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Abstract

TGFp plays a critical role in tendon formation and healing. While its downstream effector Smad3
has been implicated in the healing process, little is known about the role of Smad3 in normal
tendon development or tenocyte gene expression. Using mice deficient in Smad3 (Smad3-), we
show that Smad3 ablation disrupts normal tendon architecture and has a dramatic impact on
normal gene and protein expression during development as well as in mature tendon. In
developing and adult tendon, loss of Smad3 results in reduced protein expression of the matrix
components Collagen 1 and Tenascin-C. Additionally, when compared to wild type, tendon from
adult Smad3~'~ mice shows a downregulation of key tendon marker genes. Finally, through in
vitro work, we have established that Smad3 has the ability to physically interact with the critical
transcriptional regulators Scleraxis and Mohawk. Together these results indicate a central role for
Smad3 in normal tendon development and in the maintenance of mature tendon.
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Introduction

Flexor tendon injuries cause significant morbidity in the working-age population with
patients rarely regaining their pre-injury range of motion. Surgical repair of tendon injuries
initially results in the formation of scar tissue rather than recreating true tendon tissue,
leaving patients prone to both re-rupture and excessive scar formation that can impede
motion. Elucidation of the pathways involved in normal tendon development may lead to the
identification of factors that enhance surgical reconstruction of damaged tendons and allow
us to recreate the normal biomechanical properties of tendon. Unfortunately, relatively little
is known about the mechanisms directing the development of embryonic tendon progenitors
into mature tendons. In addition, much remains to be learned about the factors that control
tenocyte gene expression and maintain the unique material matrix properties of tendon.
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The transforming growth factor-p (TGFp) family of growth factors plays an essential role in
tendon biology (1). TGFp has been implicated in tendon development as well as in the
pathogenesis of tendon injury and healing (2). Prior studies have revealed that simultaneous
ablation of both TGFB2 and TGFB3 signaling in mouse embryos prevents development of
almost all tendons and ligaments (3). Similar results were observed following inactivation of
the TGFp type Il receptor (3). TGFp also induces key markers of tenocyte differentiation
including Scleraxis (Scx) and type | Collagen in vivo (3; 4). In addition, TGFp regulates the
expression of matrix metalloproteinases, which are essential for tendon function and
maturation (4-7). Other studies have revealed a key role for myostatin (GDF-8), another
member of the TGFp family, in tendon development in mice (8). Finally, in a rabbit model
of flexor tendon injury, TGF was found to be upregulated at the site of injury, implicating
the growth factor in the processes of injury-repair and scar formation (2). Similar effects
were found in a mouse model of tendon repair (9).

TGFp acts by binding to a complex of type | and type Il transmembrane serine/threonine
kinases. The receptor/ligand complex then phosphorylates several intracellular effectors that
regulate cell differentiation. Although both TGF} and myostatin induce the phosphorylation
of common downstream effectors, including Smad2, Smad3, Erk1/2 and p38 MAP kinases,
which of these effectors is responsible for the tendon phenotypes of the TGFj and
myostatin-deficient mice remains unclear. In other tissues derived from the mesenchymal
lineage, TGFp acts via Smad3 to regulate the function of key lineage specific transcription
factors. For example, in bone, Smad3 represses the transcriptional activity of the osteogenic
transcription factor Runx2, which in turn regulates osteoblast differentiation and bone
matrix material properties (10). In cartilage, Smad3 regulates the critical chondrogenic
transcription factor Sox9, while in muscle it regulates the myogenic transcription factor
MyoD (11; 12). In this way, TGFp-activated Smad3 is a major regulator of cell
differentiation in tissues of the musculoskeletal system including bone, cartilage, and muscle
(10-13). Therefore, Smad3 may play a similar role in the TGFf-dependent regulation of
tenocyte differentiation.

TGFp-activated Smad3 had already been shown to induce the mMRNA expression of the
tenocyte lineage-specific transcription factor Scx in avian mesenchymal cultures (14).
However, the ability of Smad3 to regulate Scx activity in order to control tendon cell
differentiation remains unknown. A second tenocyte lineage-specific transcription factor,
Mohawk (Mkx), has recently been identified and found to be necessary for the development
of tendons during embryogenesis as well as for tendon maturation (15). The ability of
Smad3 to regulate Mkx expression also remains to be elucidated.

Smad3 signaling has been shown to play a role in tendon healing as well as in the
maintenance of tendon mechanical properties (16). Although deletion of Smad3 decreases
adhesion formation in repaired tendons, tendons in these same Smad3-deficient mice exhibit
diminished tensile strength and abnormal collagen deposition following injury (16). The
mechanisms by which Smad3 asserts these affects in normal and injured tendon remain
unknown.

Given that Smad3 plays a key role in the differentiation of other musculoskeletal tissues as
well as in tendon healing, we hypothesized that Smad3 is a key regulator of tendon
development and of tenocyte gene expression. We used a combination of in vitro and in vivo
approaches to determine the expression and function of Smad3 during embryonic
development and the effect of Smad3 ablation on tendon development and tenocyte gene
expression. Furthermore, we investigated the ability of Smad3 to interact directly with the
tendon transcription factors Scx and Mkx.
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All animal procedures were performed in accordance with University of California, San
Francisco Institutional Care and Use Committee-approved protocols. Smad3-deficient
(Smad3~"") mice were obtained from Dr. X.-F. Wang (17). SBE-Luciferase mice express a
luciferase reporter gene under control of 12 copies of a Smad2/3 binding sequence from the
Smad7 promoter (18).

Histology, Immunohistochemistry, and In situ Hybridization

Achilles and flexor digitorum profundus (FDP) tendons were harvested from 5-8 week old
male mice, while embryos were harvested at E16.5 and forelimbs were disarticulated for
further processing. Harvested tissues were fixed in 4% paraformaldehyde at 4° C overnight
and prepared for sectioning. Achilles tendons were dehydrated and embedded in paraffin
while FDP tendons were embedded in OCT for frozen sectioning. E16.5 forelimbs were
embedded in paraffin as well as OCT. FDP tendons were used for immunohistochemistry
experiments because their morphology was better maintained during frozen sectioning,
while Achilles tendons were used for paraffin sectioning.

To analyze tissue morphology, longitudinal sections of FDP tendon were stained with
hematoxylin and eosin. Frozen sections of FDP tendons and E16.5 forelimbs were analyzed
by immunohistochemistry using antibodies for Smad3 (Abcam, ab63577), Collagen 1
(Abcam, ab292), Tenascin-C (gift of H. Erickson, Duke University) and luciferase (Abcam,
ab21176). Sections were rinsed, dehydrated, and mounted using standard procedures.

In situ hybridization was performed on paraffin sections of adult Achilles tendon and E16.5
forelimbs as described (19). 3°S-labeled antisense riboprobes were generated to mouse
Coallal (gift of E. Vuorio, University of Finland), Mkx (gift of R. Jiang, Cincinnati Children's
Hospital Medical Center), and Scx and Tenomodulin (Tnmd) (gifts of R. Schweitzer,
Shriner's Hospital for Children) (20-22). Sections were counterstained with Hoechst nuclear
dye (Sigma). Hybridization signals were detected using darkfield illumination and the
nuclear stain detected with epifluorescence. All figures show representative images of N = 3
mice.

Quantitative Reverse Transcriptase-PCR (QPCR)

For analysis of gene expression, tail, flexor, and tibialis anterior tendons were isolated from
6-8 week old male mice. The tendon sheath and surrounding soft tissue were carefully
removed with the aid of loupe magnification. The tendons were snap frozen and stored in
liquid N,. Frozen tendons were placed into Trizol and homogenized with a dounce
homogenizer. After homogenization, RNA was extracted using the Purelink RNA Mini Kit
(Invitrogen). cDNA was reverse transcribed from the RNA using the iScript cDNA synthesis
kit (BioRad). Transcripts were amplified using the following primers: Smad3 (Fwd: 5’-
ACCAAGTGCATTACCATCC -3; Rev: 5-CAGTAGATAACGTGAGGGAGCCC -3),
Collal (Fwd: 5-GCATGGCCAAGAAGACATCC-3; Rev: &'~
CCTCGGGTTTCCACGTCTC-3'), Tnc (Fwd: 5-AGGCGATCCCAGCCAGTCAGT -3;
Rev: 5-ATGGACGGGGCACCTCCTGTC-3), Tnmd (Fwd: 5’-
TGTACTGGATCAATCCCACTCT-3; Rev: 5-GCTCATTCTGGTCAATCCCCT-3'), Scx
(Fwd: 5’-CCTTCTGCCTCAGCAACCAG-3’; Rev: 5'-
GGTCCAAAGTGGGGCTCTCCGTGAC-3) Mkx (Fwd: 5’-
GACTCCGAGGCTCTGCCGCAA-3; Rev: 5-CAGGAGTCGCCATCGCTGCTCA-3').
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Results were detected based on amplicon binding of SYBR Green (BioRad) using the
CFX96 Real-Time PCR Detection System (BioRad). Fold change was calculated using the
delta-delta Ct method based on the average of technical duplicates (23). Significance was
determined using a two-tailed student's t-test with a threshold of p=0.05.

Cell Culture and Immunoprecipitation

Results

C3TH10T1/2 cells (ATCC) were cultured and maintained in Basal Medium Eagle
supplemented with 10% FBS and 2 mM L-Glutamine at 37°C and 5% CO,. Cells were
transfected using lipofectamine with expression vectors for Scx, Mkx, and/or Smad3. Smad3
tagged with either Flag or HA epitopes at the N-terminus were cloned into a pRK5
expression vector. Scx tagged with both HA and Flag tags at the N-terminus was cloned into
a pRKS5 expression vector. Mkx-Myc expression vector was a gift of A. Rawls, Arizona
State University (24). Cells grew for 18 hours following transfection before treatment with
TGFB (5ng/ml) for 3 hours. Cells were rinsed with PBS and lysed in 50 mM Tris pH 7.5,
150 mM NaCl, and 0.5% Triton X-100 for 15 minutes at 4° C. Lysates were collected and
briefly sonicated before centrifugation. Complexes were immunoprecipitated by Flag-M2
affinity gel (Sigma, A2220) before analysis by western blot. Images are representative of
three independent experiments.

Smad3 is required for normal tendon formation

Given that Smad3 is highly involved in tendon formation and healing, we assessed the
requirement for Smad3 in normal tendon formation using a Smad3~~ mouse model (3; 16).
Histologic analysis revealed that while tendons from wild type mice (Fig. 1A) displayed
normal matrix organization, tendons from Smad3~~ mice displayed crimped fibers (Fig.
1B), large gaps within the tendon (Fig. 1C), and a high degree of cellular disorganization
(Fig. 1D). These results suggest that Smad3 is essential for the formation of normal tendon
architecture.

Smad3 is required for normal gene and protein expression in adult tendon

Given the impact of Smad3 ablation on normal tendon matrix organization, we next
examined whether the fibrillar disorganization observed in Smad3~~ tendons was associated
with abnormal tendon extracellular matrix protein expression, such as Collagen 1 (Col1) and
Tenascin-C (Tnc). Immunohistochemistry of longitudinal sections of FDP tendons revealed
significant reductions in the expression of Col1 and Tnc in Smad3~' tendons relative to wild
type tendons (Fig. 2A). This finding suggests that Smad3 regulates tendon matrix protein
expression.

In order to determine whether this decrease in protein expression was accompanied by a
corresponding reduction in gene expression, in situ hybridization analyses were performed
on adult Achilles tendon, revealing reduced expression of genes encoding Collagen 1
(Coallal) and the collagen packaging regulator Tenomodulin (Tnmd) (Fig. 2B). In addition,
while we could not detect a difference in Scx expression, we did observe a decrease in
expression of the tendon transcription factor Mkx in Smad3~/~ tendon relative to wild type
(Fig. 2B). In order to quantify this reduction, we examined gene expression by qPCR. The
expression of Collal (p<0.001), Tnmd (p<0.05), and Mkx (p<0.05) in Smad3~~ tendon was
significantly reduced relative to wild type (Fig. 3). While the expression of Thc and Scx
appeared to be slightly reduced in Smad3~~ tendon, these changes were not statistically
significant. The dramatically reduced expression of key tendon marker genes in the absence
of Smad3 strongly suggests that Smad3 is required for the maintenance of adult tendon.
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Smad3 is requiredfor normal gene and protein expression during tendon development

Given the effects of Smad3 deletion in adult tendon, we investigated the role of Smad3
during tendon development. First we assessed overall Smad3 activity during embryonic
development using a reporter mouse model. Embryos carrying a luciferase reporter gene
driven by a Smad2/3 responsive element were harvested at E16.5. Immunohistochemistry
against luciferase revealed broad Smad2/3 activity throughout the limb bud including in the
FDP tendon (Fig. 4A).

To further assess the functional role of Smad3 activity in tendon development, the
expression of key tendon matrix proteins Coll and Tnc was analyzed in Smad3~~ embryos.
As expected, immunohistochemistry of E16.5 forelimbs revealed an absence of Smad3
expression in Smad3~'~ relative to wild type (Fig. 4B). In wild type mice, we observed broad
expression of Coll and Tnc throughout the limb bud with enrichment in the tendon. In
contrast, in Smad3~~ limbs, we observed a reduction in Col1 and Tnc expression across the
limb as well as within the tendon (Fig. 4B).

Next, the expression of genes encoding key tendon transcription factors and extracellular
matrix proteins in the absence of Smad3 was analyzed by in situ hybridization. These
experiments revealed an upregulation of RNA encoding Collal and Scx in Smad3~~ mice
relative to wild type, in contrast to the reduced levels of Coll protein expression observed in
Smad3~'~ tendon (Fig. 4C). In addition, Tnmd expression appeared slightly elevated in the
Smad3~"- tendon relative to wild type. However, mMRNA expression for the gene Mkx was
found to be decreased in Smad3~~ embryos (Fig. 4C).

Smad3 physically interacts with the tendon transcription factors Scleraxis and Mohawk

Given the profound impact that Smad3 ablation has on gene expression in tendon, we sought
to understand the mechanism by which Smad3 exerts its effects. In other tissues of the
musculoskeletal system, including bone and cartilage, Smad3 has been shown to regulate
differentiation through direct interaction with tissue-specific transcription factors (13; 25).
We therefore hypothesized that Smad3 may impact the expression of key tendon marker
genes in a similar manner by interacting directly with the tendon-specific transcriptional
regulators Scx and Mkx. Co-immunoprecipitation experiments were performed to analyze
the capability of Smad3 to physically interact with both Scx and Mkx.

In order to assess physical interactions between Smad3 and Scx, tagged versions of Smad3
and Scx were overexpressed in 10T1/2 cells. Immunoprecipitation of lysates with anti-Flag
antibodies resulted in the co-precipitation of Smad3 with Flag-tagged Scx (Fig. 5A). The
presence of Smad3 following the immunoprecipitation of Scx indicates that these two
proteins can physically interact. To determine if Smad3 interacted similarly with the tendon
transcription factor, Mkx, Myc-tagged Mkx was overexpressed in 10T1/2 cells along with
Flag-tagged Smad3. Immunoprecipitation of lysates with anti-Flag antibodies and detection
by western blot analysis revealed a similar interaction between Smad3 and Mkx in both the
presence and absence of exogenous TGFp (Fig. 5B). Neither of these complexes appeared to
be affected by the addition of exogenous TGFf under these conditions; however, this does
not preclude the possibility that TGF may regulate complex formation in vivo.

Discussion

Our work has elucidated a critical role for Smad3 in normal tendon development and in the
regulation of tenocyte marker genes. Loss of Smad3 affects not only the expression of key
tenocyte proteins, but also the organization of collagen fibrils within the extracellular
matrix. The collagen fibers in mature tendons of Smad3~~ mice showed increased crimping
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and gap formation. Furthermore, immunohistochemistry revealed that expression of the
tendon matrix proteins Coll and Tnc are also diminished. This change in the normal
collagen architecture and tendon matrix protein expression may at least in part explain the
findings of previous studies that loss of Smad3 affects the biomechanical properties of
tendon (16).

In mature tendon, Smad3 ablation resulted in diminished expression of the mRNA of major
tenocyte marker genes including the tendon transcription factor Mkx. The effect of Smad3
deficiency on transcription factor expression suggests that Smad3 may impact the expression
of tenocyte specific genes not only in a direct fashion but also indirectly via its regulation of
the expression of Scx and Mkx. Furthermore, we found that Smad3 has the ability to directly
interact with both Scx and Mkx. Thus, Smad3 may exert its key regulatory role in tendon via
its physical interaction with these tendon-specific transcription factors.

Smad3 plays a critical role in the differentiation of other tissues of the musculoskeletal
system. In bone, Smad3 binds the osteogenic transcription factor Runx2 to confer TGFp-
mediated inhibition of terminal osteoblast differentiation (25). Smad3 is also crucial to
TGFB-mediated regulation of bone mineral matrix properties (10). Similarly, during
chondrocyte differentiation, Smad3 binds Sox9 to promote chondrogenic gene expression
(13). Likewise, Smad3 participates in the regulation of myocyte and adipocyte
differentiation by interactions with the lineage-specific transcription factors MyoD and C/
EBPb respectively (12; 26). Although the functional role of this interaction remains to be
defined, our findings strongly suggest that Smad3 functions in a similar manner in tendon by
binding the tenocyte-specific transcription factors Scx and Mkx. In other mesenchymally-
derived cells, Smad3 exerts its effects on the expression of lineage specific genes by
recruitment of transcriptional co-activators such as CREB binding protein during
chondrogenesis or co-repressors such as class lla histone deacytylases in osteogenesis (13;
27). However, the effect of Smad3 interaction with Scx or Mkx on transcriptional co-
regulator recruitment remains to be elucidated.

Embryonic immunohistochemistry studies reveal that Smad2/3 activity is widespread
throughout the developing limb bud. Interestingly, in situ hybridization analysis of the
developing limb revealed an upregulation of Scx and Collal mRNA in the absence of Smad3
in contrast to our adult in situ data. The mechanism and significance of this apparent
discrepancy are unclear. It is possible that the mechanisms controlling expression of the
tenocyte genes are differentially sensitive to Smad3 in embryonic and adult tissue at
different times. Alternatively, upregulation of an alternative pathway during development
may be able compensate for the loss of Smad3. Although our data show that expression of
Collal mRNA in the developing limb is upregulated in the absence of Smad3,
immunohistochemistry reveals that Collagenl protein levels are reduced with loss of Smad3
during development. It is therefore possible that the post-transcriptional regulation of
tenocyte genes during embryonic development is Smad3-dependent. For example, Smad3 is
known to regulate the expression and activity of several miRNAs as well as of enzymes
responsible for matrix protein modification and secretion in other tissues (10; 28). Smad3
may similarly play a post-transcriptional regulatory role in the developing limb.

Although previous studies have suggested that Smad3 activity increases the formation of
pathologic adhesions after tendon injury, our findings suggest that Smad3 is also critical for
normal tendon development (16). TGFp similarly plays a role in both pathologic adhesion
formation and in normal tendon development. Therefore, TGF may exert its crucial
regulation of both tendon differentiation and adhesion formation via a Smad3-dependent
pathway. The formation of flexor tendon adhesions after tendon injury and repair may be
induced by the expression of factors from the tissues of the surrounding tendon sheath rather
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than from within the tendon itself. Thus, it is possible for Smad3 activity to induce scar and
adhesion formation when expressed by the tissues of the surrounding tendon sheath while
promoting tendon healing when expressed within the tendon itself. Our study adds to the
growing body of evidence indicating that the same pathways may regulate tendon healing
and tendon adhesion formation. Further studies differentiating the effects of Smad3
expression in cells of the surrounding tendon sheath from those of the tenocytes themselves
may provide some clue in how to modulate this pathway to prevent adhesion formation
while promoting tendon healing.
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Figure 1. L oss of Smad3 disrupts normal tendon development
H&E staining of flexor digitorum profundus (FDP) tendon from 8-week-old mice reveals

that relative to wild type (WT) (A), Smad3~~ mice display crimped fibers (B), gaps (C), and
cellular disorganization (D). Images are representative of N=3 WT and Smad3~~ mice.
Scale bar=20 pm.
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Figure 2. Loss of Smad3 disruptsnormal tendon matrix protein and gene expression in mature
tendon

(A\) Protein expression of Col1 and Tnc in WT and Smad3~~ FDP tendons. The specificity
of staining is indicated by the 1gG control. Scale bar=100 pm. (B) In situ hybridization
experiments show mRNA expression of Collal, Tnmd, Mkx and Scx in Achilles tendon from
adult WT and Smad3~~ mice. Images are representative of N>3 mice.

J Orthop Res. Author manuscript; available in PMC 2014 March 20.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Berthet et al.

Page 11
351 .
) ® WT
A Smad3”
x\ r ks 1 r s \ — Mean
20 ®
o
*
®
151 &) ® ®
®
[ ]
s 3, T i
L - = -~
w0 e ° .;- . ’ | e
© (o] A
U 8 - —_
0.5 - ® -
= o T
A
A — A A
00 T T T T ‘ T T
Smad3 Colla1l Tnc Tnmd Scx Mkx

Figure 3. Expression of key tendon genesis dramatically reduced with theloss of Smad3

Gene expression analysis by gPCR of Smad3, Coallal, Tnc, Tnmd, Scx, and Mkx in WT and
Smad3~~ tendon. Gene expression data for individual mice (WT: N=7, Smad3~—: N=3) is
shown alongside the mean for each genotype. * and ** indicate significant differences of
p<0.05 and p<0.001 respectively.
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Figure 4. Loss of Smad3 resultsin reduced tendon matrix protein and gene expression in the
developing tendon

(A) Mice with a Smad2/3 responsive element driving a luciferase reporter gene display
broad luciferase expression across the limb bud and in the FDP tendon (blue arrow) as
analyzed by immunohistochemistry at E16.5. (B) Immunohistochemistry of axial sections of
the mouse embryonic forelimb at E16.5 show protein expression of Smad3, Coll, and Tnc,
in WT and Smad3~'~ FDP tendon. The IgG control indicates the specificity of staining. (C)
In situ hybridization of axial limb sections of WT and Smad3~/~ E16.5 embryos show
expression of Collal, Tnmd, Scx, and Mkx mRNA in the FDP tendon (yellow arrow). Images
are representative of N=3 mice.
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Figure 5. Smad3 binds Scx and Mkx

10T1/2 cells were transfected with the indicated plasmids (A: Smad3 and/or Scx; B: Smad3
and/or Mkx) and treated with TGFf or vehicle control. Lysates were immunoprecipitated
with anti-Flag antibodies. Smad3 binds Scx (A) and Mkx (B) as indicated by the
coRprecipitating band in the immunoprecipitated (IP) fraction. Whole cell extract (WCE)
shows total protein expression.
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