1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Mod Rheumatol. Author manuscript; available in PMC 2019 November 01.

-, HHS Public Access
«

Published in final edited form as:
Mod Rheumatol. 2018 November ; 28(6): 933-940. doi:10.1080/14397595.2018.1466644.

Essential role of Mohawk for tenogenic tissue homeostasis
including spinal disc and periodontal ligament

Ryo Nakamichi2P.¢, Kensuke Kataoka?, and Hiroshi Asahara®¢
aDepartment of Systems Biomedicine, Tokyo Medical and Dental University, Tokyo, Japan

bDepartment of Orthopaedic Surgery, Okayama University Graduate School of Medicine,
Dentistry, and Pharmaceutical Sciences, Okayama, Japan

¢Department of Molecular and Experimental Medicine, The Scripps Research Institute, La Jolla,
California, USA

Abstract

Tendons and ligaments play essential roles in connecting muscle and bone and stabilizing the
connections between bones. The damage to tendons and ligaments caused by aging, injury, and
arthritis induces the dysfunction of the musculoskeletal system and reduces the quality of life.
Current therapy for damaged tendons and ligaments depends on self-repair; however, it is difficult
to reconstruct normal tissue. Regeneration therapy for tendons and ligaments has not been
achieved, partly because the mechanism, cell biology, and pathophysiology of tendon and ligament
development remain unclear. This review summarizes the role of the transcription factor, Mohawk,
which controls tendon and ligament cell differentiation, in the maintenance of cell homeostasis, as
well as its function in disease and the possibility of new therapeutic approaches.
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Introduction

Currently, musculoskeletal disorders are a major problem that affects healthy life(1). Within
the musculoskeletal system, tendons and ligaments serve as connective tissue. Tendons

connect muscles and bones and play an important role in transmitting force, and ligaments
connect bone to bone and regulate mobility and stability. Tendons and ligaments function in
various parts of the body. For example, the annulus fibrosus connects the vertebral bodies,
maintaining stabilization and allowing flexible movement of the spine(2). The periodontal
ligament (PDL) connects the teeth with the alveolar bone and acts not only as a stabilizer but
also as a sensory receptor for the masticatory system(3). Damage to and degeneration of
these tissues causes disorders and diseases associated with pain and disability, but the
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current therapy that relies on self-repair is not sufficient for the reacquisition of mechanical
strength(4). A better understanding of the molecular mechanism of the development and
homeostasis of tendons and ligaments is required for the conception of more advanced
therapy for these tissues. While research in this area is progressing, it is not as advanced as
that in other aspects of the musculoskeletal system.

To identify tissue-specific transcription factors present during embryogenesis and to clarify
the gene network involved in tissue development, we previously generated a whole-mount in
situ hybridization database, EMBRYS that details the expression of ~1,500 transcription
factors and cofactors during embryogenesis(5). Using this system, we found that the
homeobox protein Mohawk (MKkx) is specifically expressed in tendon- and ligament-related
tissues6) (Figure 1). Based on these findings, we generated Mkx-knockout mice and rats,
analyzed the function of this transcription factor under physiological conditions, and
obtained several interesting results(6)—(12). In this review, we report the mechanism
underlying tendon and ligament development and homeostasis, with special attention to
Mkx.

Structure of tendons/ligaments and limitation of the self-repair system

The smallest unit of tendon and ligament tissue is the collagen molecule. Initially, collagen
molecules organize into triple helical polypeptide chains, and these chains form cross-links
with each other. These structures are called collagen fibrils and they provide mechanical
strength. A collagen fiber is an aggregate of collagen fibrils wrapped with endotenon, and a
fiber bundle is an aggregate of collagen fibers. Aggregates of fiber bundles are wrapped with
epitenon, and these are named tendons(13), (14) (Figure 2).

Collagen fibrils are mainly composed of type I collagen, and endotenon and epitenon are
composed of type 111 collagen. Other collagen types that make up tendons include types 1V,
V, and VI115). Blood vessels, lymphatic vessels, and nerve tissues are present in endotenon
and epitenon, and they play an essential role in the maintenance of tendon and ligament
cells(16). Other extracellular matrix components include proteoglycans Decorin and
Tenascin C, which are important for collagen fiber polymerization, and Aggrecan, which
plays a role in reducing friction when collagen fibrils glide(16).

In the previous study, the repair system of tendon and ligament is reported that is divided
three phases(17)—(22): an inflammatory phase, a cell proliferative phase, and a remodeling
phase. The inflammatory phase occurs immediately after injury to several days thereafter.
Blood vessels present in the tendon sheath cause hematoma, which contains fibrin, platelets,
various growth factors, and cytokines. These attract neutrophils and macrophages to the
injured site, and angiogenic factors are also released at this time. The cell proliferation phase
begins from day 3 and lasts for several weeks after injury. This phase is classified into two
categories: exogenous repair and endogenous repair. In exogenous repair, fibroblasts migrate
to the injured site via macrophages because of lactic acid produced by ischemia tissue(23).
Fibroblasts produce irregular extracellular matrix mainly composed of type 11 collagen,
which forms mechanically weak and non-gliding tissue. In endogenous repair, tenocytes
migrate from the inner and outer tendon sheath and form a structure imitating collagen
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fibrils(24). Both repair systems work at the injured site, but exogenous repair works slightly
earlier than endogenous repair. In addition, the balance between the two repair systems
depends on the distance between the stump ends of the injured tendons, the injury range, and
post-therapy. The remodeling phase occurs 6 to 8 weeks after injury, and type 111 collagen is
slowly replaced with type I collagen. Type I collagen is rearranged in the axial direction of
the tendon, and its mechanical strength increases (Figure 3).

However, the strength of the repaired tendon is only 70-80% that of uninjured tendon even if
the repair system works sufficiently well, and currently it is difficult to mechanically
complete repair(4). Many studies have attempted to increase the regeneration potential using
transforming growth factor § (TGFp), basic fibroblast growth factor (FGF), vascular
endothelial growth factor (VEGF), insulin-like growth factor 1 and 2, plateletderived growth
factor, etc., which have been implicated in tendon and ligament repair. However, there is no
report stating that the strength of the repaired tissue attained the same level as that of
uninjured tendon and ligament(25)—(29). Therefore, to promote regeneration therapy, studies
on the mechanism of tendon and ligament development have drawn attention.

Current knowledge of tendon development

A transcription factor is a protein that binds the sequences of DNA and controls the rate of
transcription of multiple genes. Approximately 1800 genes in the human genome encode
transcription factors. Transcription factors play an essential role in determining cell fate and
development. Therefore, it is necessary to know what transcription factors are required
during tendon and ligament development.

Scleraxis (Scx) is involved in the early stage of tendon development(30), (31). Analysis of
Scx expression in wild-type mouse embryo confirmed expression in tendon progenitor cells
at the E9.5, early developmental stage(30), (31). The knockout of Scx causes the
development of hypoplastic tendon tissue in the entire body of the mouse. The induction of
tendon progenitor cells was intact in Scx—/— mice, but tendon formation was disrupted(32).
As a result, Scx is considered an important early marker in tendon development. In addition,
the expression of Scx was observed between the sclerotome and the myotome in the
embryonic somite. This area is named the syndetome and is the origin of the axial
tendons(33). The discovery of Scx accelerated the research on tendon development, and
there have been reports on the relationship between Scx and growth factors. FGFs induce the
expression of Scx in the syndetome and are involved in the differentiation of and interaction
between muscle and tendon(34). The induction of bone morphogenetic protein BMP12
(growth/differentiation factor, GDF 5), which belongs to the TGF superfamily, in
mesenchymal stem cells (MSCs) resulted in increased expression of Scx and type | collagen.
BMP12 plays an important role in tendon development via the TGFp/Smad pathway(35). In
addition, the expression of Scx was maintained through the TGFB/Smad 2/3 pathway by
adding mechanical stress to tenocytes, and this mechanical stress is important in the
maintenance of tendon homeostasis(36). Tenomodulin (Tnmd), which inhibits VEGF-
induced angiogenesis(37), is strongly expressed in mature tenocytes and it is useful as a late
marker of tendon development. Furthermore, Scx induces the expression of Tnmd(38). In
Tnmd-knockout mice, the cell proliferative capacity of tenocytes is low, and the collagen
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fiber bundles in tendons exhibit a non-uniform morphology(39). TGFf can induce the
expression of Scx and Tnmd. Since TGF is expressed only in muscles and chondrocytes at
the differentiation stage, it is suggested that interactions between muscle, tendon, and
cartilage are important during the differentiation stage(40). Furthermore, to evaluate the
function of Scx about tendon healing, is it is reported that Scx-induced MSCs are increased
the expression of Collal, Dcn, and Tnmd and are lost multipotency(8),(41),(42). In addition,
several reports indicate Scx positive progenitor cells exist in wound site within tendon
healing(43),(44). These reports have indicated that Scx has an important role not only in the
tendon development but also tendon regeneration. However, it is known that the expression
of Scx is substantially decreased after birth(45). Therefore, it is not only Scx that regulates
the differentiation of stems cells into tenocytes, but also other factors that are involved in the
homeostasis of post-natal tendons may be critical.

Curiously enough, many reports are focused the relationship between Scx and tendon, but
not focused about ligament. Recently it is reported that although Scx is expressed both
tendon and ligament in developmental stage, in Scx—/- mice , disrupted phenotype of
ligament is not seen in neonatal stage and hypoplastic phenotype of ligament is seen in
postnatal stage(32),(46). The closer analysis of this difference is also interesting.

Egrl is also an important transcription factor in tendon and ligament development. Egrl is
first detected at 12.5 of mice in the syndetome(47). Egrl-/- mice showed a reduction in the
number of collagen fibrils in embryonic tendons and exhibited reduced expression of
tendon- and ligament-related genes involved Scx(47). Moreover, the overexpression of Egrl
in MSCs induced the expression of tendon- and ligament-related genes(48). It is reported
that Egrl regulate the expression of Scx through TGFBsignal pathway(48), but Scx occurs in
earlierstage than Egrl in development(30),(31),(47), so Egrl has the function to maintain the
expression of Scx.

The function of Mkx in the development of tendons and ligaments

Mkx is the sole member of a newly characterized class within the three amino acid loop
extension (TALE) superclass of atypical homeobox genes encoding 353 amino acids. In
mouse embryos, the expression of MKkx is observed on E12.5 of mice in the syndetome(49).

There are two major phenotypes of Mkx—/— mice and rats. The first is hypoplastic tendons
and ligaments in the body at birth and the second is the degeneration of tendons and
ligaments after birth. For example, the Achilles tendon, the biggest tendon in the body, is
hypoplastic at birth in Mkx—/— mice and rats, and it was observed that the diameter of
collagen fibrils in the tendon was smaller in the Mkx—/— mice than in wild-type animals(6),
(10). Furthermore, bone tissue is newly formed within the Achilles tendon three weeks after
birth(10) (Figure 4). In the intervertebral discs, Mkx is expressed mainly in the outer annulus
fibrosus (OAF), the fibrous tissue that connects the vertebral bodies. In Mkx—/— mice, the
OAF is hypoplastic compared to that of wild-type mice at birth. The diameter of collagen
fibrils in the OAF is also smaller in the Mkx—/— mice than in the wildtype animals. In
addition, the intervertebral discs of Mkx—/— mice gradually degenerate with age causing
degenerative spondylosis(11) (Figure 4). These findings suggest that the OAF is important
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for maintaining the structure of the intervertebral disc and that Mkx plays an essential role in
this process.

The common point about these tissues is that they are all fibrous tissues formed mainly of
type | collagen. When Mkx is knocked out, the expression of type I collagen is reduced, the
tissues become hypoplastic, and the structure gradually degenerates. Quantitative real-time
polymerase chain reaction (QRT-PCR) analysis revealed the down-regulation of tendon- and
ligament-related genes, including Collal, Colla2, and genes in the SLRP family in the OAF
cells of Mkx—/- mice compared with those of wild-type mice(10), (11). Electron
microscopic observations showed that the collagen fibrils were significantly narrower in
Mkx—/- mice than in wild-type mice(6), (10), (11). These findings suggest that Mkx has an
important function in type | collagen tissue formation in tendons and ligaments.

The phenotypes of the Scx—/- and Mkx—/— mice are different. In Scx-/- mice, the
formation of tendons was disrupted, but in Mkx—/— mice, the tendons were formed but were
hypoplastic, and the number of tenocytes did not decrease(6), (32). These differences
suggest that Scx is essential in the early stage of tendon development and Mkx plays a
critical role in tendon maturation.

So, is there a direct or indirect relationship between Mkx and Egrl1? Egrl-/- mice did not
reduced expression of Mkx(47). Moreover, the overexpression of Egrl in MSCs did not
induce the expression of Mkx(48). On the other hand, the overexpression of Mkx in MSCs
did not affect the expression of Egr1(11). These results suggest that Mkx and Egrl affect
tendon and ligament development through different mechanisms. Furthermore, neither Mkx
nor Egrl knockout mice show any complete loss of tendon or ligament tissue. These results
indicate that some parts are linked or that unknown factors may exist in tendon and ligament
development. Current knowledge of the tendon transcription factor network in the
development of tendon in embryogenesis are shown (Figure 5)

The function of Mkx in the adult tendons and ligaments

Mkx expression is maintained in murine and human tendon and ligament cells. In human
anterior cruciate ligament (ACL) cells, the expression of Mkx gradually decreases during
aging or OA change progression7). Moreover, Mkx knockout in human ACL and OAF cells
resulted in a decrease in the expression of tendonrelated genes(7),(11). These findings
suggest that Mkx has the potential to maintain tendon and ligament cell productivity in
tissues at the adult stage.

Chondrogenic metaplasia is a representative degenerative change in the ACL. As mentioned
above, heterotopic ossification is seen in the Achilles tendon of Mkx—/- rats(10). Mkx is
also expressed and is functional in the PDL. Although no significant changes were observed
in the PDL of young Mkx—/— mice when compared with that of wild-type animals, the PDL
of aged Mkx—/- mice underwent osteogenic changes(12). Moreover, when the tenocytes in
the non-ossified patellar tendons of Mkx—/- rats were extracted and induced to differentiate
in vitro, the tenocytes progressed toward both cartilage and bone differentiation more readily
than those from wild-type animals(10). In contrast, MSCs overexpressing Mkx resisted
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chondrogenic, osteogenic, and adipogenic differentiation(11). These findings suggest that
Mkx has the potential to maintain tendon and ligament cell homeostasis at the adult stage.

The function of Mkx in the mechanobiology of tendon and ligament cells

Proper mechanical stimulation is essential for collagen production(50), and mechanical
signals promote MSC differentiation into tenocytes(51). MKkx is also responsive to
mechanical stimulation. Wild-type mice exhibited an increase in collagen fiber diameter and
density in response to physical treadmill exercise, whereas in Mkx—/- mice, tendons failed
to respond to the same mechanical stimulation. This suggests that Mkx has a role in the
response to mechanical stimulation(9). Furthermore, general transcription factor Il-I repeat
domain-containing protein 1 (Gtf2ird1) was found to play an important role in translating
mechanical stress to Mkx expression9). Gtf2ird1 is localized in the cytoplasm of unstressed
tenocytes and is translocated into the nucleus upon mechanical stretching to activate Mkx
expression, thereby acting as a mechanosensor(9).

The potential of regeneration therapy using stem cells inducing Mkx

One of the main approaches in tissue regenerative therapy is cell transplantation using stem
cells. It was reported that undifferentiated tendon stem/progenitor cells (TSPCs) as well as
the stem cell niche are present in tendon tissue(52). However, the number of TSPCs is very
low in adult tissues and their proliferative capacity is limited. Although many trial has done
for TSPC to increase viability or proliferation using compounds, growth factor, and
mechanical stimulation(53)—(55), it is presently difficult to achieve regenerative therapy by
using cell therapy directly with TSPCs. To overcome the above problems, it is necessary to
establish a system for the in vitro differentiation of tendon cells and to discover tendon-
specific master transcription factors. The identified master transcription factor can also be
used as a new differentiation marker of the tenocyte lineage, and it can be expected to lead to
the elucidation of the differentiation signal cascade.

In order to analyze the characteristics of Mkx as a key transcription factor, we prepared the
Mkxoverexpressing C3H10T1/2 cell line using a retrovirus. At first, the steady-state
expression of Mkx in C3H10T1/2 changed the cell morphology to a spindle shape similar to
tendon cells. Then, gene expression analysis by qRT-PCR was performed. Several genes that
are important in the formation of type | collagen tissue, such as the tenogenetic markers Scx,
Collal, and TNC, were strongly expressed when compared with the control group(11).
These results suggested that due to the expression of the tendon-specific transcription factor
Mkx, C3H10T1/2 differentiated into the tenocyte lineage and expressed the components of
extracellular matrix in tendon tissue. Further, it was confirmed that when these cells were
transplanted into mice with defects in OAF, type | collagen tissue of a size equal to those in
normal OAF tissue was observed(11). Moreover, to study the physical property of the newly
formed tissue, this transplant model was subjected to disc degeneration. Therefore, it was
confirmed that this newly formed tissue had the same physical properties as those of healthy
tissue(11). Although the lamellar structure of OAF was not fully reconstituted, the OAF
tissues regenerated by transplanted Mkx-overexpressing stem cells had sufficient physical
biomechanical property. These results show that the transcription factor Mkx plays an
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important role in inducing the differentiation of MSCs to tendon and ligament cells and that
these induced cells have potential application in regenerative therapy of tendon and ligament
tissue. In the future, it is necessary to establish a method for regulating the orientation of
collagen fibers synthesized by the transplanted cells (Figure 6).

Conclusion and future direction

We performed comprehensive gene expression analysis using a whole-mount in situ
hybridization database, EMBRY'S that details the expression of transcription factors and
cofactors during embryogenesis in the mouse. As a result, we discovered the new master
transcription factor Mkx in tendons and ligaments. Further, we succeeded in analyzing its
function under physiological conditions and provided insight for the improvement of tendon
and ligament regeneration therapy. Based on these findings, we are carrying out further
analysis of the intergenic network in order to establish a differentiation system for tendon
cells independent of viral vectors, and to produce tendon tissue-like organoids. We will
continue to pursue the advancement of regenerative therapy through integrative research on
the musculoskeletal system.
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Figure 1. Development and regener ation research based on EMBRYS.
(A) The scheme of WISH database creation. (B) WISH image of Mkx in EMBRY'S.
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Figure 2. Schematic drawing of tendon and ligament tissue.
Tenocytes synthesize collagens and proteoglycans. Collagen is organized in triple helical

polypeptide chains, and collagen fibrils are formed from collagen microfibrils. Collagen
fibrils are connected and wrapped with endotenon. A fiber bundle is an aggregate of
collagen fibers. Aggregates of these fiber bundles are wrapped with epitenon and paratenon,
and these are named tendon and ligament.

Mod Rheumatol. Author manuscript; available in PMC 2019 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Nakamichi et al.

Inflammatory phase (~ day3)

Hematoma was contained with Fibrin,
Plate, Growth factor, Cytokine, etc.
Migration of Neutrophil and Macrophage

Cell proliferation phase
(day3~few weeks)

Exogenous repair

Endogenous repair

Fibroblast migration
N

Type I collagen

Non-regular tissue

Tenocyte migration
¥

Type I collagen

Triple-loop herix

Remodeling phase (6-8 weeks™)

Scar | Mechanical strength is 70-80% of
tissue | non-injured tendon

Figure 3. Process of tendon and ligament healing.
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The process is divided into three phases: inflammatory phase, cell proliferation phase, and
remodeling phase. Tissues repaired by natural healing have insufficient mechanical strength
when compared with uninjured tendon and ligament.
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Figure 4. Venus expression in Venus knock-in mice and representative phenotypein Mkx-
knockout mice.

The figures on the left show Achilles tendon, tail tendon, back tendon, annulus fibrosus, and
periodontal ligament in Venus knock-in (= Mkx+/=) mice. Venus expression is identified in
tendons and ligaments. The figures on the right are comparisons between Mkx+/+ and Mkx
—/- mice. The major phenotype at young age is hypoplastic tendons and ligaments. The
major phenotype in adults is chondrogenic or osteogenic changes in tendons and ligaments.
These images are modified from references 6, 11, and 12.
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Figure 5. Current summary of key transcription factor in tendon development.
The expression of Scx, Mkx, and Egrl are induced by signaling cues and mechanical cues.

Scx is first expressed, and Mkx and Egrl are subsequently expressed. These factors activate

the expression of tendon and ligament related genes.
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Figure 6. Future plan for tendon and ligament regeneration or reconstruction therapy.
We hope that further analysis of the intergenic network will make it possible to establish a

differentiation system for tendon cells (Step 1), and to produce tendon tissue-like organoids
(Step 2).
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