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ABSTRACT
Tendons connect muscles to bones to transfer the forces necessary for movement. Cell-cell
junction proteins, cadherins and connexins, may play a role in tendon development and injury.
In this review, we begin by highlighting current understanding of how cell-cell junctions may
regulate embryonic tendon development and differentiation. We then examine cell-cell junctions
in postnatal tendon, before summarizing the role of cadherins and connexins in adult tendons.
More information exists regarding the role of cell-cell junctions in the formation and homeostasis
of other musculoskeletal tissues, namely cartilage and bone. Therefore, to inform future tendon
studies, we include a brief survey of cadherins and connexins in chondrogenesis and osteogen-
esis, and summarize how cell-cell junctions are involved in some musculoskeletal tissue pathol-
ogies. An enhanced understanding of how cell-cell junctions participate in tendon development,
maintenance, and disease will benefit future regenerative strategies.
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Introduction

Tendons are musculoskeletal tissues that transfer
mechanical forces from muscles to bones and are
vital for skeletal movement. A major clinical chal-
lenge is the limited healing ability of tendon. If
ruptured, tendon healing is characterized by the
formation of scar tissue1,2 and inferior mechanical
properties, compared to uninjured tissues.3 Even
with surgical repair, re-rupture rates range from
3.6% to 94% depending on the tendon, size of the
tear, age, and other factors.4–6 In addition, tendon
injury rates are climbing, with a 10-fold increase in
the incidence of Achilles tendon ruptures from
1979 to 2011.7 The limitations of existing treat-
ment options emphasize the need for tissue engi-
neering and regenerative strategies to improve
tendon healing and repair.

Regenerative tissue engineering approaches are
challenged by a limited understanding of how tendon
cells respond tomechanical and biochemical signals to
enable initial tenogenic differentiation during
embryonic development, and the formation and
maintenance of tendon’s highly organized extracellu-
lar matrix (ECM).8 The ECM in tendon is composed
primarily of collagen type (Col) I that accounts for
nearly 65–80% of the dry mass.9 The collagen plays

a critical role in transmitting tensile forces and is
hierarchically arranged, with collagen fibrils (nm
scale) bundled into collagen fibers and fascicles (mm
scale).9 In the adult tendon, tendon cells reside within
the fascicles and interfascicular membranes, and these
resident cells are thought to play a role in maintaining
the collagen matrix10 and the tendon length by cell-
mediated contraction.11 Though mature tendon is
typically considered to have a relatively sparse distri-
bution of cells, tendon cells are known to possess
direct cell-to-cell connections.12

Developing embryonic and postnatal tendons
are characterized by a dense cell network13,14

with adjacent cells in direct contact.15 These direct
cell-to-cell adhesions in tendon cells occur
through cadherins and gap junctions. For tendon,
cadherins and gap junctions may be particularly
relevant, as they are known mechanotransducers,16

and mechanical stimuli impact many aspects of
tendon formation, injury, and homeostasis.17–28

This review examines the cadherins and gap junc-
tions identified in developing and mature tendon,
and discusses what role these cell-cell junction
proteins might be playing in the formation, main-
tenance, and mechanoregulation of tendon. Like
tendon, cartilage and bone are musculoskeletal
tissues of mesenchymal lineage, but the cell-cell
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junctions in these tissues have been more exten-
sively studied. Therefore, to inform future tendon
studies, we also include a brief review of cadherins
and gap junctions in chondrogenesis and osteo-
genesis, and in some musculoskeletal tissue
pathologies. Understanding the specific role of
cell-cell junctions in tendon cells and their impacts
on cellular responses may ultimately advance stra-
tegies to prevent tendon injury and improve
regenerative medicine and tissue engineering.

Cell-cell junctions in developing tendon

Embryonic tendon arises from a condensation of
mesenchymal cells that are tightly packed and are in
direct cell-to-cell contact.15 These embryonic tendon
cells are distinguishable from other musculoskeletal
cells of mesenchymal lineage (e.g., cartilage and bone
cells) by their expression of scleraxis,29mohawk,30 and
tenomodulin.31 The transcription factor scleraxis is
a regulator and early marker of tenogenesis,29,32–34 as
is the transcription factor mohawk.30 Scleraxis regu-
lates tenomodulin, a late stage tendon marker.31,35

Tendon cells constitute a significant portion of the
embryonic tendon structure.36 The amount of DNA
(as a measure of cell density) present in the calcaneus
tendons of embryonic chickens from Hamburger-
Hamilton stages (HH) 28 to 43 (e.g., embryonic day
(E) 5.5 to 18) accounted for between 3% and 9% of the
tendon dry mass, whereas hydroxyproline (a measure
of collagen) accounted for less than 5%of the drymass
at HH43.36

The organization of embryonic tendon cells
appears unique, with highly ordered cells tightly
packed and aligned to the long-axis of the tendon, as
observed in E13 chick metatarsal tendon, and E15.5
mouse tail tendon.37 A different study found that cells
in chick calcaneal tendon from HH34 to HH37 pos-
sessed a highly aligned andwell-organized actin cytos-
keleton network, with actin filaments that appeared
continuous between cells (Figure 1a).13 When the
actin cytoskeleton of the embryonic tendon cells was
disrupted with blebbistatin, a small molecule inhibitor
of non-muscle myosin contraction, the elastic modu-
lus of the tendon decreased significantly, suggesting
that the cells contribute to the embryonic tendon
mechanical properties.13 Overall, embryonic tendon
is highly cellular, with awell-organized and apparently
interconnected network of cells. While inherent dif-
ferences between avian andmammalian tendondevel-
opment may exist, embryonic tendons across species
as diverse as chick, mouse, and horse appear to share
the characteristics of high cellularity, alignment, and
direct cell-cell contact.37,38 Given this high cellularity
and cell alignment, cell-cell junction proteins are likely
candidates as regulators of embryonic tendon cell
organization. Therefore, we discuss the cell-cell junc-
tion proteins (mainly cadherins and connexins) that
have been identified in developing tendons and
explore their potential roles in tendon development.

Cadherins in embryonic tendon

To identify possible cell-cell junction proteins, a gene
microarray analysis of E13 chick metatarsal tendon

Figure 1. Embryonic tendons possess an organized actin cytoskeleton network, as well as cadherin-11 and N-cadherin cell-cell
junctions. (a) The high cell density and an organized actin cytoskeleton network are visible in the midsubstance of E11 chick
calcaneal tendons. Actin filaments (green) in embryonic tendon appear to form a continuous network between adjacent cells. (b)
Cadherin-11 (red) and (c) N-cadherin (red) are present in E13 chick metatarsal tendons, but N-cadherin is localized to the exterior of
the midsubstance of the tendon, while cadherin-11 appears in the interior of the midsubstance. Cell nuclei are labeled with blue.
Figure 1A used with publisher’s permission from Schiele et al. 2015.13 Scale bar = 10 μm. Figure 1B and 1C adapted with publisher’s
permission from Richardson et al. 2007.37
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was conducted.37 Gene expression for cadherin-11,
N-cadherin, R-cadherin, and connexin-32 and −43
was identified, but expression levels were highest for
cadherin-11.37 The presence of cadherin-11 in
embryonic tendon was also found using RT-PCR
and immunofluorescence staining. Specifically, cad-
herin-11 was present in the fascicles and in the inter-
fascicular space (Figure 1b), as well as in the cell-cell
contacts made by the embryonic tendon cells that
had been isolated and cultured in vitro.37 N-cadherin
was also found by immunofluorescence but appeared
to be produced mainly by tendon cells on the tendon
surface and not in the mid-substance of the tendon
(Figure 1c).37 When cadherin-11 expression was
knocked down using siRNA, the embryonic tendon
cells appeared to have disrupted cell-cell contacts and
collagen fibril organization.37 This study suggests
that cadherin-11 may regulate tendon cell condensa-
tion and may even play a role in alignment of col-
lagen fibrils. Cadherin-11 may also contribute to
limb patterning, since cadherin-11 expression was
shown by in situ hybridization to be restricted to
the distal, but not proximal, regions of developing
mouse limbs at E9.5 and E13.5.39 This same study
demonstrated that mouse embryonic fibroblasts
transfected with cadherin-11 cDNA adhered to
other cadherin-11-transfected cells, but did not co-
aggregate with cells transfected to express N-, E-, P-,
or R-cadherin.39 The proximal or distal restriction of
cadherin expression and the timing of expression of
multiple cadherins relative to cell condensation may
ensure correct tissue patterning during development.

N-cadherin is a regulator of cell adhesion and con-
nective tissue morphogenesis that has also been
explored in patterning of the musculoskeletal tissues
in the limbs. N-cadherin-null mice do not survive in
utero unless rescued with transgenic expression of
a cardiac cadherin.40 While non-rescued N-cadherin-
null mice survive to form forelimb buds at E9.5, they
are not viable by E11-E12 due to cardiac malforma-
tions, and further limb development cannot be
assessed.40 To address this limitation, a follow-up
study cultured forelimbs from rescued E10.5
N-cadherin-null mice ex vivo for 7 days (d), and
found that the limbs developed and did not differ
significantly from wild-type forelimbs in overall mor-
phology, size, and cellular condensation of chondro-
genic precursors.41 Although N-cadherin expression
was absent in the mutant limbs, expression of

cadherin-11 was not affected, indicating that cad-
herin-11 and other cadherins may drive limb devel-
opment in the absence of N-cadherin.41

The cardiac, neural, and connective tissue malfor-
mations in N-cadherin-null mice are likely due to the
role of N-cadherin in cell adhesion. Cell adhesion is
necessary for patterning in early development and is
controlled upstream of the cadherins by T-box tran-
scription factors.42 In mouse E16.5 forelimbs with
deletion of the T-box transcription factor (Tbx)5,
and E15.5 hindlimbs with deletion of Tbx4, muscle
patterningwas disrupted, and ectopic splitting ofmus-
cles of the zeugopod, the region of the developing limb
encompassing the forearm but excluding the digits,
was observed.42 In the forearms of E15.5 Scleraxis-
Green Fluorescent Protein (Scx-GFP)-expressing
mice, Tbx5 deletion led to changes in tendon mor-
phology. Specifically, there were fewer tendon fibers
present, fibers were thinner than normal, and some
fibers had fusedwith each other.42Despite the changes
observed in the tendons, the muscles still made myo-
tendinous attachments, and tendons developed
entheses (tendon-to-bone attachments) on the form-
ing skeleton, indicating that crosstalk between the
developing muscles, bones, and tendons was still
intact.42 The same study also found that N-cadherin
expressionwas significantly lower in Tbx5 nullmice,42

as was expression of β-catenin, a protein that couples
with cadherins to facilitate cytoplasmic anchoring to
the actin cytoskeleton and participates in both cell
adhesion and signaling via the wingless/integrated
(Wnt)/β-catenin pathway.43 Although N-cadherin
and β-catenin expression was reduced, expression of
cadherin-11 and Tcf4, a downstreamWnt target, were
unaffected, suggesting that Tbx5 deletion specifically
affects N-cadherin and β-catenin, but does not glob-
ally disrupt cadherins or Wnt signaling.42 These find-
ings suggest that N-cadherin and regulation by Tbx5
are necessary for early embryonic tendon develop-
ment and patterning, but more research is needed to
understand how N-cadherin is participating in early
tendon formation. In a different study, differentiation
of dermal fibroblasts toward a myofibroblast pheno-
type was characterized by a transition from
N-cadherin to cadherin-11 expression.44 This process
may occur when stronger bonds are needed between
cells, as cadherin-11 bonds were found to have twice
the strength as N-cadherin bonds.45 Therefore, it is
possible that tenogenically differentiating embryonic
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tendon cells express specific cadherins that have dif-
ferent bond strengths during specific developmental
stages, though this will need further study. Taken
together, both N-cadherin and cadherin-11 are
found in embryonic tendons and appear to be
involved in cell condensation and early tissue forma-
tion and patterning. A deeper understanding of how
these cadherins contribute to tenogenic differentiation
and ultimately functional tendon formation will be
immensely valuable.

Other cadherins may also be regulating tendon
development. The protocadherin Fat-1 is expressed
in tissues of mesenchymal origin during early
embryonic development.44 Fat-1 controls cell
proliferation during early musculoskeletal tissue
development and cell condensation,46 and has been
shown to regulate both transforming growth factor
beta (TGFβ)47 and Wnt/β-catenin signaling.48

Genetic ablation and in situ hybridization in E12.5
mice showed Fat-1 is required in mesenchyme-
derived connective tissue formation.46 Conditional
Fat-1 knockouts displayed abnormal morphology of
the cutaneous maximus muscle and innervating
motor neurons.46 Muscle formation is needed for
subsequent tendon development,49 but Fat-1 expres-
sion persisted in Pax3 cre/cre knockout mice, which
lack skeletal muscle cells, suggesting that Fat-1
expression may be driven by mesenchymal or con-
nective tissue cells, rather than muscle cells.46 Effects
of Fat-1 disruption were further shown to vary by
cell and tissue type: extensive muscle-shape pattern-
ing defects resulting from Fat-1 ablation were seen in
mouse mesenchymal cells, but not motor neuron
cells.46 In situ hybridization showed overlapping
Fat-1 and scleraxis expression, and Fat-1 was
required for the developing connective tissue precur-
sors to interact with the cutaneous maximus muscle
progenitors that were concurrently forming.46 As
tendon progenitors arise from embryonic
mesenchyme,50 correct patterning of the mesench-
yme and the contribution of Fat-1 to this patterning
may be important for tendon development.
Furthermore, the reciprocal signals exchanged
between different progenitor populations (muscle,
tendon, cartilage, bone) during limb patterning are
essential for the correct development of the limb and
associated connective tissues. Several distinct sub-
types of connective tissue are derived from

progenitors influenced by Fat-1 expression, including
tendons, making Fat-1 a useful target for further
research in tendon development.

Fat-1 expression may also contribute to proxi-
modistal orientation during limb patterning. In
E9.5-E13.5 mouse limb buds, proximal restriction
of Fat-1, coupled with distal expression of cad-
herin-11, may ensure correct patterning by region-
ally inhibiting Wnt signaling.39 In HH16-HH24
chick forelimb buds, whole mount in situ hybridi-
zation showed that Fat-1 expression was restricted
to tendon primordia of proximal regions, but
expression extended to the proximal and inter-
mediate regions of the forelimb at HH27, and
was detectable in mesenchymal cells between the
developing digits at HH28.51 In contrast, hin-
dlimbs had extended stretches of expression into
the interdigit mesenchyme at HH27. Fat-1 was
expressed diffusely in regions of developing ten-
don cells, but only proximally in developing chon-
drocytes, suggesting that expression of Fat-1 may
be grouping specific cells together to form and
maintain digit patterning and distinct musculoske-
letal connective tissues.51

A few potential regulators of cadherins during
differentiation have emerged. Decorin,
a proteoglycan involved in cell signaling,52 col-
lagen fibrillogenesis,53 and aging of tendon,54

may be important for the cell aggregation phase
of musculoskeletal tissue development, before var-
ious cell precursors have differentiated into ten-
don, muscle, cartilage, or bone. Micromass
cultures of limb mesodermal cell precursors from
HH25 chicks showed significant upregulation of
Sox9 and cadherin-11, but no changes in scleraxis
expression when cells were treated with human
decorin for 1 d, and gene expression was analyzed
at 2 d.55 Cadherin-4, −7, and −13, and N-cadherin,
were unaffected. Interestingly, there was no upre-
gulation of Sox9, cadherin-11, and scleraxis when
decorin was added after 4 d of culture and gene
expression analyzed at 5 d.55 While Sox9 is con-
sidered a chondrogenic marker, it promotes the
common cell aggregation step necessary for the
cartilage/tendon/ligament specification that takes
place in early embryonic development.56 In this
case, the upregulation of Sox9 may be due to
decorin influencing the cell aggregation and
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condensation step that precedes differentiation.55

The same study showed via in situ hybridization of
whole limb mounts from HH20-31 chicks that the
expression patterns for decorin, cadherin-11, and
TGFβ2 overlapped at HH30 in the joint and ten-
don blastemas of the embryonic digits.55 Addition
of TGFβ2 to HH22 limb bud explants upregulated
decorin but increased decorin expression was lost
when TGFβ2 signaling was blocked using the
Smad2 inhibitor SB431542.55 Finally, in decorin-
silenced mesenchymal cells, expression of Sox9
was significantly decreased, and expression of
scleraxis was significantly increased, compared to
control cells with functional decorin, though cad-
herin-11 expression was not examined.55

Collectively, these results highlight overlapping
expression of cadherin-11, TGFβ2, and decorin
during differentiation of musculoskeletal tissues.
The increase in decorin expression seen with the
addition of TGFβ2 suggests that decorin and cad-
herin-11 are downstream targets of TGFβ2 signal-
ing. Lack of decorin may lead to tendon
pathologies via cadherin reduction. Decreased dec-
orin expression has been proposed as a cause of
abnormal collagen formation and tendon hypopla-
sia in mohawk-null mice.30 The observed disrup-
tions of the collagen matrix and gross morphology
may be due to disruption of cadherin-11-mediated
cell aggregation driven by the decorin deficiency.
More research is needed to understand how dec-
orin responds to TGFβ2 signaling and mediates
expression of cadherin-11 and, potentially, other
cadherins in developing tendons.

The cytoplasmic anchor of the cadherins, β-
catenin, may also be involved in tendon develop-
ment. β-catenin facilitates the formation of cell-cell
junctions bymodulating actin cytoskeleton-cadherin
coupling through association with α-catenin and
vinculin.57,58 β-catenin was found to be necessary
for this process, as the α-catenin/vinculin complex
is only capable of binding the actin cytoskeleton
directly, and thus requires β-catenin to form linkages
with cellular cadherins and the actin cytoskeleton.57

β-catenin regulates cell growth through the Wnt
pathway, and is constitutively expressed in the cyto-
sol, where it is regulated via Axin, casein kinase (Ck)
1, and glycogen synthase kinase (GSK)3β.59,60 In E13
chick metatarsal tendon, relatively high levels of β-
catenin gene expression were identified by

microarray analysis, along with cadherin-11.37 β-
catenin upregulation was observed in tendon cells
adjacent to a 14-gauge needle puncture injury in the
Achilles tendon of 6-week old rats.61 Interestingly,
tendon cells had decreased gene expression for scler-
axis, mohawk, and tenomodulin when Wnt/β-
catenin signaling was chemically activated during
in vitro cell culture.61 The same study found that
activation of Wnt/β-catenin signaling decreased cel-
lular levels of Smad2 and 3, and that Wnt/β-catenin
activation suppressed tenogenic genes.61 However,
in a different study, equine bone marrow-derived
mesenchymal stem cells (MSCs) encapsulated in col-
lagen gels in vitro upregulated tenomodulin and
decorin gene expression with β-catenin
activation.62 Taken together, β-catenin interacts
with cadherins and regulates cell behavior, and
maybe both pro- and anti-tenogenic, depending on
specific culture conditions or cell phenotypes. Future
studies are needed to investigate how β-catenin may
be regulating cadherins in tendon and how β-catenin
impacts tenogenic differentiation and tendon
formation.

Connexins in embryonic tendon

In addition to cadherins, gap junction proteins (con-
nexins) are expressed in embryonic tendon.37 The
involvement of connexin-43 and another gap junc-
tion protein, connexin-32, in the differentiation of
multiple stem cell lineages, and particularly in bone
development and homeostasis, has been highlighted
in recent reviews.63,64 Connexin-32 and −43 have
been found in murine,12 rat,65 avian,37,66 equine,38

and ovine tendons.67 However, there is limited infor-
mation on the role of connexins in tendon develop-
ment. While both connexin-32 and −43 are
expressed in tendon, their localization is different.
In adult rat digital flexor tendons, connexin-43 has
been found in the tips of cell processes and between
cell bodies, while connexin-32 appears to be con-
fined between the bodies of adjacent cells.12 Though
the functional significance of this pattern is not fully
understood, it is possible that connexin-32 and
connexin-43 enable a differential response to
mechanical loading.66 As embryonic tendon
responds to mechanical stimuli,26 gap junction-
mediated mechanotransduction may be involved,
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but the effects of blocking this communication dur-
ing embryonic development have not been explored.

To further elucidate the role of gap junctions in
developing tendons, connexin-32 and −43 expres-
sion during development has been examined by
several studies. Using immunofluorescence stain-
ing, one study identified connexin-32 and −43 in
the superficial digital flexor tendon (SDFT) and
common digital extensor tendon (CDET) of fetal
and mature horses.38 Expression of connexin-32
and −43 peaked in developing tendons, and
decreased in the first 6 months of life. Fetal tendons
had significantly larger areas of labeled connexin-32
and −43, compared to tendons from young (1–6
months), young adult (2–7 y), and old (18–33 y)
horses (Figure 2). There were no differences in
expression of either connexin between the SDFT
and CDET at any age.38 While both connexins
were present throughout development, their pat-
terns of expression and localization differed
between ages, with more widely distributed expres-
sion and overall larger expression areas observed in
fetal tendons compared to all older stages.38

Another study examined the expression of con-
nexin-32 and−43 during ovine tendon development.
Ovine calcaneal tendons at two different fetal stages
(mid-gestation and late gestation, when the tendons
were 14 cm and 40 cm long, respectively) had a more
developed endotenon, as well as differences in cell
shape.67 Cells frommid-fetal tendons had a rounded
morphology, which became fusiform and regionally
aligned in late-gestation cells. Adult cells were elon-
gated and displayed a parallel arrangement along the
longitudinal axis of the tendon.67 Only cells from
mid-fetal stage tendons expressed regenerative
growth factors and pluripotent stem cell markers.67

Cellularity was higher in mid-fetal tendons com-
pared to both late-fetal and adult tendons, with
increased cell proliferation compared to the two
later stages. Connexin-32 and −43 were produced
at similar levels during both fetal stages but
decreased significantly in adult tendons. Gene
expression revealed significant decreases in Col I,
Col III, scleraxis, tenomodulin, thrombospondin 4,
osteocalcin, and TGFβ1 between the mid-fetal ten-
don cells and both the late fetal and adult tendon

Figure 2. Longitudinal cryosections from equine CDET and SDFT tendons labeled for connexin-32 and connexin-43. (a) Connexin-32
(green) labeled in tendons from fetal, foal, and mature horses. (b) Connexin-43 (green) labeled in tendons from fetal, foal, and
mature horses. Cell nuclei are labeled with red. Scale bar = 80 μm. Figure used with publisher’s permission from Stanley et al.
2007.38.

e1695491-6 S. K. THEODOSSIOU ET AL.



cells.67 Taken together, these results highlight
a progressive and rapid decrease of tendon marker
gene expression throughout development, and show
that this decrease begins in utero in an ovine model.
The decreased production of connexins is note-
worthy, since gap junction communication may be
needed during development to coordinate the
response to mechanical load and other stimuli driv-
ing tendon formation. The decrease in connexins
with age may reflect a reduced ability to regenerate
adult tendon, as embryonic tendon is known to heal
scarlessly.1 Embryonic tendon expresses both con-
nexin-32 and −43, and this expression rapidly
decreases following birth. However, it is unknown
if changes in connexin expression are consistent
across species or tendons (e.g., calcaneus vs digital
flexor). It is also unknown how these gap junctions
may be regulating tenogenic differentiation.

Connexin-43 expression was found to overlap
with growth/differentiation factor (GDF)-5 expres-
sion during embryonic mouse limb development.68

GDF-5 and connexin-43 expression were localized
to the condensing digit and long bones of the hin-
dlimb at E12.5, the perichondral regions of the
forelimb at E13.5, and to the elbow and hip joint
surrounding the femoral head from E12.5 to
E14.5.68 Colocalized expression of GDF-5 and con-
nexin-43 was also detected in tendons of the hip at
E14.5, and around the tendons of each toe at E15.5,
indicating that GDF-5 and connexin-43 are both
present in embryonic tendon.68 Together these
results highlight that connexin-32 and −43 gap
junction proteins are present in embryonic tendon.
However, the specific contributions of connexins to
embryonic tendon development remain unknown,
and future studies correlating connexin expression
with functional cellular communication and teno-
genesis are needed.

Cell-cell junctions in postnatal tendon

In the developing mouse, early postnatal tendon
appears to resemble embryonic tendon structure,
with high cell density and low collagen content.14

For example, the Achilles tendon of a mouse at
postnatal day (P)4 contains less than 3% collagen
and by P28 is still only 36% collagen.69 In an
ovine model, tendon cells accounted for 33.4%
of the digital flexor tendon volume after 1 week

of development, whereas at 40 weeks tendon cells
accounted for less than 6% of the volume.70 This
high cell density in postnatal tendon suggests that
the tendon cells have the potential to maintain
direct cell-to-cell connections. Postnatally,
mechanical forces significantly increase from the
development of weight-bearing locomotor
behavior,71 as do tendon mechanical properties
and tenogenesis. Gene expression for scleraxis
and tenomodulin was found to peak at P7 in
the Achilles tendons of mice, when compared to
P1 or later ages.72 However, relationships between
postnatal tendon formation and cell-cell junction
proteins have not been extensively investigated.
One study conducted a proteomic analysis of P1
mouse tendon cells from the flexor digitorum
longus to determine the proteins in the pericel-
lular regions. Potential cell-cell junction proteins
were identified and include Fat-4, protocadherin-
15, cadherin-13, and catenin alpha-1, a protein
involved in linking cadherins to the actin
cytoskeleton.73 Additional studies are needed to
understand how these proteins change through-
out development and contribute to postnatal ten-
don formation.

Though few studies have examined cell-cell
junctions in the early postnatal stages, connexins
have been shown to decrease postnatally in horses.
As described above, connexin-32 and −43 were
significantly reduced from the fetal to the postna-
tal (1 to 6 months) stage in horse SDFT and CDET
tendons, though these gap junctions were still pre-
sent at all ages.38 However, the reduction in con-
nexin-32 and −43 from the fetal to the postnatal
(e.g., foal) stage is noteworthy, since tendon devel-
opment continues after birth and is exposed to
increasing mechanical stimuli from the onset of
weight-bearing locomotion.

Taken together, tendon cells express gap junc-
tion proteins and a range of cadherins during
embryonic and postnatal development (Table 1),
but more work is needed to identify their specific
contributions to tendon formation. Further studies
are also needed to identify novel cell-cell junction
proteins that may be participating in tendon devel-
opment, and to elucidate their tenogenic influence.
Looking to other developing musculoskeletal tis-
sues may provide potential proteins to explore.
However, tendons have so far been found to lack

TISSUE BARRIERS e1695491-7



pannexins, the large transmembrane channels that
link the cytosol and extracellular matrix, even
though they are present in bone and cartilage
cells.64 Based on the overlapping expression of
cell-cell junction proteins and various growth
factors,55,68 and the apparent redundancy of sig-
naling pathways previously thought to be neces-
sary for limb development,40 other proteins may
be participating in tendon development, and char-
acterizing them will provide new targets for treat-
ing tendon injury and disease.

Cell-cell junctions in adult tendons

While not as abundant as embryonic tendon cells,
adult tendon cells are found within the tendon

fascicles and interfascicular membranes. Adult
tendon cells respond to mechanical and biochem-
ical stimuli, and may play a role in tendon
homeostasis.10,11 Various signaling mechanisms
beyond cell-cell junctions may be involved, and
these have been summarized in a recent book
chapter.77 Here, we examine the current under-
standing of cell-cell junction proteins in adult ten-
don (Table 2), with an emphasis on the response
to mechanical load.

Cadherins in adult tendon

Only a few studies have investigated the presence
of cadherins in adult tendon cells.
Immunofluorescence staining showed that digital

Table 1. Cell-cell junction proteins in developing tendon.
Cell-Cell Junction Type Possible Functions In Developing Tendon References

Cadherins N-cadherin Cellular condensation, cell adhesion, limb
patterning

Hasson 201042

Luo 200541

Luo 200140

Richardson
200737

R-cadherin Unknown role in embryonic tendon, but
expression identified in E13 chick
metatarsal tendon

Kimura 199539

Richardson
200737

Cadherin-4 Unknown role in embryonic tendon, but
expression identified in mesodermal cell
precursors in chick at HH25

Lorda-Diez 201455

Cadherin-7 Unknown role in embryonic tendon, but
required for cell condensation and
migration in chick limb mesenchymal cells

Kim 200974

Cadherin-11 Cellular condensation, distinction of
cartilage and tendon precursors, limb
patterning, collagen fibril alignment

Kimura 199539

Richardson
200737

Cadherin-13 Unknown role, but identified in tendon
cells at P1

Smith 201273

Protocadherin-15 Unknown role, but identified in tendon
cells at P1

Smith 201273

Fat-1 Cell proliferation, patterning of muscle and
tendon precursors, overlapping expression
domain with scleraxis, limb patterning.

Helmbacher
201846

Smith 200751

Fat-4 Unknown role, but identified in tendon
cells at P1

Smith 201273

Connexins Connexin-32 Mechanotransduction, stimulation of
collagen production

McNeilly 199612

Russo 201567

Stanley 200738

Wagget 200666

Connexin-43 Mechanotransduction, inhibition of
collagen production, separation of cartilage
and tendon precursors, cell condensation,
tissue patterning

Coleman 2003a68

Coleman 2003b75

McNeilly 199612

Russo 201567

Stanley 200738

Wagget 200666

Tight Junctions ZO-1 and Claudin-1 Epithelium surrounding tendons –
containment of tendon cells within tendon
and prevention of tendinopathic adhesions

Taylor 201176
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flexor tendons from adult chickens possess
N-cadherin in vivo.81 N-cadherin appeared to mir-
ror the distribution of actin filaments and vinculin,
which form parallel rows along the tendon long
axis. In the same study, isolated adult tendon cells
grown in culture produced N-cadherin, as
observed by immunofluorescence and western
blotting. When cells were cyclically strained (75
millistrain, 1 Hz, 8 h/d for 4 d), N-cadherin pro-
tein levels increased significantly compared to sta-
tic controls,81 suggesting that mechanical
stimulation may impact the cell-cell adhesions in
tendon cells. However, how cadherins may regu-
late or impact the tendon cell response to loading
is unknown.

N-cadherin in adult tendon cells responds to
growth factor treatment. Tendon cells isolated
from the Achilles tendons of young adult (10-
week-old) rats and treated with 1, 10, and 1000
ng/mL GDF-5 for 4 d had significant decreases in
N-cadherin gene expression at all GDF-5 concen-
trations, compared to untreated controls.80

However, when treated with 100 ng/mL of GDF-
5 over 12 d, N-cadherin gene expression was
increased at 3, 6, and 9 d compared to untreated
controls, though at 12 d gene expression levels
were similar to controls.80 GDF-5 is known to
impact tendon formation88 and healing,89 but

N-cadherin has been shown to decrease during
tenogenic differentiation of mouse MSCs.90 These
variations suggest that N-cadherin expression may
depend on the timing and intensity of GDF-5
signaling, but more studies are needed to assess
how N-cadherin responds to growth factors in
adult tendon cells.

Connexins in adult tendon

Connexins have been identified in adult tendon cells
from a range of species.12,38,65,66 Although connexin
levels decrease with increasing age,38,67 their pre-
sence in adult tendons suggests they are facilitating
communication between cells, and may be involved
in maintaining the tissue. Using fluorescence recov-
ery after photobleaching (FRAP) to quantitatively
evaluate the diffusion-dependent redistribution of
a gap junction-permeable fluorescent dye, one
study showed that adult tendon cells from human
hamstrings formed functional gap junctions with
connexin-43 in both 2 and 3 dimensional (D)
in vitro culture, and rapidly redistributed calcein
acetoxymethylester (AM), a non-fluorescent dye
that is converted to green-fluorescent and mem-
brane-impermeable calcein by intracellular
esterases.91 HeLa cells, which do not communicate
via gap junctions, did not redistribute calcein AM.

Table 2. Cell-cell junction proteins in adult tendon.
Cell-Cell Junction Type Possible Functions In Adult Tendon References

Cadherins N-cadherin Response to mechanical load and growth
factors, coupling with α-catenin

Barry 201478

Desai 201379

Keller 201180

Ralphs 200281

Cadherin-11 Unknown role in adult tendon, but
associated with strong cell adhesions in
myofibroblasts

Pittet 200845

Connexins Connexin-26 Mechanotransduction; other functions
unknown

Maeda 201282

Connexin-32 Mechanotransduction, stimulation of
collagen production; other functions
unknown

Maeda 201282

Ralphs 199865

Wagget 200666

Connexin-43 Intercellular communication, movement of
small molecules between cells in response
to strain, coupling with actin cytoskeleton
to facilitate mechanotransduction, tissue
maintenance, suppression of collagen
production, downregulation of IL-1β
during inflammatory response

Banes 199983

Maeda 201282

Maeda 201584

Maeda 2017a85

Maeda 2017b86

Ralphs 199865

Wagget 200666

Wall 200787

Tight Junctions ZO-1 and Claudin-1 Membrane surrounding tendon; adhesions
form following disruption of these
junctions after tendon injury

Taylor 201176
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Dye redistribution was impaired in tendon cells
when gap junctions were chemically inhibited using
18 β-glycyrrhetinic acid and carbenoxolone, indicat-
ing that intercellular communication was
disrupted.91 Additionally, isolated tendon cells with
fewer cell-to-cell contacts recovered more slowly
from the photobleaching and could not redistribute
the calcein, compared to cells that formed many cell-
to-cell contacts, suggesting that adult tendon cells
depended on their gap junction-linked network to
rapidly move small molecules.91

Gap junction communication may also modulate
inflammatory and catabolic responses in adult ten-
don, including the response to overuse and exercise.
Adult rabbit Achilles tendon cells subjected to 30
min of heat (37°C, 41°C or 43°C, to simulate the
heating of tendon that can occur following intense
exercise) had decreased cell viability and increased
expression of the proinflammatory markers matrix
metalloproteinase (MMP)-1, interleukin (IL)-1β and
IL-6, and decreased expression of Col I, 24 h after
heat stimulation.85 Connexin-43 expression was not
affected by heat treatment, but inhibiting gap junc-
tions using 18 β-glycyrrhetinic acid resulted in
further increases in expression of MMP-1, IL-1β,
and IL-6, compared to cells subjected to heat but
with functional gap junctions.85 Interestingly, when
connexin-43 was overexpressed, expression of Col
I and IL-1β was significantly lower, and MMP-1 and
IL-6 expression trended lower in the heated tendon
cells, compared to cells heated without overexpres-
sion of connexin-43.85 Taken together, these findings
show that connexins may influence inflammatory
markers in tendon cells following intense exercise
that results in heat.

In addition to heat, gap junctions are sensitive
to mechanical signals, and respond to mechanical
loading. In one study, gap junctions were quanti-
fied in the tail tendon fascicles of adult rats using
FRAP and calcein AM.82 Fascicles were statically
loaded to 1 N and FRAP was carried out after 10
min or 1 h of loading to assess junction perme-
ability between groups.82 A mathematical com-
partment model was also generated to calculate
a permeability constant for intercellular commu-
nication. Loading for 10 min did not change the
permeability, while loading for 1 h significantly
reduced intercellular permeability, compared to
unloaded controls.82 Strong gene expression of

connexin-26 and connexin-43 was observed fol-
lowing 1 h of loading, while connexin-32 was
undetectable. Connexin-43 gene expression
increased significantly after 24 h of loading, while
no differences were seen in connexin-26 levels.82

Protein production of connexin-26 and connexin-
43 was observed following 1 h of loading, though
production of connexin-43 was decreased, and the
localization of connexin-43 changed from the
contact points of neighboring cells in the same
row to a more discrete, punctate pattern.82 In
contrast, neither the protein levels nor the locali-
zation of connexin-26 were affected by the loading.
Connexin-32 was not found in loaded or unloaded
fascicles.82 The decrease in connexin-43 protein
production is interesting given the increase in
connexin-43 gene expression, and suggests that
tendon cells attempt to remodel their gap
junctions in response to load. However, actual
production of gap junctions may be compromised
with loading, and hence overall permeability is
suppressed, further inhibiting intercellular com-
munication. Overall, functional gap-junction
intercellular communication may influence tendon
cell behavior by propagating mechanical signals
throughout cell networks to stimulate a coor-
dinated response to loading.

In addition to the duration of loading, gap junc-
tions may also be sensitive to the magnitude of
mechanical strain. Adult tendon cells from rabbit
Achilles tendons showed that intermediate tensile
strain (4%) for 1 h enhanced intercellular commu-
nication, illustrated through increased transport of
fluorescent tracer molecules between cells.84 High
strain (8%) significantly decreased intercellular gap
junction communication, while neither 4 or 8%
strain affected intracellular communication, which
was mediated by diffusion instead of by gap
junctions.84 Connexin-43 was localized to the cyto-
plasm and cell-cell boundaries in the unstrained
cells, and was also detected near the nucleus in the
4% strain condition, while overall connexin-43 pro-
duction was reduced at 8% strain.84 Gap junction
communication appears to be enhanced by moder-
ate strain, but inhibited by high strain, possibly
reflecting the physiologically relevant range of
strain magnitudes.92 Higher strain magnitudes
may mechanically disrupt the cell-cell junctions
and lead to the increased inflammation that follows
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gap junction inhibition.85 Strain magnitudes were
further assessed in a follow-up study. Cells from
adult rabbit Achilles tendons were left unstrained,
or subjected to 4% or 8% strain for 24 h, and an
intercellular diffusion coefficient was used to quan-
tify gap junction communication.86 The intercellu-
lar diffusion coefficient was significantly increased
following application of 4% strain for 1 h, compared
to 0% strain controls, and its level was maintained
for 6 h, but returned to pre-strain levels at 24 h.86

This was accompanied by a transient increase in
connexin-43 gene expression and localization at the
cell membrane and within the cell bodies at 1 h and
6 h following 4% strain.86 In contrast, application of
8% strain reduced the intercellular diffusion coeffi-
cient to the levels of the unstrained control group or
below at 6 h, and inhibited connexin-43 expression,
but did not change connexin-43 localization.86

Moderate mechanical loading may be therapeuti-
cally useful for preventing or repairing tendon
injuries,10,93,94 while the effects of high strains on
gap junctions may explain the presentation of cer-
tain tendon pathologies. Taken together, the results
of these studies suggest that disruption of cell-to-
cell communication by tensile loading may account
for some of the damage tendons can sustain from
mechanical loading. Gap junctions are part of
a complex cellular communication mechanism in
tendon cells that responds to load and other stimuli,
such as heat, by altering permeability of the cells
and enhancing or inhibiting production of connex-
ins, and possibly modulating the message the cells
receive.

In addition to mechanotransduction, gap junc-
tions in adult tendon cells may be actively involved
in the mechanoregulation of collagen production.
Blocking gap junctions with octanol in adult
chicken flexor digitorium profundus tendons ex
vivo inhibited the increase in DNA and collagen
synthesis that was observed following 3 d of cyclic
loading to 0.65% strain, and was reversible when the
octanol was removed.83 Gap junctions may be initi-
ating the cellular communication that coordinates
collagen production in response to mechanical
loading. The unequal distribution of connexins
within tendons may reflect the different magnitudes
and modes of mechanical loading associated with
specific regions. In the rat, the distal Achilles tendon
midsubstance, sesamoid fibrocartilage, and en-

thesial fibrocartilage regions were shown to have
different expression of connexin-32 and −43.65

Immunofluorescence revealed prominent con-
nexin-32 and −43 junctions in the tendon midsub-
stance, with both connexins localized between cells
and rows, and connexin-43 predominantly occur-
ring between lateral cell processes.65 Connexin-32
formed plaques between cells with many small foci,
while connexin-43 displayed a more punctate label-
ing pattern. Within the enthesis, both connexin-32
and −43 were significantly reduced. Connexin-43
was not detected in the enthesis, but connexin-32
was detected in the cells that stopped forming rows,
and adopted a rounded morphology associated with
mineralized fibrocartilage.65 Finally, connexin-32
and −43 labeling were weak in the sesamoid fibro-
cartilage, with connexin-32 labeling localized
mainly to the points of contact between cells, and
with no visible connexin-43 labeling.65 In addition
to variations in connexin expression, cells in the
different regions displayed distinct morphologies,
with elongated, narrow cells observed in the mid-
substance, and more rounded cells with fewer
opportunities for cell-cell contact seen in the
enthesis and sesamoid areas.65 Cell shape affects
the contacts cells can make with one another, and
may enhance or suppress expression of certain gap
junction proteins. It is worth noting that some bone
cells in the calcified enthesis fibrocartilage expressed
connexin-43,65 demonstrating the wide-ranging dis-
tribution of connexin-43 throughout multiple mus-
culoskeletal tissues. The variations in expression
patterns of connexins between bone, tendon, and
fibrocartilage may also help guide the differentiation
process to ensure correct formation of separate
tissues.

Gap junctions may also couple with the actin
cytoskeleton and together play a role in mechanor-
egulation of tendon cells. Connexin-43 was found to
colocalize with actin filaments in both avian and
human tendon cells. While only ~4% of avian ten-
don cells had colocalization of actin and connexin-
43 in an unloaded control group, cells subjected to
5% cyclic strain had significantly increased colocali-
zation of actin and connexin-43.87 The same study
also investigated COS-7 cells (CV-1 in Origin with
SV40 genes, derived from the kidney of the African
green monkey). Colocalization of actin and con-
nexin-43 was significantly increased following cyclic
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strain in the tendon cells but was not observed in the
COS-7 cells, suggesting that COS-7 cells are not as
mechanosensitive or that connexin-43 is playing
a different role.87 Additionally, inhibiting non-
muscle myosin II activity to block actin contractility,
and hence mechanotransduction, greatly reduced
the detectable connexin-43 on actin filaments, sug-
gesting that connexin-43 is not produced when the
cell cannot contract. The colocalization of connexin-
43 and actin filaments with mechanical loading, and
subsequent loss of this colocalization with inhibited
actin-myosin contractility indicates that gap junc-
tion production in tendon cells is mechanically
regulated and partially dependent on the actin
cytoskeleton.

Localization of connexin-32 and connexin-43
has been shown to vary within tendon cells as
they reside in the tendon tissue: tendon cells are
linked by both connexins longitudinally (e.g.,
within rows), but only by connexin-43 laterally
(e.g., between rows).12,65,66 3D reconstructions of
sections from adult rat deep digital flexor tendons
stained for connexin-32 and −43 showed that, in
addition to the processes between cells, connexin-
43 was prominent in the periphery of the tendon,
between the epitenon and the outermost layer of
tendon.12 Connexin-32 was also prominent in the
periphery, but with a more diffuse distribution
than connexin-43, and with many foci between
cells that appeared as plaques.12 This reconstruc-
tion identified the precise locations of connexin-32
and −43 in tendon, and showed that the 3D struc-
ture of tendon cells is complex, with collagen
bundles distributed throughout the tendon, and
different localization patterns of connexin-32 and
−43. The differences in positioning between these
two connexins may be attributed to their different
mechanoresponsive functions in Col I secretion,
a hypothesis investigated by selectively blocking
specific connexins in avian tendon cells. Tendon
cells from chicken deep digital flexor tendons
strained to 75 millistrain for 8 h/d for 3
d increased Col I secretion by 23%, compared to
unstrained controls.66 When connexin-32 and −43
were both inhibited via the biomimetic peptide
gap27, Col I production was reduced compared
to untreated cultures, in both strained and
unstrained cells.66 When connexin-43 was selec-
tively inhibited via antisense oligonucleotides, Col

I secretion was further increased with loading,
while antisense inhibition of connexin-32 resulted
in reduced Col I secretion.66 These results suggest
that mechanical signals are integrated by tendon
cells to produce a coordinated response to load
and that connexin-32 may be stimulatory and con-
nexin-43 may be inhibitory.66 The differential
actions of connexin-32 and −43, and possibly
other gap junctions, could contribute to the overall
cell response to mechanical loading in tendon.
Excess collagen production is responsible for scar-
ring, making targeted inhibition of stimulatory gap
junction proteins a potential clinical treatment to
prevent fibrosis following tendon injury. The ana-
bolic and catabolic cellular processes that maintain
the adult tendon ECM are likely mediated in part
by gap junction communication, but a deeper
understanding of the relationships between
mechanical signals and cell responses is needed.

Cell-cell junctions in tendon injury and
disease

Adult tendons heal poorly, and the roles of gap
junctions in injury and healing have been
explored. Gap junction involvement in tendinopa-
thies may be driven in part by inflammatory cyto-
kines. The inflammatory cytokine IL-1β is
produced following tendon injury95,96 and directly
impacts tendon cells.97,98 To evaluate this, cells
from human flexor digitorum profundus tendons
were cultured in 3D and subjected to 3.5% cyclic
strain at 1 Hz for 1 h/d for up to 5 d with or
without IL-1β treatment. All strained cells under-
went increased apoptosis, and had upregulated
gene expression of Col I, fibronectin, biglycan,
TGFβ1, cyclooxygenase-2, MMP-27, and
a disintegrin and metalloproteinase with throm-
bospondin motifs 5 (ADAMTS5), genes which
are upregulated in human tendinopathies.99 IL-1β
decreased expression of all target genes to the
levels of unstrained controls, with the exception
of cyclooxygenase-2 and ADAMTS5, which were
both increased by addition of IL-1β alone, though
strain with IL-1β did not further increase their
expression.99 Cells seeded more densely made
more connections and survived cyclic straining,
while cells at a lower seeding density did not
survive. Enhanced cell survival was lost when gap
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junctions were inhibited, indicating that cell survi-
val was mediated by gap junctions.99 Indeed, IL-1β
treatment upregulated connexin-43 expression in
a time- and dose-dependent manner, as early as 8
h after its addition to cell cultures. IL-1β also
altered cell morphology, with treated cells forming
multiple long, axon-like processes and connecting
to one another.99 Although high levels of IL-1β
likely contribute to tendon pathology via upregu-
lation of inflammatory proteins such as cyclooxy-
genase-2 and ADAMTS5, IL-1β may also be part
of the adaptive response to loading. In particular,
the ability for IL-1β to upregulate connexin-43,
shown in other studies to attenuate cell death
caused by strain,85,86 may be useful for preventing
or treating strain-induced tendon pathologies.
However, more work is needed to determine how
the progression of tendinopathies may differ
between in vivo and in vitro conditions, and how
connexin-43 may mediate strain-induced injury.

Fluoroquinolone antibiotics, such as ciproflox-
acin, are known to cause tendinopathies and rup-
tures in some patients.100 These tenotoxic side
effects of ciprofloxacin may be due to altered
expression of cadherins and connexins by the ten-
don cells. To assess this, adult human tendon cells
from the tendons of the rectus femoris, gracilis,
and semitendinosus muscles were cultured for 2
d and treated with 10, 20 or 50 µg/mL ciproflox-
acin. Control cells were cultured without
ciprofloxacin. Ciprofloxacin administration signif-
icantly decreased expression of N-cadherin at all
concentrations, and connexin-43 expression
trended downwards.101 Col I, Col III, and MMP-
2 expression were unaffected by ciprofloxacin, but
MMP-1 expression increased, and tissue inhibitor
of MMP (TIMP)-1 decreased.101 Expression of
long lysyl hydroxylase 2 (LH2b), an enzyme
involved in collagen crosslinking, trended lower,
though the decrease was not statistically signifi-
cant. No changes were observed in the actin,
vimentin, and microtubule network between con-
trol and ciprofloxacin-treated cells.101 The reduc-
tion in LH2b, coupled with the decrease in
N-cadherin and downward trend in connexin-43,
suggests that ciprofloxacin may inhibit collagen
crosslinking in some patients and impact the cell-
cell contact in tendon cells, possibly leading to
tendon ruptures. However, the mechanisms

through which N-cadherin and connexin-43 in
adult tendon cells influence tissue maintenance in
normal and tendinopathic tendons need further
study.

Ectopic ossification is associated with Achilles
tendon injuries and repairs.102 The exact causes
are unknown, but cytokines such as bone morpho-
genetic protein (BMP)2 and 4, and TGFβ2 may be
driving an endothelial-to-mesenchymal transition
of vascular endothelial cells, which subsequently
undergo osteogenic differentiation, resulting in
mineralization within the tendons.103 Smad pro-
teins are the main signal transducers of the TGFβ
pathway, and Smad2 and 3 are necessary for
TGFβ2-induced tenogenesis during embryonic
limb development.104–106 Conversely, Smad7 has
been shown to inhibit Smad2 signaling, and
Smad7 overexpression blocks myofibroblast acti-
vation and transformation,107 inhibiting endothe-
lial-to-mesenchymal transition. To assess the
potential of Smad7 as a preventative for hetero-
tropic ossification following tendon repair, adult
rat Achilles tendons were fully transected and
injected with a Smad7 overexpressing lentivirus.
Histological and gene expression analysis showed
that, compared to the control groups, injured ten-
dons transduced with the Smad7 lentivirus
increased production of VE-cadherin and the
endothelial marker cluster-of-differentiation 31
(CD31), and decreased production of N-cadherin
and vimentin, especially at 6- and 10-weeks post-
surgery.103 Histological and X-ray analysis at 10-
weeks post-surgery revealed that rats treated with
the Smad7 lentivirus did not show signs of hetero-
tropic ossification, while control rats showed ossi-
fying regions of their Achilles tendons in both
X-rays and histological sections.103 The decrease
in N-cadherin in the Smad7 treated rats, coupled
with the robust N-cadherin production seen in
injured tendons, suggests that N-cadherin is
involved in the endothelial-to-mesenchymal tran-
sition that may be underlying heterotropic ossifi-
cation of injured tendons. As tenogenic
differentiation of stem cells is accompanied by
decreases in N-cadherin production,90 Smad7
overexpression may be creating a more tenogenic
environment to promote healing in injured ten-
dons. Cadherins have remained underexplored as
targets for regenerative therapies for tendon
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injuries. The extensive involvement of cadherins in
tissue development, patterning, and injury
response makes them worthy of future
investigations.

Tight junctions in tendon

Tendons must be able to slide over other tissues
during movement to carry out their function,
and both aging and injury have been shown to
result in fibrous adhesions.108 The surface of E14
chick metatarsal and 4-week-old mouse flexor
tendons was recently found to be coated in
a Col IV/laminin basement membrane and con-
tained a keratinized epithelium that was located
on the outermost aspect of the tendon.76

Immunofluorescence imaging showed that the
basement membrane surrounding the tendon
was composed of ZO-1 and claudin-1 tight junc-
tions (Figure 3), as well as the epithelial markers
keratin 1 and 10.76 The epithelial cells of the
basement membrane had a flattened morphol-
ogy and interdigitated cell processes.76 This
epithelial layer was proposed to facilitate tendon
sliding, as well as prevent tendon cell migration
away from the tissue. Cutting 4-week-old mouse
flexor tendons and incubating them ex vivo for 5
d showed cells migrating from the cut ends, but
not from the tendon midsubstance surrounded
by the intact epithelial layer.76 When this epithe-
lial layer was digested by trypsin prior to 5 d of
culture, cells migrated away from all the trypsin
damaged surfaces, indicating that they were no
longer contained by the tight junctions around
the tendon.76 Adhesions that form following
injury may therefore originate from damage to
this basement membrane and epithelium,
a hypothesis tested in a Col IV mutant mouse
line, which is not able to form intact basement
membranes due to its mutated collagen.76

Histological examination of the deep flexor ten-
dons in the hind limbs of mutant mice showed
evidence of adhesions between the tendon and
the tendon synovium, and these adhesions were
not present in wild-type mice.76 Finally, when
the flexor tendons of 4-week-old mice were sev-
ered and allowed to heal for 21 d, adhesions
were seen between the tendon and tendon syno-
vium and skin, though the tendon epithelium

flanking the injury was intact.76 Overall, these
observations suggest that the epithelial layer sur-
rounding tendon is crucial to preventing adhe-
sions, and repairing damage to the epithelial
layer to prevent adhesions may help mitigate
the effects of injury.

Cell-cell junctions as regulators of
musculoskeletal tissue formation

Regulation of cell-cell junctions with tenogenesis

Differentiation of stem cells toward the tendon
lineage (tenogenesis) may be regulated by
mechanical,26 biochemical,109 and combinatorial
factors.110 Differentiation has been characterized
by increases in expression of tendon markers
such as scleraxis and tenomodulin. However, few
studies have investigated how the profile of cell-
cell junctions may be influenced by tenogenic dif-
ferentiation. The growth factor TGFβ2 has been
identified in embryonic tendon development as an
important tenogenic factor34,111 and has been
explored in tenogenesis of stem cells.110,112,113 In
vitro, N-cadherin and cadherin-11 protein produc-
tion were significantly decreased in C3H10T1/2
mouse MSCs treated with TGFβ2 for 3, 7, 14,
and 21 d, while scleraxis and tenomodulin produc-
tion were significantly increased after 14 and 21
d.90 Cell morphology also changed with TGFβ2
treatment. As early as 3 d and throughout 21

Figure 3. ZO-1 and claudin-1 are seen in a transverse section of
E14 chick metatarsal tendon. Immunofluorescence staining
showed the presence of an epithelium containing (a) ZO-1
(green) and (b) claudin−1 (red) tight junctions on the surface
of the tendon. This epithelium may prevent tendon cell migra-
tion and tendinopathic adhesion formation. Figure used with
publisher’s permission from Taylor et al. 2011.76.
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d of TGFβ2 treatment, MSCs appeared fibroblas-
tic, with an elongated actin cytoskeleton and
a high degree of local actin alignment, compared
to untreated controls.90 The decrease of
N-cadherin to almost undetectable levels, as well
as the sustained decrease of cadherin-11, and
simultaneous increase in tenogenic markers scler-
axis and tenomodulin, suggests that suppression of
these cadherins may occur during tenogenic
induction. In the same study, connexin-43
increased significantly following 3 d of TGFβ2
treatment but did not differ significantly from
untreated controls at later timepoints.90

Additional studies are needed to understand if
N-cadherin, cadherin-11, and connexin-43 are
regulators of the tenogenic stem cell response to
TGFβ2. To better understand how cadherins and
connexins may regulate tendon development and
tenogenesis, we look to other musculoskeletal tis-
sues of mesenchymal lineage. For example, chon-
drogenic differentiation is associated with changes
in N-cadherin levels,114,115 and cadherin-11 plays
a role in osteogenesis.116 Therefore, we briefly
survey the cadherins and connexins involved in
chondrogenesis and osteogenesis.

Cadherin regulation of chondrogenesis and
osteogenesis

In MSCs, N-cadherin and cadherin-11 are regula-
tors of differentiation toward cartilage and
bone.117 The timing of N-cadherin expression
appears especially critical for chondrogenesis.
N-cadherin was initially shown to have a specific
spatiotemporal expression pattern during limb
bud chondrogenesis in chick.115 Shell-less embryos
injected during the cell condensation stage at
HH22-24 with N-cadherin blocking antibodies
failed to undergo chondrogenesis, and had other
gross developmental and pattern deformities,
likely due to widespread disruption of cell
adhesion.115 The same study also treated in vitro
micromass cultures of chick limb mesenchymal
cells with N-cadherin blocking antibodies. As in
the in vivo experiments, cells treated with
N-cadherin blocking antibodies did not undergo
aggregation and condensation, and chondrogen-
esis was inhibited.115 As N-cadherin expression is
highest during the cellular condensation phase,

blocking N-cadherin during cellular condensation
is especially detrimental to chondrogenesis.

The in vivo increase in N-cadherin during cel-
lular condensation and chondrogenesis may be
driven by BMP2, a growth factor and member of
the TGFβ signaling family.118 BMP2-induced
chondrogenesis of mouse MSCs resulted in
a significant upregulation of N-cadherin after 24
h and 5 d in culture.118 Blocking N-cadherin inter-
actions using a N-cadherin mimicking peptide
inhibited chondrogenesis, and overall loss of chon-
drogenesis was greater with higher concentrations
of the peptide.118 Finally, mouse MSCs transfected
to overexpress N-cadherin augmented the effect of
BMP2 when N-cadherin expression was doubled,
but BMP2-induced chondrogenesis was inhibited
when N-cadherin expression was quadrupled.118

Cells transfected with a mutant N-cadherin failed
to undergo BMP2-induced chondrogenesis. Colle-
ctively, these results suggest that the timing of
N-cadherin expression is critical to chondrogen-
esis, and while high levels are needed initially,
N-cadherin levels must decrease in order for chon-
drogenesis to proceed. The initial increase and
subsequent reduction of N-cadherin was further
investigated using micromass cultures of embryo-
nic chick mesenchymal cells. Cells from HH23-24
were transfected with mutant N-cadherin or wild-
type N-cadherin, and in all transfected cells
a transient increase in N-cadherin expression was
observed for the first 2 d of culture, followed by
a decrease at 3 d,114 mirroring the expression
pattern documented in mouse MSCs chond-
rogenesis.118 Overexpression of N-cadherin resu-
lted in enhanced cell condensation and chondro-
genesis after 2 and 3 d of culture, while micromass
cultures transfected with mutant N-cadherin
showed suppressed cell condensation and cartila-
ginous matrix generation, with reduced Col II and
proteoglycan production.114

Potential intracellular regulators of N-cadherin,
such as Rho guanosine triphosphate (RhoGTP)-
ases, specifically the kinase Rac1, have also been
explored in chondrogenesis.119 Inhibiting Rac1 in
micromass cultures of E11.5 mouse mesenchymal
limb bud cells led to reduced cell numbers, size,
and organization of cellular condensations, and
decreased expression of N-cadherin. Overexpre-
ssion of Rac1 in cultured chondrogenic ATDC5
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cells resulted in increased expression of the carti-
lage markers Sox9, 5, and 6, collagen II, and
aggrecan.119 In micromass cultures, genetic abla-
tion of Rac1 led to reduced expression of chon-
drogenic markers, including Sox9,119 and Rac1
overexpression resulted in increased N-cadherin
expression.119 Based on these findings, it is possi-
ble that Rac1 affects the N-cadherin expression
needed for cellular condensation during
chondrogenesis.

TGFβ signaling may also modulate chondrogen-
esis via N-cadherin. TGFβ1 initiated and main-
tained chondrogenesis of human mesenchymal
progenitor cells in addition to a corresponding
initial upregulation and subsequent downregula-
tion of N-cadherin.120 Wnt7, a target of β-
catenin, had an expression pattern that mirrored
N-cadherin, with a significant increase after 1 d of
TGFβ1 treatment, and a return to control levels at
3 d.120 This suggests Wnt7 may regulate
N-cadherin during TGFβ1-mediated chondrogen-
esis. Alongside TGFβ1, TGFβ3 is also
a chondrogenic growth factor.121 TGFβ3-induced
chondrogenesis in human MSCs was accompanied
by increases in N-cadherin.122 Chondrogenic dif-
ferentiation was further enhanced when cells were
prevented from spreading and flattening (flattened
cells differentiated into smooth muscle), suggest-
ing cell-shape may be mediated by cadherin cell-
cell adhesions, and may affect subsequent
differentiation.122 Finally, cadherin-7 has been
shown to be necessary for cartilage condensation
in HH22-23 chick limb mesenchymal cells.74

Knockdown of cadherin-7 resulted in impaired
cell migration and failed precursor condensation,
while overexpression of β-catenin also resulted in
inhibition of cadherin-7 and suppression of cell
migration.74 Thus, in addition to N-cadherin, cad-
herin-7 may control cellular condensation during
chondrogenesis.

N-cadherin and cadherin-11 are also involved
in osteogenic differentiation and modulation of
bone growth. At 6 months of age, N-cadherin±

and cadherin-11−/− double-knockout mice had
severe phenotypic deficiencies, including smaller
body mass and reduced trabecular bone mass,
bone strength, and bone formation rate, and smal-
ler diaphyses, compared to either single-knockout
or wild-type mice.123 Knocking out both

N-cadherin and cadherin-11 resulted in decreased
β-catenin in both the nucleus and the cytoplasm
and cell membrane, leading to an overall down-
regulation of β-catenin signaling when cell adhe-
sion was disrupted.123 N-cadherin promoted
osteogenic induction of human MSCs that were
cultured in hydrogels functionalized with
N-cadherin mimetic peptides,124 though
a different study found that N-cadherin mimetic
peptides enhanced chondrogenesis of human
MSCs,125 highlighting N-cadherin’s multifaceted
roles during differentiation and development of
bone and cartilage. Mature osteoblasts also express
N-cadherin,126 but prolonged N-cadherin overex-
pression limited osteogenic differentiation of
mouse MSCs by downregulating β-catenin and
extracellular signal-regulated kinase (ERK)1/2
signaling.127 Additionally, ectopic bone formation
in nude mice was prevented by N-cadherin
overexpression,127 suggesting that N-cadherin
levels are tightly regulated during mesenchymal
cell condensation to ensure correct tissue differen-
tiation, and offering a potential explanation for the
drop in N-cadherin levels seen following cell
condensation.115,118 Cadherin-11 also appears to
be osteogenic during development, with reduced
osteoblast differentiation and bone density
observed in cadherin-11 knockout mice.116

However, just as N-cadherin is needed for cell
condensation during chondrogenesis, cadherin-11
may also be needed for cell condensation during
tendon development.37,128

In addition to their chondrogenic and osteo-
genic roles, N-cadherin and cadherin-11 may be
involved in the organization and maintenance of
the synovial lining, the thin membrane between
the joint cavity and the fibrous joint capsule that
facilitates low-friction movement at the joint, and
becomes inflamed during osteoarthritis.129

Fibroblast-like synoviocytes from cadherin-11-
null and wild-type mice were cultured and stained
to determine the presence of cadherins. Cell-cell
contacts in the wild-type synoviocytes contained
cadherin-11, while cadherin-11-null cells still
made cell-cell contacts that contained β-
catenin.130 Wild-type cells expressed both
N-cadherin and cadherin-11, while cadherin-11-
null cells expressed only N-cadherin and the
mutated form of cadherin-11, though interestingly,
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cadherin-11-null cells expressed higher levels of
N-cadherin than wild-type cells.130 Furthermore,
immunoprecipitation using β-catenin, which binds
the cytoplasmic tail of cadherins, indicated that the
two cadherins are not part of the same molecular
complex in synoviocytes.130 As more information
emerges about the role of cadherins in the syno-
vium, novel cadherin contributions to tendon for-
mation may become evident.

Connexin regulation of chondrogenesis and
osteogenesis

In addition to cadherins, connexins are involved in
the early differentiation and patterning of other
musculoskeletal tissues. Connexin-43 has been
shown to be necessary for chondrogenesis and
osteogenesis, and its participation in both of these
processes has been summarized in a recent
review.131 While less is known about the role of
connexins compared to cadherins in cartilage dif-
ferentiation, adult articular chondrocytes express
both connexin-43 and −45 in vitro.132 In one
study, connexin-43 was shown to be involved in
GDF-5-induced chondrogenesis.75 Chick limb
MSCs expressing mutated GDF-5 and treated with
human GDF-5 had increased Col II expression in 1
d cultures and increased Alcian blue staining (indi-
cative of glycosaminoglycan production and chon-
drogenic differentiation) in 3 d cultures compared
to wild-type control cells, but the enhanced chon-
drogenesis was lost when gap junction communica-
tion was chemically blocked by oleamide.75

Overexpressed GDF-5 functioned independently
of N-cadherin, as cells with mutated N-cadherin
still underwent GDF-5-induced chondrogenesis,
while connexin-43 protein levels remained constant
between cells expressing mutated GDF-5 and
controls.75 As GDF-5 and connexin-43 are also
both present in embryonic tendon,68 it is possible
that tendon and cartilage share similar develop-
mental mechanisms. The potential involvement of
connexin-43 in chondrogenesis also comes from
a study that blocked gap junction communication
in bone marrow-derivedmesenchymal stromal cells
and human chondrocytes with 18-α glycyrrhetinic
acid, and observed a decrease in Col II and extra-
cellular adenosine triphosphate (ATP).133 When
cells were cultured farther away from each other

in an engineered tissue scaffold, differentiation was
not impacted, but blocking connexins again led to
decreases in chondrogenic markers, suggesting
functional gap junctions rather than general cell-
cell contacts were needed for chondrogenesis.133

During osteogenesis, the expression of con-
nexin-43 has been shown to parallel osteoblastic
differentiation, and inhibiting connexin-43
reduces osteoblast differentiation in human fetal
osteoblastic cells.134 In human osteoblasts, con-
nexin-43 may regulate alkaline phosphatase activ-
ity, as well as osteocalcin and osteopontin
expression, all of which contribute to osteoblastic
differentiation.134 In contrast, 2-month-old mice
with a conditional knockout of connexin-43 had
increased periosteal bone formation in vivo, and
increased periosteal and endocortical bone mass in
response to axial compressive load at lower strains,
indicating an overall increased sensitivity to
mechanical load compared to their wild-type
littermates.135 These contradictory results are
likely due to the differential effects of inhibiting
connexin-43 at various developmental stages and
in specific tissues rather than globally. Complete
loss of connexin-43 earlier in development leads to
disruption of osteoblastic differentiation, while
targeted disruptions at later stages, such as those
achieved in osteoblasts on the endocortical surface,
osteocytes, and periosteal cells by a conditional
knockout,135 do not cause severe phenotypic defi-
ciencies. While the causal mechanism of connexin-
43-mediated disruption of osteogenesis remains
unknown, the c-terminal domain of connexin-43
was recently found to bind several signaling pro-
teins, including β-catenin.136 Deletion of the
c-terminal domain of connexin-43 in a mouse
model resulted in disruption of osteoblast prolif-
eration, differentiation, and collagen processing
and organization,136 suggesting connexin-43-
mediated intracellular signaling may be needed
for bone formation.

Collectively, there is a need to better understand
how chondrogenesis and osteogenesis are
mediated by cadherins and gap junctions. Not
only will a more thorough understanding of these
differentiation processes point to potential teno-
genic mechanisms, but aberrant differentiation of
tendon cells into bone or cartilage is frequently
observed in human tendinopathies.102 Ectopic
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ossification or chondrogenesis within tendons
implies the processes are related, and communica-
tion deficiencies or incorrect cell signaling may
induce aberrant differentiation and lead to disease.

Cell-cell junctions in musculoskeletal system
pathologies

Cadherins in musculoskeletal and skin diseases

Cadherin-11 has been shown to participate in the
inflammatory mechanisms of rheumatoid arthri-
tis in the synovium.137 Although cadherin-11 is
required for synovial lining formation,129 it also
contributed to inflammation and mediated carti-
lage degradation, possibly via recruitment of
inflammatory molecules to the synovium.137

Another study found that IL-17, an inflammatory
cytokine involved in rheumatoid arthritis,
increased cadherin-11 expression in the knee
joints of mice with induced arthritis.138 The
same study found increased cadherin-11 expres-
sion in the synovium of mice with arthritis, as
well as in mice with deficient IL-1 receptors, and
human patients with rheumatoid arthritis.
Cultured fibroblast-like synoviocytes also had
significantly increased cadherin-11 when treated
with IL-17, but increases were blocked in cells
treated with nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB) inhibitors
to suppress the inflammatory response.138

Blocking cadherin-11 during rheumatoid arthri-
tis may attenuate some of the symptoms, but
future studies must determine other side effects
of disrupting cadherin-mediated cell adhesion in
the synovium. Nevertheless, cadherins may be
promising targets for preventing or reversing
inflammation within joints and are worth explor-
ing in tendon and other musculoskeletal tissues.

Cadherin-11 is also implicated in pathologies
of the mouth and skin. Human periodontal liga-
ment cells express cadherin-11, but expression
was suppressed by mechanical stress, as cultured
cells weighted under glass coverslips from 0 to 2
g/cm2 for up to 24 h showed increased cadherin-
11 suppression with higher stress and loading
time.139 Col I and β-catenin expression were
also suppressed by loading, and reducing cad-
herin-11 expression with β-catenin knockdown

led to rounding of periodontal ligament cells
and an overall change in collagen matrix
deposition.139 Cadherin-11 was also found on
the surface of fibroblasts and macrophages iso-
lated from the skin of systemic sclerosis
patients.140,141 Blood samples from patients with
widespread skin symptoms of systemic sclerosis
showed significantly increased cadherin-11
expression, compared to samples from patients
with limited systemic sclerosis or other connec-
tive tissue diseases.140 Furthermore, logistic
regression analysis showed a significant correla-
tion of increased cadherin-11 expression with
extensive skin symptoms of systemic sclerosis.140

Together, these findings illustrate that cadherin-
11 may play a role in some musculoskeletal
pathologies.

Connexins in musculoskeletal and skin diseases

Connexins are involved in many human patholo-
gies, and the mechanisms by which connexins
contribute to various disease states have been sum-
marized in a few recent reviews,131,142 though it
was noted that fundamental knowledge of con-
nexin signaling in cartilage, tendon, and muscle
is lacking.131 However, connexin-43 has emerged
as a potential mediator of synovium pathologies.
Elevated connexin-43 expression was seen in the
synovial lining of patients with osteoarthritis.
Connexin-43 expression was 50% higher and
MMP-1 production was increased with osteoar-
thritis, possibly in response to elevated IL-1β.143

IL-1β was also detected in diseased synovia of
human osteoarthritis patients,143 and IL-1β was
shown to significantly increase connexin-43 pro-
duction and localization to the cell membrane in
adult rabbit synovial fibroblasts.144 In a different
study, human chondrocytes from the articular car-
tilage of the femoral head and knee of patients
with osteoarthritis also had elevated expression of
connexin-43 and −45, and increased gap junction
plaques.132 Together, there is evidence of con-
nexin-43 involvement in inflammation and
osteoarthritis in synovial lining and cartilage.
However, future studies are needed to identify
the contributions of connexin-43 and other con-
nexins, such as connexin-32, to tendon and other
musculoskeletal pathologies.
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Conclusions and future directions

Tendon cells in immature and mature tendons
possess an array of cell-cell junction proteins,
including cadherins and connexins. It is likely
that additional cell-cell junction proteins are pre-
sent and have yet to be explored. Improving our
understanding of how the currently identified cell-
cell junctions (e.g., cadherin-11, N-cadherin, con-
nexin-32 and −43) and potential downstream sig-
naling pathways (e.g., β-catenin) (Figure 4)
regulate tenogenesis may result in novel strategies
to direct engineered tendon formation and differ-
entiation. A potential approach is designing
engineered tissue scaffolds that are functionalized
with peptides that mimic specific cell-cell
junctions, similar to what has been demonstrated
with N-cadherin mimicking peptides for
chondrogenesis125 and osteogenesis.124 Tendon
tissue engineering strategies that exploit the nat-
ural ability of the cells to form tissues through
cadherin and connexin mediated self-assembly,
such as scaffold-free techniques that found cad-
herin-11 in the early stages of fiber formation,128

could also be guided by a more complete under-
standing of the cell-cell adhesions found in devel-
oping tendon. A different approach may be to use
novel biomaterials to control spatiotemporal
siRNA application to stem cells to regulate cell-

cell junction levels and ultimately tendon
formation.145 Future engineered tissue constructs
with the appropriate types and ratios of cadherins
and connexins may also acquire self-organizational
capacity as the cell–cell interactions mimic in vivo
development. Constructs that can mimic the
developmental processes more closely can offer
new insights into cell-cell junction-associated sig-
naling pathways that remain underexplored in
tendon development (e.g., Wnt/β-catenin).
Furthermore, β-catenin may be particularly rele-
vant in tenogenesis as it is needed for recruitment
of vinculin and actin to mechanically stressed cad-
herin complexes,78 and β- and γ-catenin are criti-
cal to the formation of adherens junctions in
Drosophila, but are unexplored in the developing
tendons of mammals.79

Other regulators of cell-cell junctions in tendon
may also emerge. The tumor suppressor protein p53,
which is mutated in several cancers that also involve
cadherin mutations,146 was found elevated in partially
torn human supraspinatus tendons, compared to
intact reference subscapularis tendons.147 Injured ten-
dons displayed increased apoptosis and proliferation
compared to intact controls,147 and it is possible that
p53 affects cadherins or other cell-cell junctions in
tendons following injury, though its potential involve-
ment has yet to be explored. In addition to p53, NF-κB
was found to be elevated in tendinopathy and tendon

Figure 4. Potential cell-cell junction and cell signaling regulators of tenogenesis. N-cadherin and cadherin-11 are found in embryonic
and adult tendon cells,37,81 and are regulated in tenogenically differentiating stem cells.90 Cadherin-β-catenin coupling and β-
catenin signaling may regulate tendon and stem cell behavior.61,62 Connexin-32 and connexin-43 are present in embryonic,
postnatal, and adult tendon cells.38,66 Future studies are needed to understand what the roles these cell-cell junction proteins
and β-catenin are playing in tenogenesis.
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injury, and presents a possible target for reducing
inflammation in tendinopathies.148,149 This upregula-
tion of NF-κB during tendinopathy may potentially
affect cell-cell junction proteins, though any relation-
ship between NF-κB and cell-cell junctions in tendon
has yet to be investigated. Overall, a comprehensive
understanding of potential regulators of cell-cell junc-
tion proteins in tendon will provide new targets for
clinical treatment of tendinopathies.

Our current understanding of the roles of cell-cell
junctions in bone and cartilage highlights the diverse
contributions of cadherins and connexins to the
development of musculoskeletal tissues. In compar-
ison, the regulation of tendon formation by cell-cell
junctions is poorly understood. Given that bone and
cartilage form concurrently with tendon during limb
development, and their development is spatiotem-
porally regulated by cell-cell junctions, it is possible
cell-cell junctions are also critical regulators of teno-
genic differentiation. Ultimately, improved under-
standing of the roles of cell-cell junctions in tendon
differentiation, development, and maintenance has
implications for advancing tissue engineering
approaches and regenerative tendon healing.
Additionally, cell-cell junctions are involved in
pathologies of the musculoskeletal system and
deserve further investigation in tendon.
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