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Abstract

Purpose—Tendon injuries are clinically challenging due to poor healing. A better understanding 

of the molecular events that regulate tendon differentiation would improve current strategies for 

repair. The mouse model system has been instrumental to tendon studies and several key 

molecules were initially established in mouse. However, the study of gene function has been 

limited by the absence of a standard in vitro tendon system for efficiently testing multiple 

mutations, physical manipulations, and mis-expression. The purpose of this study is therefore to 

establish such a system.

Methods—We adapted an existing design for generating 3D tendon constructs for use with 

mouse progenitor cells harboring the ScxGFP tendon reporter and the Rosa26-TdTomato Cre 
reporter. Using these cells, we optimized parameters for construct formation, inducing tenogenesis 

via TGFβ2, and genetic recombination via an adenovirus encoding Cre recombinase. Finally, for 

proof of concept, we used Smad4 floxed cells and tested the robustness of the system for gene 

knockdown.

Results—We found TGFβ2 treatment induced a tenogenic phenotype depending on timing of 

initiation. Addition of TGFβ2 after 3D ‘tensioning’ enhanced tendon differentiation. Interestingly, 

while TGFβ2-induced proliferation depended on Smad4, tenogenic parameters such as ScxGFP 
expression and fibril diameter were independent of Smad4.

Conclusions—Our results demonstrate the feasibility of this optimized system for harnessing 

the power of mouse genetics for in vitro applications.
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Introduction

Tendons are dense connective tissues that transmit muscle-generated forces to the skeleton. 

Tendon function is enabled by an extracellular matrix (ECM) primarily composed of aligned 

type I collagen fibers, which confer the bulk of tensile resistance (1). During embryonic 

development, tendons are formed as highly cellular structures with small collagen fibrils of 

uniform diameter. After birth, the ECM undergoes rapid maturation as the collagen matrix 

transforms from an assembly of small and uniform fibrils to a heterogeneous distribution of 

large and small fibers by the end of tendon growth (2). Tendon development from embryonic 

differentiation to postnatal maturation is orchestrated by the resident tenocytes, which in the 

mature tendon comprise only ~20% of the total tissue volume (3). Although tendon and 

ligament injuries are extremely common, tissue repair remains a challenge. Surgical 

intervention remains the standard of care, however clinical outcomes are variable (4–7). A 

better understanding of the molecular events that regulate tendon differentiation and 

maturation may enable new therapies that induce innate regenerative healing responses or 

advance strategies for engineering tissue replacements.

To date, the biological processes underlying tendon differentiation and maturation remain 

largely unknown. Several of the known regulators of tendon cell fate were originally 

identified and tested using genetic mouse models (8–11). The ability to engineer the mouse 

genome, the wide range of genetic resources currently available (including null and 

conditional mutants), and the presence of long-range tendons anatomically analogous to 

human makes the mouse a powerful system for developmental and regenerative tendon 

biology (12–15). In recent years, a number of mouse reagents have been generated for 

tendon, facilitated by the discovery of key transcription factors for tendon such as Scleraxis 
(Scx) and Mohawk (9–11, 16). The generation of a robust tendon reporter mouse, ScxGFP, 

has been especially useful for studies of tendon differentiation, as it enables easy detection 

of tendon cells (17). Despite these advances, studies of gene function in tendon remain 

severely limited by the absence of a standard in vitro system to facilitate experiments that 

combine multiple mutations, physical manipulations and nimble gene mis-expression 

strategies. One common method to test gene function in cell culture is RNAi, however, 

efficient delivery of siRNA depends on a variety of factors including cell type, siRNA 

molecule size and mode of delivery (18). Although transfection is frequently used, 

transfection of primary mammalian cells can be challenging. Inhibition by siRNA is also 

transient (limiting culture durations), potentially non-specific, and depending on transcript 

turnover, knockdown may be incomplete or variable (19). These challenges may be 

mitigated by the Cre-lox system, which has been widely used to manipulate the mouse 

genome. This system is attractive due to the availability of existing mouse conditional 

mutants that have already been generated using this system (20, 21). Cre mediated 

recombination is also permanent, and recombined cells can be readily distinguished using a 

variety of robust Cre reporters, such as the Ai14 Rosa26-TdTomato reporter (RosaT) (22).

Although in vitro gene deletions have been carried out using primary cells isolated from 

conditional mouse mutants to assess tenogenesis, most of these studies tested cells cultured 

under 2D conditions (23). For tendon, conventional culture systems using 2D plastic 

adherence is undesirable since tenocytes maintained in 2D conditions rapidly lose 
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expression of characteristic markers (24). More promising are 3D culture systems that 

mimic the natural mechanical environment of tendons in vivo. In the field of tissue 

engineering, a number of platforms have emerged for generating such 3D environments (24–

26). Although the biomaterial scaffolds and cell types used may vary (27–30), the central 

conceptual design is fairly consistent. Generally, a linear construct with high cell density is 

formed such that the construct is anchored between two fixed points and held under tension. 

In this study, we have adapted a previously established and widely used method from the 

Kadler lab for generating 3D tendon-like structures (31–34), for use with primary mouse 

progenitor cells derived from ScxGFP and RosaT embryos. The overall purpose of this study 

is to establish a tendon system to study gene function using available mouse genetic tools, 

thereby harnessing the strengths of the mouse system for in vitro studies. Toward this end, 

we optimized tenogenic differentiation of mouse embryonic fibroblasts (MEFs) in this 3D 

culture system by TGFβ supplementation, and developed parameters to direct in vitro 
recombination of conditional mutant cells using an adenovirus encoding Cre recombinase. 

Using Smad4f/f MEFs as a proof of concept study, we demonstrated efficacy of our 

optimized platform for testing gene function and showed that while TGFβ-induced 

proliferation depends on downstream Smad signaling, the tenogenic effects of TGFβ may be 

independent of Smads.

Methods

Mice

Existing mouse lines used for these studies were previously described: ScxGFP tendon 

reporter (17), Ai14 Rosa26-TdTomato (RosaT) Cre reporter (22), Scxf/f (9), and Smad4f/f 

(35). All mice were crossed with ScxGFP to enable visualization of tendon differentiation. 

Embryos were collected from timed matings to generate cells and control tissues for 

immunostains. All animal procedures were approved by the Institutional Animal Care and 

Use Committee and are consistent with animal care guidelines.

Cell isolation and expansion

Mouse embryonic fibroblasts (MEFs) were isolated from E13.5 embryos as previously 

described (36). Briefly, the head and all viscera were removed from the embryo, followed by 

fine dicing of the remaining tissues using sterile instruments. The tissue slurry was then 

incubated in 0.25% Trypsin-EDTA for 10 min at 37°C and plated in culture medium (high 

glucose DMEM containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin 

(PS)). After 1–2 passages, MEFs were incubated for 24 hours in culture medium 

supplemented with 20 ng/mL TGFβ2 (US Biological), and ScxGFP+ cells were isolated by 

Fluorescence-Activated Cell Sorting (BD FACSVantage Cell Sorter, BD Biosciences). 

ScxGFP+ sorted cells were then expanded in culture medium for an additional two passages 

prior to construct formation (Figure 1A). Note that ScxGFP expression in sorted cells is lost 

after 2D expansion. Embryos from each litter were pooled (including male and female 

embryos), and experiments were carried out using pooled cells from distinct litters.
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Construct formation

3D linear constructs were formed as previously established by the Kadler lab (33). Briefly, 

MEFs (700,000 cells in 400 µL media) were mixed with 83 µL of fibrinogen (20 mg/mL, 

Sigma), crosslinked with 10 µL thrombin (200 U/mL) and cast into prepared 35 mm plates 

containing two suture anchors pinned onto Sylgard. Gels were then incubated at 37°C and 

5% CO2 for 5 minutes to fully set the gel, scored around the edge to release the gel from the 

plate walls, and flooded gently with 3 mL of media. Media were changed every 2–3 days 

and the edges of each gel scored daily until full contraction was achieved (T0 timepoint) and 

a linear construct formed between the two suture anchors. Since contraction time was 

generally 7 or 14 days, the time of gel casting is indicated as the T-7 or T-14 timepoint 

(Figure 1B).

Experimental culture conditions

In Study 1, MEFs isolated from ScxGFP embryos were used to generate 3D constructs or 

plated on 2D tissue culture plastic. 3D constructs were cultured for 7 additional days 

following full contraction of the gel (T7 timepoint). To evaluate the effect and timing of 

TGFβ2 supplementation on construct formation and tenogenic differentiation, constructs 

were incubated with 10 ng/mL of TGFβ2 (US Biological) prior to construct formation (from 

T-14 to T10), or after construct formation (from T0 to T10).

In Study 2, effective in vitro recombination of MEFs using an adenovirus for Cre 

recombinase (Ad-Cre, Vector Biolabs) was evaluated. To determine optimal dosing of Ad-

Cre, MEFs were isolated from RosaT embryos, plated on 2D tissue culture plastic and 

incubated in Ad-Cre at doses ranging from Multiplicity of Infection (MOI) 0–200. Media 

were changed after 2 days and cells fixed and stained with DAPI at 4 days; cells were then 

imaged at 5× and efficiency of recombination quantified via cell counting (Tomato+ and 

total DAPI+ cells within a defined field) with ImageJ Cell Counter. To confirm effective 

recombination, MEFs were also generated from Scxf/f embryos and Scx gene deletion was 

carried out using Ad-Cre at MOI 0, 10, and 100. To determine optimal timing of Ad-Cre 

deletion, Ad-Cre (MOI 10) was added at T-7 or T0 and constructs assessed for Tomato 
expression at T7. For all experiments in Study 2, cells were incubated with Ad-Cre for 2 

days followed by fresh media change.

Finally, in Study 3, a proof of concept study using MEFs isolated from Smad4f/f; RosaT; 
ScxGFP embryos was carried out to determine whether the effects of TGFβ supplementation 

on construct growth and differentiation is mediated by Smad4. Using the dose and timing 

parameters established in Studies 1 and 2, Ad-Cre was added at T-14 and constructs were 

maintained in 10 ng/mL TGFβ2 from T0 to T14. Constructs were harvested at T0, T3, T7, 

and T14.

For all studies, constructs and cells were maintained in DMEM containing 10% FBS and 1% 

PS. Tenogenic differentiation was determined by ScxGFP expression, immunostaining, 

histology, in situ hybridization and transmission electron microscopy (TEM) analysis.
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Immunofluorescence and histology

Constructs were fixed overnight at 4°C in 4% paraformaldehyde (PFA), rinsed in phosphate 

buffered saline and embedded in 2% w/v agarose to facilitate visibility and positioning of 

sample during embedding and sectioning. The construct/agarose block was embedded in 

OCT medium and 12 µm cryosections were generated for immunofluorescence staining and 

histology. Immunostaining was carried out using the Mouse on Mouse kit (Vector 

Laboratories) according to manufacturer’s directions. Antibodies for collagen type I 

(AB765P, Millipore, 1:40 dilution) and collagen type II (II-II6B3, Developmental 

Hybridoma Bank, 1:100 dilution) were used to distinguish fibrous and cartilaginous 

collagens, respectively. The secondary antibody used for detection was streptavidin-

conjugated Cy3 (016-160-084, Jackson Laboratories, 1:400 dilution) and DAPI 

counterstaining was used to visualize cell nuclei. Cell number was determined by counting 

DAPI+ nuclei in transverse sections using the ImageJ Cell Counter plugin tool. Cross-

sectional area was also determined from transverse sections by measuring the major and 

minor radii and calculating the area for an ellipse. To minimize variability due to section 

location, four sections were counted for each construct and then averaged. Quantitative 

measurements are reported for n=3–4 constructs at T0 and T14. To stain for 

glycosaminoglycans, cryosections were stained with Alcian Blue (pH 1.0). To identify 

apoptotic cells, TUNEL assays were performed on cryosections using the In Situ Cell Death 

Detection kit (Roche) according to manufacturer’s instructions.

Fluorescence microscopy

Fluorescence imaging of cryosections was carried out using the Zeiss AxioImager with 

optical sectioning by Apotome and the Zeiss Zen software. Whole mount imaging of 

constructs was carried out after overnight fixation in 4% PFA at 4°C. Whole mount images 

were captured using either a Leica stereomicroscope fitted with GFP filter, or using laser 

scanning confocal microscopy (Zeiss LSM780 with Zen software). Cell images were 

captured using a Leica DMIL LED inverted fluorescence microscope with Texas Red and 

UV filters. Images were captured at 5×, 10×, or 20× magnification.

In situ hybridization

In situ hybridization was performed on cryosections as previously described (37). Briefly, 

cryosections were subjected to proteinase K treatment, post-fixation in PFA and acetylation. 

Hybridization with digoxygenin-labeled probe against Col1a1 RNA was performed 

overnight at 65°C. Post-hybridization, slides were rinsed in a 5× saline-sodium citrate buffer 

(SSC) at 65°C, washed with 1× SSC/50% formamide, and unbound probe was digested 

using RNase A. Additional washes in 2× and 0.2× SSC buffers were carried out at 65°C, and 

bound probe detected using NBT/BCIP.

Transmission electron microscopy

Constructs were prepared for electron microscopy by immersion in 1.5% glutaraldehyde/

1.5% PFA (Tousimis Research Corporation, Rockville, MD) in Dulbecco’s serum-free 

media (SFM) containing 0.05% tannic acid. Constructs were further washed in SFM 

followed by post-fixation in 1% OsO4 and further washing in SFM. Samples were then 
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gradually dehydrated in ethanol to 100%, rinsed in propylene oxide, and infiltrated in Spurrs 

epoxy and polymerized at 70°C over 18 hours. Micrographs were obtained in transverse and 

longitudinal sections to visualize collagen fibril diameter, alignment, and density. For 

morphometric analysis, fibril diameters were measured using Image J (n=200 fibrils/group).

Statistical analysis

Results are presented as mean ± standard deviation. All statistical analyses were carried out 

using one way ANOVA with Bonferroni posthoc testing. Significant differences were 

detected at p<0.05.

Results

Purified ScxGFP MEFs generated constructs with tendon-like features under 3D culture

To evaluate whether MEFs are able to form viable 3D constructs, we isolated MEFs from 

E13.5 ScxGFP embryos and encapsulated the cells into fibrin gels as described by the 

Kadler Lab (33). Interestingly, the MEFs were unable to form a viable, linear construct; 

most gels were completely torn within 2–3 days of casting, likely due to uneven contraction 

(not shown). Despite their name, MEFs are a heterogeneous population of cells comprising 

not only fibroblastic cells, but also cells from diverse lineages, including myogenic, 

chondrogenic, neurogenic and vascular lineages. To restrict the population of cells to only 

those with tenogenic potential, we induced expression of the tendon reporter, ScxGFP, in 

responsive cells using TGFβ2, and isolated the GFP+ fraction by FACS (Figure 1A, B). 

TGFβ ligand was chosen as it is well established that TGFβ signaling is essential for tendon 

formation, as deletion of either the ligands (TGFβ2 and TGFβ3) or the receptor (TβR2) 

results in a complete loss of tendons early in embryonic development (8). TGFβ signaling is 

also a strong inducer of the tendon cell fate, which has been shown both in limb organ 

culture and in mesenchymal stem cells (8, 38, 39). After sorting, this purified population of 

MEFs reproducibly formed linear constructs, requiring 7 to 14 days for full contraction 

around the anchors. Compared to cells cultured in parallel on 2D tissue culture plastic (in 

which ScxGFP expression of sorted cells is lost after 2D expansion), MEFs within 3D 

constructs spontaneously expressed higher levels of ScxGFP at T0, although the level of 

ScxGFP expression was not consistent between all cells within the construct (Figure 1C–

D’). Whole mount images showed that ScxGFP expression was observed throughout the 

construct length and was not localized to any specific location (Figure 1E, E’). For all 

subsequent studies, we therefore induced and enriched for ScxGFP+ MEFs via FACS, prior 

to experimentation.

TEM analysis of constructs at T7 revealed several hallmarks of tendon cell identity, 

including cell protrusions resembling those of native tenocytes, as well as aligned collagen 

fibrils and the presence of fibropositors (Figure 2A–C). However, the collagen fibrils were 

uniformly small in diameter, indicating an immature state. There were also regions of 

disorganized collagen, suggesting possible local, aberrant differentiation or non-uniform 

loading through the construct (Figure 2D).
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Study 1: TGFβ2 enhanced tenogenic differentiation of MEFs in 3D culture depending on 
time of initiation

To enhance tenogenic differentiation of MEFs in 3D culture, we tested the tenogenic 

capacity of TGFβ in this context, and initiated TGFβ2 supplementation either immediately 

after gel casting at T-7 (group β2A) or after construct formation at T0 (group β2B) (Figure 

3A). Ten days after construct formation (T10), whole mount and transverse sections showed 

that all TGFβ2 treated constructs appeared qualitatively larger compared to non-treated 

control constructs, although the β2A group was the most robust in size. Whole mount 

imaging further showed highly aligned and elongated cells with strong expression of 

ScxGFP in both TGFβ2 treatment groups (Figure 3B–D). In contrast, ScxGFP expression in 

the control construct was less uniform and cells appeared relatively rounded. Transverse 

sections stained with TUNEL for apoptotic cells showed cell death in both the control and 

β2A groups, with no evidence of cell death in the β2B group (Figure 3E–G). Interestingly, 

while apoptotic cells were observed in the periphery of control constructs, TUNEL positive 

cells were largely localized to the center of β2A constructs.

In situ hybridization for Col1a1 showed intense and homogeneous expression in β2B 

constructs, compared to the more sporadic expression in controls. While Col1a1 expression 

was detected in cells throughout β2A constructs, expression was highly localized to the 

center regions, in contrast to ScxGFP expression, which was detected mostly in the 

periphery (Figure 4A–D). Regional specificity was confirmed by immunostaining for type I 

collagen, which showed a similar distribution. While immunostaining for type I collagen 

was robust throughout β2B constructs, staining was again centrally localized in β2A (Figure 

4E–H). Since TGFβ ligands are well known to be strong chondrogenic inducers in vitro, we 

also evaluated potential differentiation toward chondrogenesis using Alcian Blue staining for 

proteoglycans and immunostaining for type II collagen. Alcian Blue staining of E16.5 

embryonic tissue was strong in cartilage (orange arrow), but relatively weak in tendons 

(green arrow, Figure 4I). Interestingly, intense Alcian Blue staining was observed in β2A 

constructs, at levels comparable to embryonic cartilage. Staining was localized to outer 

regions that were coincident with low type I collagen staining and Col1a1 expression. Alcian 

Blue staining was uniformly light in both controls and β2B constructs, at levels similar to 

embryonic tendon (Figure 4I–L). However, while type II collagen immunostaining was 

intense in embryonic cartilage, there was little to no staining in any of the construct groups 

(Figure 4M–P).

Collectively, this data indicates that initiation of TGFβ2 supplementation directly after gel 

casting resulted in constructs with tenogenic features, but high proteoglycan content and 

centralized cell death. In contrast, initiation of TGFβ2 at T0 (after cells have formed a linear 

construct) resulted in constructs with homogeneous tenogenesis, low proteoglycan staining 

and no cell death. TGFβ2 was therefore initiated at T0 for subsequent studies.

Study 2: Optimization and validation of adenovirus Cre-mediated gene deletion in 2D and 
3D culture

Having established an effective protocol for tenogenesis, we next tested parameters (dose 

and timing) necessary to achieve effective recombination of cells in 3D culture using an 
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adenovirus expressing Cre recombinase (Ad-Cre). For this experiment, MEFs were isolated 

from RosaT embryos, so that recombined cells could be easily detected by visualization of 

the Tomato reporter. As expected, Cre-mediated recombination of cells in 2D culture 

depended on the dose of Ad-Cre. Since no cells were recombined in the absence of Ad-Cre 

(MOI 0), quantification was carried out for MOI 0.5 and above. We found a progressive 

increase in the number of Tomato+ cells with increasing Ad-Cre dose (MOI 0.5–200), with 

the highest recombination rate observed at MOI 100 (p<0.001, Figure 5A, B). 

Recombination rate was not improved with MOI 200 (p>0.1 vs MOI 100); therefore, MOI 

100 was chosen for subsequent studies. In addition, Ad-Cre did not affect cell viability since 

total cell numbers were similar across all samples (Figure 5C). To further confirm functional 

deletion by Ad-Cre, we also used MEFs derived from Scxf/f embryos and evaluated 

recombination by PCR amplification for Scx−/− DNA. Consistent with the cell counting 

results, we did not detect any Scx−/− PCR product in the absence of Ad-Cre (MOI 0). 

However weak bands (of comparable size to Scx−/− control tissue) were detected at the low 

dose (MOI 10) while strong bands were detected at the high dose (MOI 100), indicating 

functional, dose-dependent recombination of the floxed Scx gene by Ad-Cre (Figure 6A).

To determine optimal timing, we used a low dose of Ad-Cre (MOI 10) and initiated 

recombination directly after gel casting (T-7) or after construct formation (T0). The 

localization and distribution of Tomato+ cells was visualized after an additional 7 days of 

culture (T7). When cells were recombined with Ad-Cre directly after gel casting, Tomato+, 

recombined cells were detected throughout the construct at T7. In contrast, when Ad-Cre 

was added at T0, only the cells in the construct periphery were Tomato+, suggesting 

inadequate penetration by Ad-Cre after construct formation (Figure 6B, C).

Finally, we tested our optimized parameters for dose (MOI 100) and timing (T-7) on MEFs 

in 3D culture, to evaluate recombination efficiency and construct formation under high Ad-

Cre exposure. Since Ad-Cre is non-replicating, exposure of the virus was transient (2 days), 

however new cells expressing the Tomato reporter were detected up to 4 days (Figure 6D, 

E). This was likely due to the lag time between infection and subsequent Cre expression, 

recombination, and Tomato transcription. Construct formation was not impaired by high Ad-

Cre exposure as all constructs formed successfully, within a standard contraction time of 7 to 

14 days. Transverse sections of T0 constructs showed a large number of Tomato+ cells 

throughout the construct (Figure 6F, F’), further confirming effective recombination by Ad-

Cre using the optimized parameters.

Study 3: Smad4 deletion abolished TGFβ-induced cell proliferation but did not affect 
tendon differentiation

In Study 1, we showed that delayed initiation of TGFβ2 resulted in constructs with larger 

diameter and enhanced expression of tenogenic markers (ScxGFP and Col1a1). Since 

canonical TGFβ signaling is mediated by two receptor Smads (Smad2 and Smad3) and the 

common Smad (Smad4), we decided to delete Smad signaling as a proof of concept study to 

test the efficacy of our system for interrogating gene function. Since Smad2 and Smad3 may 

be functionally redundant, we chose to use MEFs derived from homozygous Smad4f/f 

embryos for simplicity.

Chien et al. Page 8

Connect Tissue Res. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Combining our optimized parameters for TGFβ supplementation and Ad-Cre dose and 

timing, we formed constructs using Smad4f/f MEFs, and cultured the constructs under the 

following conditions: control media (Wild Type, WT), TGFβ2 supplementation (TGFβ2), 

Ad-Cre only (Mutant, Mut), and Ad-Cre with TGFβ2 supplementation (Mut-TGFβ2). 

TGFβ2 was used to induce tenogenesis and Ad-Cre was used to generate Smad4−/− mutant 

cells. Both WT and Mut groups formed viable constructs within 14 days and transverse 

sections at T0 showed that WT and Mut constructs were indistinguishable. Constructs were 

then cultured for an additional 14 days after construct formation, and harvested at T3, T7 

and T14. Surprisingly, we found a dramatic reduction in the size of WT constructs from T0 

to T14. To evaluate whether this reduction was due to contraction of cells or loss of cells, we 

counted cell number in representative transverse sections using DAPI to highlight cell nuclei 

and found a significant reduction in cell number by T14 (Figure 7). In contrast, 

supplementation with TGFβ2 resulted in increased cell number at T14 (p=0.001 vs WT) 

(Figure 8A). While ScxGFP levels remained uniform across timepoints for WT constructs, 

there was a gradual increase in ScxGFP expression in TGFβ2 constructs from T0 to T7. 

Although DAPI staining revealed the presence of cells in the central regions at T14, intense 

ScxGFP expression was largely restricted to outer regions (Figure 8B–G).

Interestingly, Smad4 Mut constructs failed to grow in response to TGFβ2 stimulation, since 

cell number of Mut-TGFβ2 were comparable to WT and Mut control groups (p>0.05), 

indicating that the proliferative activity of TGFβ2 in this context is likely mediated by Smad 

signaling (Figure 8A). Although cell number was not significantly different for any group 

except TGFβ2-treated, the cross-sectional area was sigificantly lower for both Mut and Mut-

TGFβ2 relative to control, which may suggest reduced matrix deposition with loss of Smad4 
function (Figure 8A). Despite the loss of cell proliferation, ScxGFP expression was 

enhanced in Mut-TGFβ2 compared to Mut constructs, and the peripheral cells were 

organized circumferentially around the construct, a pattern which was also observed in 

TGFβ2 constructs (Figure 8B–M). Alcian blue staining at T14 revealed stronger staining in 

the non-treated WT and Mut groups compared to either TGFβ treated group (Figure 9A–E).

To evaluate matrix deposition, TEM imaging was carried out for T14 samples. Transverse 

micrographs showed that collagen fibrils were relatively homogeneous within each group, 

indicative of an immature matrix phenotype, however fibril density appeared higher in 

TGFβ2 treated groups (Figure 10A–D). Quantification of fibril diameter revealed increased 

diameter with TGFβ2 treatment for both WT and Mut groups relative to controls. 

Interestingly, while control Mut fibrils were smaller in size compared to control WT 

(p<0.001), Mut-TGFβ2 fibrils were significantly larger compared to WT TGFβ2 fibrils 

(p<0.001) (Figure 10E–G).

Discussion

In this study, we established an in vitro system for testing tendon differentiation and 

maturation that combines the strengths of the mouse model system with design principles 

from tissue engineering. Using a previously described method for generating linear cell-

fibrin constructs (33), we optimized conditions for the use of mouse progenitor cells derived 
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from embryos containing alleles for ScxGFP and RosaT and tested parameters for inducing 

tenogenesis by TGFβ2 and Smad4 gene deletion by Ad-Cre.

The capacity of TGFβ to induce both chondrogenic and tenogenic differentiation is 

supported by numerous in vivo and in vitro reports in the literature. In vivo, the loss of 

TGFβ signaling via deletion of either ligands (TGFβ2 and TGFβ3) or the type II receptor 

(TβR2) results in a complete loss of tendons (8). Interestingly, recent studies indicate that 

TGFβ signaling induces an early pool of progenitors that expresses both Sox9 
(chondrogenic) and Scx (tenogenic) and that subsequent allocation of these progenitors to 

cartilage or tendon depends on signals that suppress either Sox9 or Scx in these cells (40, 

41). In vitro, TGFβ has long been used to induce chondrogenesis; in this context, cell 

morphology plays a crucial role and chondrogenic protocols are typically carried out in high 

density cultures where cells are maintained in a rounded morphology (42, 43). When cells 

are allowed to adopt an elongated morphology, TGFβ induces differentiation toward 

fibrocartilage (44). Although type II collagen staining was not apparent in any constructs, 

proteoglycan staining was enhanced when TGFβ was added immediately after gel casting, 

suggesting potential differentiation toward chondrogenesis. Although we found minimal 

proteoglycan staining with delayed addition of TGFβ2, it may be that longer culture 

durations will eventually result in mixed phenotypes. Future studies will therefore evaluate 

the effect of long-term culture duration and apply cyclic mechanical loading to further 

improve tenogenesis (24, 45). Since we also observed centralized cell death once constructs 

reached a certain size (although diameter and cross-sectional areas were not measured in this 

study), mechanical stimulation may also improve nutrient diffusion and enable sustained 

construct growth. Interestingly, cell death was also observed at the periphery of control 

constructs after 10 days of culture (T10) in the absence of TGFβ2 supplementation. We also 

found that there was a significant loss of cells from the time of construct formation at T0 to 

T14 of culture. The smaller size of control constructs and peripheral location of cell death 

suggests that inadequate nutrient diffusion is likely not the cause of cell death. It may be that 

TGFβ2 supplementation exerts a protective effect on the cells, since cell death was not 

observed in the delayed TGFβ2 condition. TGFβ2 also induced a strong proliferative and 

matrix synthesis response regardless of timing, which is consistent with other in vitro studies 

using TGFβ ligands (28, 29, 46, 47).

To optimize parameters for gene knockdown using the Cre/lox system, we used MEFs 

derived from RosaT embryos (to facilitate detection of cell recombination by Tomato 

expression) and induced recombination by Ad-Cre. We found that the proportion of wild 

type and mutant cells can be controlled by Ad-Cre dose and that Ad-Cre dose correlated 

with functional recombination of the Scx gene when Scxf/f cells were used. While the focus 

of this study was to generate the largest number of mutant cells with minimal toxicity, the 

ability to form constructs with mixed mutant and wild type populations could be a powerful 

tool for studying cell-cell interactions in vitro. Finally, we also tested the robustness of our 

system for gene function studies by applying our optimized parameters for inducing 

tenogenesis and recombination to MEFs generated from Smad4f/f embryos. While TGFβ2 

induced cell proliferation in wild type cells, increases in cell number were not observed in 

Smad4 mutant constructs, indicating that the proliferative effects of TGFβ2 supplementation 

is mediated by Smad4 signaling. Further, cell numbers in Mut-TGFβ2 constructs at T14 
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were comparable to control groups, which may suggest that the protective effect of TGFβ2 

also depends on Smad4.

Surprisingly, the tenogenic effects of TGFβ2 treatment were not affected by loss of Smad4. 

ScxGFP expression remained enhanced in Smad4 mutant constructs with TGFβ2 treatment, 

proteoglycan staining was low, and collagen fibril diameter was enhanced. Although 

canonical TGFβ signaling is mediated by Smads, TGFβ can also activate a number of non-

Smad pathways (48). Our data indicates that the tenogenic activity of TGFβ may be 

mediated by a non-canonical pathway. In addition, loss of Smad4 may also inhibit BMP 

signaling since Smad4 is also required in this context. It’s been shown that BMP inhibits 

tenogenesis and loss of Smad4 in embryonic limbs results in expansion of the Scx 
expression domain, which is likely due to loss of BMP signaling (16, 49). The extent to 

which these in vitro findings will correlate to in vivo biology must be confirmed through 

parallel loss of function experiments in vivo; however this is a limitation with all in vitro 
culture systems. Despite this caveat, our in vitro system holds enormous potential for 

identifying new molecules that regulate critical aspects of tendon differentiation and 

maturation.

One important limitation with our system is the poor penetration by Ad-Cre once a linear 

construct had formed. Since the ideal system would permit gene deletion at any point during 

construct culture, future studies will test strategies to overcome this limitation. One solution 

may be mechanical loading to facilitate penetration of Ad-Cre, however we can also test 

inducible systems that utilize smaller molecules such as 4-hydroxytamoxifen (6–10 nm 

compared to Ad-Cre which is 100 nm), by incorporating a ubiquitously expressed, inducible 

CreERT2 allele into the background of cells. The current study also focused primarily on 

gene knockdown, however the ability to mis-express genes would enable a wider range of 

experiments. Toward that end, utilizing MEFs that express the avian tumor virus receptor A 

(TVA) would allow for infection of mouse cells by chick retroviral RCAS vectors. Since a 

number of TVA expressing mice have already been generated, adapting the current system 

for use with TVA expressing MEFs should be relatively straightforward and is the focus of 

current efforts. Finally, although MEFs were used here, other cell types with greater clinical 

potential (such as mesenchymal stem cells or induced pluripotent cells) can also be derived 

from the same mutant lines and tested within this system (32, 34).
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Figure 1. MEFs form viable 3D constructs and spontaneously re-express ScxGFP in 3D culture
(A) Schematic showing MEF isolation from E13.5 embryos, cell sorting, and expansion. (B) 

Schematic showing contraction of cell-fibrin gels over a 7 to 14 day period until a linear 

construct is formed around stationary anchors at T0. (C, C’) MEFs cultured under 2D 

conditions do not express ScxGFP while (D, D’) transverse section and (E, E’) whole mount 

images show that MEFs under 3D culture spontaneously re-express ScxGFP. Scalebars: 100 

µm.
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Figure 2. MEFs in 3D constructs deposit tendon-like matrix
TEM images revealed several features characteristic of embryonic tendon, including (A) cell 

protrusions surrounding collagen fibrils, (B) collagen fibrils of small uniform size, 

fibropositors, and (C) aligned collagen fibrils organized in the direction of tension. (D) 

However, there were also regions of disorganized collagen. Red arrow in (A) and (B) 

highlight cell protrusion and fibropositor, respectively. Scalebars: 500 nm.
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Figure 3. TGFβ2 supplementation improves tenogenic differentiation
(A) Schematic of study design. Whole mount longitudinal images of (B) control, (C) 

immediate β2A, and (D) delayed β2B constructs showed enhanced ScxGFP expression, 

aligned cells, and elongated cell morphology in the presence of TGFβ2 relative to control, 

regardless of timing. Tunel staining of transverse sections showed cell death in (E) control 

and (F) β2A constructs at T10, but not (G) β2B constructs. While apoptotic cells were 

localized to the periphery of control constructs, apoptotic cells were localized in the center 

of β2A constructs. Scalebars: 100 µm.
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Figure 4. Delayed application of TGFβ2 results in improved tenogenic phenotype
(A–D) Col1a1 in situ hybridization, (E–H) Collagen type I immunostaining, (I–L) Alcian 

Blue staining, and (M–P) Collagen type II immunostaining of transverse cryosections taken 

from E16.5 embryonic limbs, control constructs, immediate β2A constructs, and delayed 

β2B constructs. While control and β2B constructs showed minimal Alcian blue staining and 

uniform Collagen type I immunostaining, and Col1a1 expression, β2A constructs showed 

intense Alcian Blue staining comparable to embryonic cartilage; Collagen type I 

immunostaining and Col1a1 expression was primarily localized to the center of β2A 

constructs. Minimal Collagen type II immunostaining was observed for all constructs. Green 

arrows highlight tendon or tendon-like staining while yellow arrows highlight cartilage or 

cartilage-like staining. * shows artificial staining due to section folding artifact. Scalebars: 

100 µm.
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Figure 5. Optimizing dosage for Ad-Cre mediated recombination in MEFs
(A, B) Increasing Ad-Cre MOI on RosaT MEFs results in dose-dependent increase in 

number of Tomato expressing cells, with maximum recombination achieved at MOI 100. (C) 

Total DAPI+ cell number was not affected with increasing Ad-Cre dose. * indicates p<0.05 

compared to all; ** indicates p<0.05 compared to MOI 0.5 and 10; n.s. indicates p>0.1 for 

all comparisons (n=6/group). Cell images taken at 5× magnification. Scalebar: 100 µm.
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Figure 6. Optimizing timing for Ad-Cre mediated recombination in fibrin gels
(A) Increasing Ad-Cre MOI on Scxf/f MEFs results in dose-dependent increase in Scx−/− 

DNA, indicating functional recombination by Ad-Cre. (B) Immediate addition of Ad-Cre 

results in uniform distribution of recombined cells within constructs compared to (C) 

delayed addition after construct formation. MEFs express the Tomato reporter (D) 2 and (E) 

4 days after Ad-Cre induction with greater numbers of recombined cells observed at 4 day 

compared to 2 day. (F) Tomato expression and (F’) DAPI staining showed excellent 

recombination of cells within construct with no adverse effect on construct formation by Ad-

Cre. Cell images were taken at 4× magnification. Scalebars: 100 µm.
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Figure 7. Construct cell number declines with time in the absence of TGFβ2
DAPI staining of (A) WT control construct at T0 and (B) WT control construct at T14. (C) 

Average cell number decreases from T0 to T14 in WT constructs (percentage of T0 control). 

* indicates p<0.05 compared to T0 control. Scalebars: 100 µm.
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Figure 8. Smad4 mutant cells lose proliferative capacity in the presence of TGFβ2 but maintain 
enhanced ScxGFP expression
(A) Cell number and cross-sectional area measurements for constructs at T14. ScxGFP 
expression of transverse sections from (B–D) WT control, (E–G) WT TGFβ2, (H–J) Smad4 
Mut control, and (K–M) Smad4 Mut TGFβ2 constructs from T0 to T14. ScxGFP expression 

was enhanced at T7 and T14 compared to respective cell control groups. * indicates 

significant increase compared to all other groups, ** indicates significant decrease compared 

to WT control (p<0.001) (n=3–4 group). Scalebars: 100 µm.
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Figure 9. TGFβ2 inhibits proteoglyan deposition
Alcian Blue staining of transverse cryosections from (A) E16.5 embryonic limb, (B, C) WT 

and Smad4 mutant (D, E) constructs showed less intense staining in TGFβ2 treated 

constructs compared to non-treated controls. Green arrows highlight tendon or tendon-like 

staining while yellow arrows highlight cartilage or cartilage-like staining. * indicates 

background staining of agarose used to embed constructs. Scalebars: 100 µm.
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Figure 10. TGFβ2 improves collagen fibril diameter in both WT and Smad4 mutant constructs
TEM images of (A) WT, (B) TGFβ2, (C) Smad4 Mut, and (D) Smad4 Mut-TGFβ2 

constructs showed increased collagen fibril density in TGFβ2 treated groups and larger fibril 

diameter. Histograms show collagen fibril diameter distribution in (E) WT and (F) Mut 

groups in response to TGFβ2. (G) Average fibril diameter increased for both TGFβ2 groups, 

but was highest in Mut-TGFβ2 constructs. * indicates p<0.05 compared to WT, ** indicates 

p<0.05 compared to all groups. Scalebars: 500 nm.
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