In contrast, the 

dendritic morphology was markedly disrupted/absent in Col12a1−/− FDLs. Connexin 43 

immunoreactivity was found in Col12a1−/− tenocytes, however it was poorly localized and 

difficult to characterize. No interacting tenocyte processes reactive for connexin 43 were 

observed. Western blots (Fig. 6B) demonstrated that connexin 43 expression was 

comparable in wild type and Col12a1−/− FDLs from both developing (P10) and maturing 

(P30) mice. Together, these data indicate that collagen XII is required for appropriate 

localization in tenocytes, but does not affect quantity of connexin. Cadherin 11, a major cell 

adhesion molecule in tenocytes, and N-cadherin were analyzed (Fig. 6B). No substantial 

changes were observed in the absence of collagen XII, cadherin 11 was equivalently 

expressed between wild type and Col12a1−/− FDLs at P10 and P30, whereas N-cadherin 

expression slightly declined in Col12a1−/− FDLs at P30. These data indicate that pericellular 

collagen XII mediates tenocyte interaction and communication.

To investigate whether pericellular collagen XII is involved in establishing functional 

interactions between tenocytes, collagen XII localization at the cellular level was analyzed 

using primary tenocytes obtained from wild type mouse FDLs (Fig. 6C,D). Collagen XII 

immunoreactivity was seen as puncta on the tenocyte cell surface in sub-confluent (under 

30% confluent) conditions (Fig. 6C). However, as cell density increased, collagen XII 

reactivity became less focal and was spread along the cell surface (70% confluent) 

enveloping the confluent tenocytes. Interestingly, we found that collagen XII was localized 

along tenocyte process and bridged adjacent cells prior to cell-cell contact being established 

(Fig. 6D). These data suggest that pericellular collagen XII provides a physical connection 

between neighboring cells thereby stabilizing cell shape and regulating cell-cell connection/

communication.

Pericellular collagen XII influences collagen I synthesis.

To further define the role of collagen XII in tendons, its localization was defined using 

cultured primary tenocytes from wild type and Col12a1−/− FDLs. Culture supernatant and 

cell layers were analyzed using Western blots (Fig. 7). Collagen XII was restricted to the cell 

layer in wild type tenocytes at both day 1 and 3 post confluence. Collagen XII was absent 

from both cell layer and supernatant of Col12a1−/− tenocyte cultures, as expected. This data 

supports a pericellular phenotype at tissue level. Since collagen I fibril assembly is initiated 

at the tenocyte surface, the role of cell-associated collagen XII in regulation of collagen I 

fibril assembly was examined. Collagen I was present in the cell layer and supernatant in 

both wild type and Col12a1−/− cultures. Quantitative analysis of collagen I normalized to β-

actin demonstrated that the amount of collagen I in cell layer was comparable between wild 

type and Col12a1−/− cultures at both day 1 and 3 post confluence. However, in the 

supernatant, collagen I was decreased at both day 1 and 3 in Col12a1−/− compared to wild 

type cultures. This is consistent with decreased collagen I in the absence of collagen XII 

suggesting that collagen XII signaling may increase collagen I synthesis.
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In summary, the absence of collagen XII alters tenocyte structure, interactions and 

intercellular communication. The loss of regulatory domains resulting from disruption in 

tenocyte organization and interaction results in abnormal tendon extracellular matrix 

assembly, specifically fiber assembly. The fibril associated roles of collagen XII influence 

fibril packing and fiber stability contributing to the abnormal matrix assembly. The data 

suggest structural changes in tenocytes and tendon fibrillar matrix in the absence of collagen 

XII as causative of the altered mechanical properties. In addition, disruption the tenocyte 

communicating network in the absence of collagen XII would be expected to have effects on 

the coordination of regulatory steps necessary to establish long range order.

DISCUSSION

Both cell- and extracellular matrix mediated collagen XII regulation of tendon structure and 

function is supported by this work. We demonstrated that collagen XII regulates tendon 

structure and mechanical properties through the regulation of tenocyte structure and 

organization, cell-cell communication, and via interaction with tendon collagen fibrils. All 

of these regulatory foci coordinately regulate assembly of the tendon hierarchal structure and 

therefore function. The dual regulatory roles for collagen XII are critical in determination of 

the hierarchal structure necessary for tendon function. The absence of collagen XII resulted 

in disruption of fibril, fiber and tenocyte structure as well as organization with the overall 

result being a structurally abnormal and mechanically deficient tendon.

Extracellularly, collagen XII interacts with collagen fibrils and mediates fibril packing both 

during fiber assembly and in mature fibers. In addition, collagen XII-fibril interactions may 

act to stabilize fibrils within fibers. Our analysis demonstrated that collagen XII regulates 

fibril packing with an increase in interfibrillar space in the absence of collagen XII. This 

phenotype also is seen in Col14a1 null mouse model, but only through perinatal stages when 

collagen XIV is expressed [51]. Collagen XIV is a FACIT and structurally very similar to 

collagen XII [51–53], fibril spacing regulation may be a general extracellular function of 

FACITs due to their large non-collagenous domains in the interfibrillar space during matrix 

assembly. There is no indication that a knockout of collagen XII influences expression of 

collagen XIV (data not shown).

Collagen I is the major protein in tendons and its extracellular matrix assembly into fibrils 

begins at the tenocyte surface [7] and collagen XII has been implicated in the regulation of 

fibrillogenesis [36,38]. Our data also shows that in the absence of collagen XII there are 

mild fibril structure changes consistent with abnormal lateral fibril growth [6,54]. Therefore, 

fibril associated collagen XII may also stabilize fibrils. However, other less direct 

mechanisms may be in effect. Small leucine rich proteoglycans (SLRP) are known 

regulators of lateral fibril growth in a variety of tissues including tendons [55–57]. Collagen 

XII is known to bind to decorin, a SLRP [58] that is a crucial regulator of lateral fibril 

growth [56]. Decorin expression also is reduced in human patients with a COL12A1 
mutation [47], alteration of fibril fusion may be caused by the decreased decorin signaling. 

Since FACITs and SLRPs are fibril associated molecules and collagen XII can be a 

proteoglycan [7], there may be some overlap in function that requires further investigations. 

Collagen V has a critical role of collagen fibril nucleation at the cell surface [6], including in 
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tendon [59]. Since the targeted deletion of collagen V in tendon alters fiber organization 

[30], collagens V and XII may interact pericellularly in the regulation of fiber organization 

and fibrillogenesis. However, further studies are required. In addition to the morphological 

findings, our cell culture study revealed that total secreted collagen I was decreased in 

Col12a1−/− tenocytes while pericellular collagen I was not changed. This suggest that 

collagen XII has a role in regulating signaling in collagen I secretion that may influence on 

fibril assembly and growth. Taken together, pericellular collagen XII may regulate collagen I 

fibril assembly as well as signaling that influences collagen I secretion, potentially together 

with other matrix molecules. Overall, extracellularly, collagen XII regulates fibril stability 

and has a role is assembly of fibrils into fibers.

Collagen XII also interacts with tenocytes. This works demonstrates that the lack of 

pericellular collagen XII alters tenocyte structure and organization. In the presence of 

collagen XII, wild type tenocytes extend of cellular processes in the transverse plane that 

interact with adjacent tenocyte processes. This compartmentalization of the developing 

tendon extracellular matrix is critical in regulation of tissue-specific fibrillar matrix 

assembly [1,2,60]. Specifically, these tenocyte-defined domains are the sites of fiber 

assembly. In the absence of collagen XII impaired lateral cytoplasmic process formation and 

compartmentalization was observed. This dysfunctional compartmentalization resulted in 

poorly defined fiber-forming domains with abnormal fiber that were poorly defined and just 

masses of collagen fibrils with no structure. Therefore, the alteration in tenocyte 

compartmentalization of the extracellular matrix resulted in a significant disruption of 

tendon hierarchal structure. In addition, collagen XII deficiency altered the columnar 

arrangement of tenocytes in longitudinal axis. This columnar organization precedes 

organization of the tendon fibrillar matrix during development and is important in the 

determination of tendon structure [25,61]. Our data indicate key roles for pericellular 

collagen XII in the regulation of the lateral and longitudinal tenocyte organization. 

Longitudinal and lateral tenocyte interactions are critical is establishing the tenocyte 

network necessary to coordinate long range assembly in the tendon.

Cell-cell interaction is regulated not only collagen XII but also collagen VI, and both 

collagens are required for establishing matrix bridges [29]. Collagen VI is a network 

forming collagen and often enriched in pericellular region[59]. Collagen VI related 

myopathies have have an overlap of symptoms with myopathic EDS, including joint 

hyperlaxity. In addition, recent studies demonstrated that collagen XII localization is altered 

in tenocytes from the patients with COL6A1 mutations [62], suggesting their coordinate 

regulation. In tendon, the absence of collagen VI alters tenocyte shape and hierarchical 

structure, similar to collagen XII deficient tendon[63]. However, in contrast to Col12a1 
deficiency, fibrils are packed with less interfibrillar space, and decreased stiffness in Col6a1 
deficient FDLs. Thus, collagens VI and XII coordinately regulate cell-cell communication in 

pericellular region, but these could be functionally different.

The unique tendon hierarchal structure is crucial for facilitating force transmission and 

mechanical function [1,5,64]. Our data show that the structural changes resulting from 

collagen XII deficiency alters tendon mechanics suggesting that collagen XII is necessary 

for normal tendon function. Specifically, collagen XII deficiency resulted in increased cross-
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sectional area and increased tendon stiffness without affecting other material parameters, 

such as stress relaxation and modulus. Collagen fiber/fibril organization, size, and 

connectivity all influence macroscale tissue function through dynamic interactions during 

mechanical loading (collagen re-alignment, uncrimping, and sliding). While these were not 

within the scope of the present work, they could be more sensitive to the changes reported 

and result in functional differences in dynamic or repetitive tissue function. In addition, 

changes in other compositional parameters such as crosslinking or in the non-collagenous 

matrix, could compensate for fibrillar deficiencies thus leading to unchanged tissue function. 

These remain open avenues to fully understand functional deficits in collagen XII knockout 

tendons and should be pursued in future studies.

Other collagens also regulate tendon biomechanics such as collagen V, VI, XIV. However, in 

contrast to collagen XII, deficiency of Col5a1[65], Col6a1[63] and Col14a1[51] demonstrate 

decreased cross sectional area and/or decreased tendon stiffness. Similar to collagen XII, 

these collagens also are enriched in the pericellular compartment, and some common 

features in their clinical manifestation, and have been suggested to have coordinated 

functions in the regulation of tendon matrix assembly and therefore function. Fiber 

compartmentalization allows for tendon deformation and movements and disruption at this 

level would be expected to impact this function. In addition, the evidence is also supported 

by the in vivo mouse data and clinical phenotype in myopathic EDS that results from 

mutations in COL12A1. Both the mouse model and affected patients show walking 

abnormality, hind limb expansion and/or contraction abnormality, and decreased grip 

strength in mice [30,45], and joint hypermobility and absence of deep tendon reflexes in 

myopathic EDS patients [16,17,45–47]. Because immobility is one of the causes of 

increased stiffness, lack of collagen XII may exacerbate the effects of immobilization.

We show that tenocyte network formation required collagen XII for proper formation. 

Therefore, we addressed the role of collagen XII in intercellular communication and 

adhesion. Our previous work in bone indicated that collagen XII regulates gap junction 

formation and intercellular communication [30]. In addition, collagen XII forms matrix 

bridges that provide a connection between adjacent osteoblasts during mouse bone 

development [29] and axon outgrowth after spinal cord injury in zebrafish [66]. Here, we 

identify collagen XII bridges connecting adjacent tenocyte processes. In addition, collagen 

XII deficiency disrupted connexin 43 localization and decreased cadherin consistent with a 

disruption in communication and cell adhesion. Therefore, in tendons, collagen XII in 

matrix bridges may provide a physical connection that stabilizes cell surface molecules for 

intercellular communication and adhesion. In addition, collagen XII is a mechanosensitive 

molecule [32–34,67,68], and mechanical stress caused by intercellular adhesion or tissue 

development [69] may be an inducer of collagen XII. Our culture studies demonstrated a 

decrease in collagen I in collagen XII deficient tenocytes. These data suggest that collagen 

XII provides a signal to tenocytes that up-regulates collagen I and, therefore, increases 

tendon matrix assembly. These lines of evidence suggest that increased mechanical stress on 

tenocytes during development induces collagen XII bridge formation, regulating the 

formation of stable functional communicating tenocyte networks that may coordinate signals 

necessary for long range coordination of tendon assembly.
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In our tenocyte culture assays, we demonstrated the pericellular function of collagen XII. 

We found collagen XII on tenocyte surfaces, and as cell density is increased surface-

associated collagen XII becomes more prominent and is found along processes and 

connecting neighboring tenocytes. This localization is consistent with collagen XII deficient 

mice demonstrating tenocyte disorganization, suggesting pericellular regulation. In addition, 

the presence on tenocyte processes suggests roles in regulating process interaction and 

matrix bridge formation. These findings suggest that pericellular collagen XII is a key 

regulator of tenocytes. In conclusion, our results indicate that collagen XII mediated cellular 

and extracellular mechanisms are critical in establishment of tendon structure and function.

Experimental procedures

Animals—The production of Col12a1 null mouse model used in this study has been 

previously described [30]. Male mice were used at P30, P60 and P90. At P14 or less gender 

was not determined. All animal studies were performed in compliance with IACUC 

approved animal protocols.

Primary tenocyte culture—Primary tenocytes were isolated after enzymatic digestion of 

excised tendons from neonatal mouse flexor digitorum longus (FDL) tendons using 

Collagenase B (Roche) as described previously [59]. Tenocytes were cultured in DMEM 

supplemented with 10% FBS (Invitrogen), 1mM 2-phospho-L-ascorbic acid (Sigma), and 

1% antibiotics (Invitrogen). The medium was changed every 2 days. The collected cells 

were used for immuno-fluorescence and Western blotting analyses.

Immuno-localization analysis—FDL tendons were dissected from wild type and 

Col12a1−/− mice at P4, P10, P30 and P90. Tissues were fixed with 4% paraformaldehyde, 

embedded in OCT medium, and stored at −80 °C. Transverse and longitudinal sections were 

cut and used for immuno-localization studies. Primary tenocytes isolated from neonatal 

mouse FDLs were cultured on glass coverslips and collected at 30%, 70% and 100% 

confluence. The coverslips were fixed with 4% paraformaldehyde for 15 min at room 

temperature and used for immuno-localization studies. Immunofluorescence localization 

was performed as previously described[30]. Rabbit anti-type XII collagen (1:1000 dilution; 

KR33), rabbit anti-Cx43 (1:10000 dilution, Sigma-Aldrich), and Alexa Flour 594 Phalloidin 

(Invitrogen) were used. Images were captured using an Olympus BX61 fluorescence 

microscope and Zeiss LSM980 with Airyscan confocal microscopy. Identical conditions and 

set integration times were used to facilitate comparisons.

Western blotting analysis—FDL tendons dissected from P4 and P30 wild type and 

Col12a1−/− mice, and primary tenocytes from neonatal mouse FDL described above were 

used for Western blotting analysis. Tendon preparation and immuno-blots were performed as 

previously described [51,59]. Cultured primary tenocytes were seeded at 1X105 cells/6cm 

dish and collected on day 1 and day 3 after confluence. The medium was replaced with 

serum-free medium 24 hrs before collection, and the conditioned medium was collected. 

The tenocytes were washed twice with PBS and extracted with 20 mM Tris-HCL pH 7.4 and 

0.3% Brij O10, Sigma-Aldrich. The total protein concentration was determined using a BCA 

protein assay kit (Pierce, Rockford, IL). Constant protein amounts were loaded for each 
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sample; FDL tissue (10 μg), cell culture (15 μg) and 20 μl of cell culture medium and used 

for SDS-PAGE using NuPAGE Protein gel system (Invitrogen). Westerns blots were done 

using rabbit anti-type XII collagen (1:1000 dilution; KR33), rabbit anti-type I collagen 

(1:1000 dilution; Millipore), rabbit anti-Cadherin11 (1:500 dilution; Invitrogen), and rabbit 

anti-N-cadherin (1:50 dilution; Cell Signaling), and β-actin (1:2000 dilution; Millipore) 

were used as loading controls at 1:1000 dilution. The signals were detected with an ECL 

system (Amersham Biosciences). The films were scanned using Amersham imager system 

and semi-quantitative analysis was performed by measuring the individual band densities in 

Quantity One software. Statistics were performed using Student’s t tests. The numeral data 

were presented as means ± SD.

Transmission Electron Microscopy—FDL tendons from P4 and P30 wild type and 

Col12a1−/− mice were analyzed by transmission electron microscopy (TEM). FDL tendons 

were dissected and fixed in 4% paraformaldehyde, 2.5% glutaraldehyde, 0.1 M sodium 

cacodylate, pH 7.4, with 8.0 mM CaCl2, post-fixed with 1% osmium tetroxide [1,65]. After 

dehydration in an ethanol series, followed by propylene oxide, the tissue samples were 

infiltrated and embedded in a mixture of EMbed 812, nadic methyl anhydride, dodecenyl 

succinic anhydride, and DMP-30 (Electron Microscopy Sciences, Hatfield, PA). Ultra-thin 

sections (90 nm) were cut using a Leica UCT ultramicrotome and post-stained with 2% 

aqueous uranyl acetate. Cross sections from the mid-plantar regions of FDL tendons were 

examined at 80 kV using a JEOL 1400 transmission electron microscope equipped with a 

Gatan Ultrascan US1000 2K digital camera. Semi thin sections (~1um) were cut and stained 

with toluidine blue and the images were captured with an Olympus BX61 light microscope.

Fibril morphological analysis—For each genotype, 4–5 tendons from 4 different 

animals at P4 and 3 tendons from 3 different animals at P60 were analyzed. Fibril diameters 

were measured with a RM Biometrics-Bioquant Image Analysis System (Nashville, TN) 

using randomly chosen, masked digital images analyzed at a final magnification of 

118,790X. For measurements at P4, a constant area of 0.47 μm2 per image was utilized that 

contained cross-sectional fibril profiles free of cell processes. The count per image was 104–

110 fibrils measured, with 24 images measured for wild-type (total fibril count of 2643) and 

30 images for the null genotype (total fibril count of 3118). For measurements at P60, a 

constant area of 1.46 μm2 per image was utilized that contained cross-sectional profiles free 

of cell processes. The count per image was 62–84 fibrils measured, with 15 images 

measured for wild-type (total fibril count of 1266) and 15 images for the Col12a1−/− 

genotype (total fibril count of 926).

Biomechanical Analysis—Biomechanics were analyzed in P60 wild type and 

Col12a1−/− mouse FDLs as previously described [14,51,65]. Briefly, FDLs were dissected 

and cleaned of surrounding soft tissue. Cross-sectional area of the FDL was measured using 

a custom-built laser-based device as previously described [70]. Each end of the tendon was 

glued to sandpaper 5mm apart and stain lines were placed 2.5mm apart in the midsubstance 

to allow for optical strain tracking [51]. Tendons were then immersed in a 37°C phosphate-

buffered saline bath and tested in an Instron 5543 mechanical testing machine (Instron 

Corp.). Samples were clamped in custom test fixtures and subjected to a standard testing 
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protocol consisting of preconditioning, a stress relaxation test and a ramp to failure as 

described previously [71]. All mechanical parameters were calculated from optical tracking 

data using custom software. Statistical comparisons of mechanical parameters, specifically 

cross-sectional area, percent relaxation, stiffness, and modulus, were performed using 

Student t-tests (significance at p ≤ 0.05).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Collagen XII is localized both in the tendon matrix and associated with 

tenocytes in developing, maturing and mature tendons.

• Collagen XII regulates collagen I fibril packing and fiber assembly.

• Col12a1 deficiency alters tenocyte organization and disrupts cell-cell 

connections, resulting in deformation of tendon hierarchal structure and 

reducing mechanical properties.

• Collagen XII regulates intercellular communication by building matrix 

bridges in between adjacent tenocytes facilitating gap junction formation.
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Fig 1. Expression of collagen XII during mouse tendon development and maturation.
(A) Quantitative analysis of collagen XII was performed by Western blotting from P4, P10, 

P30 and P90 Col12a1+/+ and Col12a1−/− mouse FDL tendons. The collagen XII expression 

was stable during tendon development. (B-E) Collagen XII localization was analyzed by 

immunofluoresence in P4, P10, P30 and P90 mouse FDLs. Collagen XII reactivity was 

present throughout the tendon with no change in distribution with age. At P30 and P90 

reactivity was less than in the younger tendons, but with same distribution. DAPI, blue for 

nuclei. Bar = 50 μm.
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Fig 2. Tenocytes and fiber domain structure in cross and logitudinal sections.
(A-D) Cross sections of FDLs were stained with Toluidine blue and (E-J) longitudinal 

sections were stained with phalloidin and DAPI. At P4, Col12a1+/+ FDLs consisted of 

tenocytes and collagen fibers (asterisks). The domains, defined by the tenocytes containing 

fibers, are clearly defined (A), whereas no clear fiber domains are detected in Col12a1−/− 

FDLs (B). At P30, Col12a1+/+ tenocyte processes (arrows) interact with processes from 

neighboring cells and clearly define the fiber domains (asterisks) (C). In contrast, tenocyte 

processes (arrow heads) and fiber domains are disorganized and poorly defined in 
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Col12a1−/− FDLs (D). Phalloidin staining of longitudinal sections demonstrates that 

tenocytes (arrows) are parallel and orientated along with the longitudinal axis at P4 (E). At 

P10 and P30, the tenocytes become attenuated along the tendon axis (F, G). In Col12a1−/− 

FDLs at P4, the actin cytoskeleton is less developed, and tenocytes are poorly organized 

(arrowheads) (H). Tenocyte structure (cytoskeleton) is disrupted, and the tenocytes are 

disorganized with the tendon axis hard to define at P10 (I) and P30 (J). Scale bars 50 μm 

(A-D) and 25 μm (E-J).
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Fig 3. Altered tenocyte process formation and fibril spacing in the absence of collagen XII.
FDL cross sections from P4 and P30 Col12a1+/+ and Col12a1−/− mice were analyzed by 

transmission electron microscopy (TEM). At P4, Col12a1+/+ tenocytes extend their 

processes (arrows) and interact with adjacent cells. Fibers (asterisks) are surrounded by 

tenocyte processes (A). In contrast, tenocyte processes (arrowheads) are unclear and no 

obvious, well defined fibers are observed in Col12a1−/− FDLs (B). At P30, similar to P4, 

Col12a1+/+ tenocytes have fine processes (arrows) and clear fiber domains (asterisks) (C), 
whereas no clear tenocyte processes (arrowheads) and fiber domains are found in the 

Col12a1−/− FDL (D). Scale bars 2 μm.
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Fig. 4. Abnormal tendon collagen fibril packing in the absence of collagen XII.
Cross sections of fibrils from FDLs were analyzed using transmission electron microscopy. 

(A-B) At P4, fibril diameters are uniform with normal circular cross-sectional profiles in 

Col12a1+/+ FDLs. In Col12a1−/− FDLs, fibril spacing is increased (asterisks) and fibril 

packing is irregular. (C-D) At P30, Col12a1+/+ fibrils are well packed with circular 

crosssectional profiles (C), whereas in Col12a1−/− FDLs aberrant fibril packing is observed. 

In addition, abnormal fibrils are seen with altered fibril growth resulting in irregular cross-

sectional profiles. Arrows indicate irregular fibril profiles (D.) Scale bars 200nm.
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Fig 5. Biomechanics in Col12a1+/+ and Col12a1−/− FDLs.
Biomechanics were analyzed in P60 Col12a1+/+ and Col12a1−/− mouse FDL tendons. (A) 
Col12a1−/− FDLs are significantly larger in cross-sectional area than Col12a1+/+ FDLs. (B) 
There was no difference in percent relaxation, a measure of viscoelasticity, between the two 

groups. (C) Col12a1−/− FDLs exhibits increased stiffness compared to wild type controls. 

(D) No significant change is detected in modulus in Col12a1−/−, when compared to the wild 

type controls.
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Fig 6. Collagen XII regulates establishment of a communicating tenocyte network.
(A) Connexin 43 immunolocalization was performed in primary tenocytes obtained from 

FDLs of Col12a1+/+ and Col12a1−/− neonatal mice. Tenocyte structure was visualized after 

staining of the cytoplasmic filamentous actin network with Alexa 594 Phalloidin (red) and 

nuclei were stained with DAPI (blue). Col12a1+/+ tenocytes are dendritic and connexin 43 

(green) is localized where tenocyte processes interacted with other processes from adjacent 

tenocytes. In contrast, Col12a1− /− tenocytes have altered shapes with no clear processes, 

and no specific localization of connexin 43 is observed. Scale bars 25 μm. (B) Connexin 43 
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and cell adhesion molecules were analyzed by Western blotting in P10 and P30 FDLs from 

Col12a1+/+ and Col12a1−/− mice. Connexin 43 and cadherin 11 expression is equivalent 

between Col12a1+/+ and Col12a1−/− at both P10 and P30. N-cadherin expression is similar 

between genotypes at P4, but slightly decreased in P30 Col12a1−/− FDLs when compared to 

Col12a1+/+. b-actin was used as an internal control. (C,D) Collagen XII localization was 

analyzed in primary tenocytes obtained from Col12a1+/+ FDLs. (C) Immunostaining for 

collagen XII (green), phalloidin (red) and DAPI (blue) was analyzed in 30%, 70% and 100% 

confluent cell cultures. At 30% confluence, few intercellular connections are formed. 

Collagen XII is detected as punctate structures on the tenocyte surface (arrowheads). At 70% 

confluence, intercellular connections begin to form. Collagen XII is localized along the 

processes connecting neighboring cells (double arrows). At 100% confluence, collagen XII 

forms a network connecting neighboring cells. (D) Collagen XII forms bridges between 

neighboring cells before they establish physical connection. Scale bars 100 μm.
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Fig 7. Collagen XII is associated with the pericellular matrix and influences collagen I secretion.
Collagen I secretion was analyzed in primary tenocytes obtained from Col12a1+/+ and 

Col12a1−/− FDLs. Cell layer and culture supernatant were harvested at 1 (A) and 3 (B) days 

after confluence and analyzed for collagens I and XII content by Western blotting. b-actin is 

used as an internal control. Collagen XII was found in cell layer at day1 and 3, but not in the 

supernatant (A, B). Collagen I was found in both the cell layer and culture supernatant as 

expected. In the cell layer, the collagen I content is comparable between genotypes on both 

culture days. However, collagen I in the supernatant is decreased in Col12a1−/− cultures at 
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both time points when compared to wild type. (C,D) Quantitative analysis of collagen I at 

day 1 (C) and day 3 (D) was performed. In wild type controls, more collagen I is present in 

the supernatant than in the cell layer at both time points, whereas there is less in the 

Col12a1−/−cell layer. Compared to wild type controls, a significant reduction of collagen I in 

Col12a1−/− supernatants is found in both culture days.
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