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Abstract

Background Rotator cuffs heal with an interposed layer

of scar tissue that makes repairs prone to failure. Cell-

based biologic therapies have the potential to augment this

healing process. Scleraxis (Scx) is a transcription factor

that is involved in tendon development during embryo-

genesis, and may help drive stem cells toward tenocyte

differentiation in adults.

Questions/Hypothesis (1) Overexpression of Scx with

adenoviral-mediated gene transfer in stem cells will drive

pluripotent stem cells toward tenoblastogenic lineages

in vitro; (2) the application of these genetically modified

cells will result in improved histologic and biomechanical

healing of rotator cuff repairs.

Method of study For the first hypothesis, we will deter-

mine whether stem cells derived from various sources can

differentiate into tenocytes when genetically modified with

Scx in vitro. We will assess morphologic features of cells

with light microscopy, and gene expression analyses to

confirm phenotypes consistent with tenocyte differentia-

tion. For the second hypothesis, we will determine whether

these genetically modified cells augment rotator cuff

repairs in a rat model based on histology and biomechan-

ical outcomes.

Significance Development of this technology may sub-

stantially advance our ability to repair large to massive

rotator cuff tears while limiting the rates of anatomic

failure.

Questions/Hypothesis

(1) Overexpression of Scx in stem cells will drive

pluripotent stem cells toward tenoblastogenic lineages

in vitro and (2) application of these genetically modified

cells will result in improved histologic and biomechanical

healing of rotator cuff repairs in vivo.

Background

Rotator cuff repairs are one of the most commonly per-

formed surgeries in the United States [1]. Despite its

prevalence, several studies suggest that rotator cuff repairs

fail to heal at an alarming rate [11, 13, 15, 18, 28]. Bio-

logic therapies may be able to augment repairs and reduce

anatomic failures [3, 9, 10, 16, 17, 27, 29]. Although bone

marrow-derived mesenchymal stem cells (MSCs) report-

edly improve tendon healing in a bone tunnel [7, 19, 22],

we recently found they did not improve healing in a

rotator cuff repair model [14]. In the complex biome-

chanical environment of the shoulder, the simple addition

of MSCs appears to be insufficient to augment repairs.
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This led us to hypothesize a signal is required to increase

their effectiveness.

Scx is a basic helix-loop-helix transcription factor that

has been implicated in tendon development and regenera-

tion [2, 23, 26]. Endogenous expression of Scx defines a

zone between sclerotomal and myotomal cells in the

developing somite, and persists throughout tendon forma-

tion in the mouse embryo [4, 5, 24, 26]. Scx deficiency

results in severe tendon defects in mice [21]. Scx also is

believed to direct tendinous attachments to bone through its

effects on chondrogenic lineage formation [2, 4, 20].

The simultaneous role for Scx in tendon and cartilage

development suggests it has the potential to improve

regeneration of the rotator cuff insertion site consisting of

the tendon and its cartilaginous transition zone into the

bone [6, 8, 12, 17, 25].

The ultimate goal of our ongoing work is to develop a

technique to direct the differentiation of stem cells into

tenocytes with a specific emphasis on promoting regener-

ation of the tendon insertion into bone. We propose

overexpression of Scx in stem cells will enable us to

accomplish this goal. If established, this technology may

improve our ability to repair massive rotator cuff tears.

Proposed Program

The proposed work consists of two experiments: The first

experiment will be to induce tenoblastogenic differentia-

tion of pluripotent stem cells by overexpression of Scx.

Multiple human and mouse stem cell sources will be

evaluated to determine the cell line with the most efficient

tenoblastogenic differentiation potential. To induce differ-

entiation, stem cells will be modified genetically with the

mouse Scx gene in vitro. Tenocyte differentiation will be

assessed with microscopic and gene expression analyses.

The genes analyzed will include tendon markers (Col1A2,

Col3A2, Scx, tenascin-c, cartilage oligomeric matrix pro-

tein [COMP], decorin, biglycan, and tenomodulin),

cartilage markers (Col2A1, Col10A1, and Sox9), and bone

markers (osteopontin, Runx2, and osteomodulin). This will

be done with quantitative polymerase chain reaction

(Q-PCR). These studies are important because they will

determine the signals necessary to induce rotator cuff

regeneration.

The second experiment will be to determine the role of

Scx expression in rotator cuff repairs. We hypothesize that

Scx-transduced stem cells will improve repairs when

grown in three-dimensional depots in vitro and implanted

in a rat rotator cuff repair model. Mouse Scx is homologous

with rat Scx, and therefore we expect full metabolic

activity in this model. Outcomes will include histologic

and biomechanical evaluations. The Scx gene has been

inserted into the adenoviral vector in frame with the FLAG

tag. This FLAG tag will be used for immunostaining to

prove Scx gene expression at the repair site. This is

important because it will be the first step in developing a

clinically useful therapy that can regenerate the rotator cuff

after injury. The ability to perform the second experiment

is not dependent on the results of the first, and can be

performed concomitantly. The goal of the second experi-

ment is to determine how these modified cells behave in

vivo, whereas the goal of the first experiment is to deter-

mine how they behave in vitro. The in vivo environment

may provide additional signals that allow differentiation of

the applied cells, even if in vitro conditions show that

differentiation is sparse. This information would be useful

for future studies of the differentiation potential of MSCs

into tenocytes.

The use of Scx to improve rotator cuff healing intro-

duces a novel paradigm to the field of biologic

augmentation. By recreating the molecular events that

occur during the development of tendons during embryo-

genesis, we intend to drive the healing process toward

regeneration and away from scar formation. As outlined,

Scx is credited as the prime initiator and director of tendon

development. Therefore, we believe it is the best factor to

investigate in our ongoing studies.

Limitations

A potential pitfall in conducting the first experiment is that

none of the lines of stem cells differentiate into tenocytes

with Scx overexpression in vitro. In that case, we will use

three strategies. The first will be to subject the cells to

tensile loads using collagen gels and the FlexCell loading

apparatus (FlexCell Inc, Hillsborough, NC, USA). The

next will be to coculture the stem cells with mature

tenocytes. And the third will be to add the tenogenetic

growth factors BMP-12 and basic fibroblast growth factor

(bFGF) to the culture medium. The potential pitfall with

the second experiment is rejection of the stem cells once

implanted. If this is a problem, we will use nude mice for

the rest of the study. Also, dosage and timing of MSC

application may affect the outcomes. If the null hypothesis

is found for the second experiment, we will conduct a

study using different dosages at different times. There are

potential limitations with the clinical application of this

technology. Overexpression of Scx could lead to cancer,

or have other unforeseen affects on the body that are not

anticipated at this time. Furthermore, it is possible that one

factor will not be sufficient to improve the complex bio-

logic nature of the healing process. Studies would need to

be done on larger mammals before its use in humans can

be justified.
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Next Steps

For this technology to become a viable clinical tool, three

things will need to be determined. The first is that we will

need to develop a method to maintain tenocyte differenti-

ation through several passages, as these cells have a

propensity to dedifferentiate into fibroblasts. The next will

be to develop a clinically relevant way to either harvest

pluripotent stem cells from the patient, or to develop a way

to massively expand other stem cell sources if it ultimately

is determined that those cells have no antigenicity. This is

challenging as these cells remain pluripotent only for a few

passages, so the shelf-life needs to be determined and

optimized. The final step will be to develop an adequate

carrier for these cells so that they can be implanted at the

repair site, preferably using arthroscopic techniques. This

step will require the assistance of biomaterials engineers

who work at our hospital.

Implications and Future Directions

The ultimate goal of this research is to develop a cell-based

therapy that can improve rotator cuff repairs and limit the

rates of anatomic failures (Fig. 1). This should improve the

outcomes for thousands of patients each year who undergo

rotator cuff repair surgery. If our hypothesis is correct, we

then will develop ways to deliver these cells to the repair

site. One possibility is the development of a cell-seeded

scaffold that contains these genetically modified cells.

We hope to develop a technique whereby stem cells are

harvested from patients and grown in culture in the labo-

ratory. They then will be altered genetically to overexpress

Scx and then seeded on a scaffold. This scaffold then can

be implanted between the bone and the repaired tendon to

augment healing.
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