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ABSTRACT

Background

Tendon injury isasignificant clinical problem, and regenerative treatments are limited by our
understanding of endogenous tendon stem cells. Recent evidence suggests that tendon stem cells
are diverse in phenotypic character, and may in fact exist on a spectrum of differentiation
capacities. However, the functional significance of each differentiation phenotype is poorly
understood. Toward this end, we performed a comprehensive assessment of differentiation
capacity toward four connective tissue lineages (adipose, bone, cartilage and tendon) with clonal
tendon stem cell linesto: 1) evaluate the differences, it any, in tenogenic potential, and 2)
identify the relationshipsin differentiation phenotype and proliferation capacity.

M ethods

Tendon stem cells were derived from whol e equine flexor tendons for this study (N=3). Clonal
tendon stem lines were generated by low-density cell plating, and subjected to standard assays of
tri-lineage differentiation and population doublings. For tenogenesis, a previously engineered
three-dimensional hydrogel construct was incorporated. Differentiation was quantified by the
relative gene expression of lineage-specific markers, and confirmed with lineage-specific cell
staining. Tenogenesis was further analyzed by hydrogel contraction and histomorphometry.
Statistical significance was determined using analysis of variance and post-hoc Tukey’s tests.
Results

Three distinct tendon stem cell phenotypes were identified, namely differentiation toward: 1)
adipose, bone, cartilage and tendon, 2) bone, cartilage and tendon, or 3) adipose, cartilage and
tendon. Further, a positive correlation was found in the ability to differentiate toward all four

lineages and the generation of arobust, composite tendon-like construct upon tenogenesis,
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manifested by the strongest expressions of scleraxis and mohawk, and parallel alignment of
tenocyte-like cells with elongated cell morphologies. Significantly increased numbers of
cumulative cell population doublings were seen in the absence of adipogenic potential in clonal
tendon stem cell lines.

Conclusions

Our study strengthens reports on the heterogeneous character of tendon stem cells and identifies
key differencesin their differentiation and proliferative potentials. Isolation of potent tendon
stem cell populations from tendon stromal fractions may yield improved therapeutic benefitsin
clinical models of repair and promote a native, regenerative phenotypein engineered tendons.
Future studies may be targeted to understanding the functional contributions of each tendon stem

cell phenotype in vivo, and identifying additional cell phenotypes.

KEYWORDS
Mesenchymal stem cell; tendon; tendon stem/progenitor cells; collagen gel; differentiation;

tissue engineering

INTRODUCTION

Tendon injuries are debilitating, and significantly impact quality of life. Over 32 million cases of
muscul oskeletal injuries involving the tendon are reported every year in the United States, and
the incidence of tendon injuriesisincreasing[1]. Acute and chronic injuries of the Achilles,
patellar and rotator cuff tendons are most prevalent in the adult population. Acute injuries are
common in athletes, whereas chronic injuries usually arise from tendon overuse or aging[2, 3].

Tendons heal poorly[4], and surgical intervention is often necessary to augment healing.
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However, the incidence of re-injury following surgical repair can be as high as 20-60%][ 5]. In
recent times, regenerative therapies, specifically mesenchymal stem cells (M SCs) have shown
promise in the restoration of native tendon structural and functional properties. Among these,
bone marrow MSCs are generally preferred; they are easily accessible, well characterized and
have been efficacious in in vivo models[6]. However, bone marrow derived MSCs are also
predisposed to form bone, may not differentiate into tenocytes and may require pre-
transplantation conditioning in bioreactors or with growth factors to facilitate their rolesin
tendon repair. This suggests that an alternate MSC source such as tendon may be better suited for
regenerative tendon healing[ 7].

Endogenous tendon stem cells (TSCs) arise from the tendon progenitor niche that is
predominantly a collagen I-rich extracellular matrix[8]. TSCs are the principal mediators of key
processes involved in tendon repair, such as control of the inflammatory response and the
synthesis and remodeling of collagen[9, 10]. Like bone marrow M SCs, TSCs express stem cell
markers, have high proliferative capacity and can differentiate to non-tendon lineageg[11] in
vitro. Recent studies suggest that TSCs from anatomically different regions of tendon such asthe
peritenon and the tendon core exhibit differencesin their morphologies and tendon healing
potentialg 10, 12]. For example, TSCs from the core express higher message levels of scleraxis
and tenomodulin than those from the peritenon, whereas the reverse was shown for the pericyte
marker CD133[7]. This suggests that more than one phenotype of TSCs may reside in tendon
tissue. However, a comprehensive analysis of TSC lines generated from individual TSC clonesis
required to understand the molecular basis of these differences, and their contribution to tendon

healing in vivo.
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92 The presence of phenotypic variation in TSCs challenges the current paradigm of one
93 phenotype that encompasses all M SCs, and hence, the criteria proposed by Dominici et al. may
94  not define TSCH 13, 14]. The source of this phenotypic variation is not well understood.
95 Asymmetrical cell divison[15], and culture conditions such as pH, temperature, media additives
96 and cdll culture surface type may contribute to heterogeneity in culture. The study of clonal TSC
97 lines hasimproved our understanding of TSC heterogeneity. Bi et al. were the first to report tri-,
98  bi- and unipotential TSCs, or tendon stem/progenitor-cells, based on thelr results from tri-lineage
99 differentiation of human clonal TSC lines[8]. However, benchtop assays of tri-lineage
100 differentiation may be poorindicators of tenogenic potential, and-itis unknown whether
101 individual TSCs are differently committed to the tendon fate from each other.
102 QOur goal in this study was to determine the proliferative and differentiation potentials of
103 clona TSC lines toward four lineages. adipose, bone, cartilage and tendon, to identify TSC
104  phenotypes based on trilineage differentiation and relate them to proliferative and tenogenic
105 capacity. In addition to standard population doublings and trilineage differentiation assays, we
106  incorporated a previously designed tenogenesis assay[16] comprising type | collagen hydrogel
107  and tenogenic growth factors, to assess the TSC' s ability to form their tissue of origin.
108 Differentiation was quantified by the gene expression analysis of lineage-specific markers, and
109 tenogenesiswas further quantified by gel contraction and histomorphometry. We hypothesized
110 that TSCswould exhibit heterogeneous differentiation in culture. We further hypothesi zed that
111  TSCsthat differentiate to four connective tissue lineages would also generate a composite tendon
112  phenotype upon tenogenesis.
113

114 MATERIALS AND METHODS
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115 Experimental design

116  TSCsfrom three juvenile horses (N=3) were included in this study. Each parent TSC line was
117  analyzed for the gene expression of the stem cell markers CD90, CD105, GNL3 and Oct-4 on
118 day O and at confluence. Thirty clonal TSC lines were generated by plating cells at low density
119  on culture vessals and expanding in culture for two passages (Fig 1)[17]. Clonal. lines were

120 analyzed for gene expression of the transcription factor Oct-4 in monolayer cultures on day 21.
121  Cdl population doubling assays, trilineage differentiation assays and a tenogenes' s assay were
122  performed on clonal TSC lines. Positive differentiation was determined based on upregulation of
123  gene expression (gene amplification) of Runx2 for osteogenesis, fatty acid binding protein-4
124  (FABP4) for adipogenesis, Sox9 and aggrecan for.chondrogenesis, and collagen I, 111, scleraxis,
125  mohawk, decorin, biglycan, tenascin C;-Axin2 and fibroblast-specific protein-1 (FSP1) for

126  tenogenesis after cells were grown under differentiation conditions.

127 Clonal TSC linesin this study were categorized based on their differentiation potentials,
128  which were determined from the results of each lineage-specific differentiation assay. Hence,
129 each clonal TSC line was designated with aletter for each positive differentiation outcome;

130 specifically, A = Adipogenesis positive, © = Osteogenesis positive, € = Chondrogenesis positive
131 and T = [Tenogenesis positive. Each cell line was grouped with other cell lines exhibiting the
132 samedifferentiation potential. Between-group comparisons were performed for statistical

133 analysis of gene expression, gel contraction, cell alignment and population doublings.

134  Cell isolation and clonal cell line preparation

135 Wholedigital flexor tendons (N=3) were isolated from horses aged one month (horse 211), 3
136  months (horse 961) and 12 months (horse 755) with IACUC approval and available on site. After

137 euthanasia (performed for reasons other than this study), whole tendons were excised, minced
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138 and digested with collagenase overnight at 37°C. The next day, tendon digests were strained with
139 acdl strainer to generate single-cell suspensions, which were centrifuged at 800g for 10 minutes
140 toobtain cell pellets. Cells were plated into tissue culture dishes at a high density of 6,666

141  cells/em? to derive parent TSC lines and at alow density of 111 cells/cm? to obtain single-cell
142  derived clonal colonies. All cell lines were cultured in growth media comprising high glucose
143 DMEM (Thermo Scientific), 10% Cellect™ Silver fetal bovine serum (M P Biomedicals, Santa
144  Ana, CA) and 1% penicillin-streptomycin solution (Thermo Scientific). Confluent colonies were
145  isolated within 20mm cloning cylinders (0.8 X 0.8 ¢m;, Corning, Inc., Corning, NY) [17] and

146  detached using trypsin-EDTA[18]. Tendon samples from each horse were processed

147  independently to generate three independent parent tendon stem cell lines and thirty clonal

148 tendon stemedll lines (10 per horse). For 'the experiment, clonal colonies were expanded in

149  culture fortwo successive passages before plating for differentiation assays and population

150  doublings. A complete cell culture workflow isillustrated in Fig 1.

151 Caell proliferation

152 Tenthousand cells per cell line were plated in individual wells of 24-welled tissue culture dishes
153  (Nunc™, Thermo Scientific), trypsinized at 70-80% confluence, and counted with an automated
154  cdl counter (Beckman Coulter, Brea, CA). Population doubling numbers (DN) and doubling
155 time (DT) for each passage, and cumulative doubling numbers (CDN) over 3 successive

156  passages were calculated using the following formulae:

157 DN =logx(cell number at confluence/cell number at seed)

158 DT (days) = culture duration*log(2)/log(cell number at confluence/cell number at seed)

159 CDN = sum of DNsfrom each passage

160 Tenogenesis assay
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161 Gelsfor tenogenesis were generated using a previously published method[16]. One million cells
162 weresuspended in 5 milliliters of tenogenic growth media comprising high glucose DMEM

163  (Thermo Scientific), 10% Cellect™ Silver fetal bovine serum (MP Biomedicals), 37.5 pg/ml L-
164  ascorbic acid (Sigma-Aldrich, St. Louis, MI), 1% penicillin G (Sigma-Aldrich) and 0.8 mg/ml rat
165 tail collagen | solution (Corning Life Sciences, Tewksbury, MA). Cell/gel suspensions were
166 plated immediately following preparation in individual wells of 4-welled, rectangular dishes
167 (Nunc™, 12.8 x 8.6 cm, Thermo Scientific) affixed with two sterile cloning cylinders (0.8 x 0.8
168 cm, Corning Inc.) set 3 centimeters apart from each other along the longitudinal midline of the
169 wadll, and held in place by sterile silicone on day 0. Gels were maintained at 37°C, with 5% CO2
170  and 90% humidity. On day 1, growth media was replaced with media containing 50ng/ml BM P-
171 12 (recombinant human, Sigma Aldrich).and 10ng/ml IGF-1 (recombinant human, BioVision,
172  San Francisco, CA). Media was changed on alternate days over a 10-day period.

173  Gel histology and analysis of cell alignment

174  Longitudinal sections of each gel were fixed in 4% paraformaldehyde overnight at 4°C, washed
175 in phosphate buffered saline the next day and submitted for histology to a commercial service
176  (Laudier Histology, New York, NY). Two, 6 micron thick longitudinal slices per sample section
177  were stained with Masson’ s trichrome stain, and images were acquired with a microscope

178  (Olympus Corp, Center Valley, PA) and digital camera (Motic North America, Richmond, BC).
179  Cdl aignment was quantified using ImageJ software analytical tools[19]. Fifty cellular angles
180 per histological section and two sections/sample were measured relative to the longitudinal gel
181 axis. Parald alignment to the longitudinal axis was assigned 0°, and angles of each cell relative
182  to 0°(0°-90°) were averaged for each sample to draw comparisons between samples.

183  Gel contraction
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Digital images of each gel were taken on days 1, 3, 5, 7 and 10 to determine the percentage of
contracted area at each time point relative to the gel areaat day 0. Images were analyzed using
ImageJ software analytical tools.

Tri-lineage differentiation

Tri-lineage differentiation potential was assessed using standard benchtop assays of
adipogenesis, osteogenesis and chondrogenesis. For adipogenesis and osteogenesis, cells were
plated at high (21,000 cells'em?) and low densities (4,000 cells/cm?). respectively in tissue culture
dishes (Nunc™, Thermo Scientific), andcultured in growth media comprising high-glucose
DMEM and 10% fetal bovine serum.(Thermo Scientific). At 70-80% culture confluence, media
was replaced with differentiation media and maintained for 21 days. For chondrogenesis,
200,000 cells per cell line were centrifuged at 800g for 10 minutes to obtain a pellet. Pellet
cultures were maintainedin growth media comprising high glucose DMEM and 1% insulin-
transferrin-selenium mix (Gibco™, Thermo Scientific) for 2 days prior to differentiation for 21
days. Differentiation media comprised the following: for adipogenesis, StemPro™ adipogenesis
differentiation medium (Thermo Scientific), for osteogenesis, growth media supplemented with
10mM beta-glycerophosphate, 50ug/ml ascorbate 2-phosphate and 100nM dexamethasone (all
Sigma-Aldrich), and for chondrogenesis, growth media supplemented with 37.5ug/ml ascorbate
2-phosphate, 100nM dexamethasone (both Sigma Aldrich) and 10ng/ml TGF-p3 (recombinant
human, R&D Systems, Minneapolis, MA). On day 21, cultures were either fixed with 10%
formalin (Sigma Aldrich) or frozen for gene expression analysis. Positive results from gene
expression analysis were confirmed with Oil Red O (for adipogenesis) and Alizarin Red S (for
osteogenesis) staining (both Sigma Aldrich), and images were acquired using an inverted

microscope (Olympus Corp, Center Valley, PA).
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207  Gene expression

208 RNA isolation was performed using the TRIzol ™ method (Thermo Scientific). RNA pellets were

209  subjected to RNeasy® spin columns for removal of genomic DNA contamination (QIAGEN

210  Inc., Germantown, MD) and purified RNA was quantified using a NanoDrop™ 2000c

211  spectrophotometer. cDNA was synthesized using a commercial kit (High-Capacity RNA-to-

212  cDNA kit, Thermo Scientific). Real-time gPCR (7500 Real-Time PCR System, Thermo

213  Scientific) was performed using custom TagM an®-MGB. probes and primers (Thermo

214  Scientific) included in Table 1. TagMan® gene expression.assays for equine-specific Runx2

215  (Assay ID: Ec03469741_m1), Sox9 (Assay. |D; Ec03469763_sl), Axin2 (Assay ID: APT2CHG)

216 and FSP-1 (Assay ID: APUG43E) were obtained from Thermo Scientific. The comparative

217  threshold cycle method (274°“") was employed for the relative quantification of gene

218  expression[20]. Data was normalized to GAPDH. Tenogenic marker expression is reported as

219 fold change with respect to an equine juvenile tendon reference control. Tri-lineage marker

220 expression isreported as fold change relative to monolayer controls cultured in growth media on

221 day 21. Stem cell marker expression is reported as fold-change relative to an adult equine muscle

222  negative control for parent TSC lines, and relative to day 0 parent TSC lines (monolayer culture)

223  for clonal TSC lines.

224

225 Table 1. Custom designed equine primer and probe sequences

FORWARD REVERSE PROBE

GAPDH CAAGTTCCATGGCACAGTCAAG GGCCTTTCCGTTGATGACAA CCGAGCACGGGAAG
Scleraxis CGCCCAGCCCAAACAG TTGCTCAACTTTCTCTGGTTGCT TCTGCACCTTCTGCC
Collagen | GCCAAGAAGAAGGCCAAGAA TGAGGCCGTCCTGTATGC ACATCCCAGCAGTCACCT

10
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Collagen Il CTGCTTCATCCCACTCTTAT ATCCGCATAGGACTGACCA AACAGGAAGTTGCTGAAGG
Decorin AAGTTGATGCAGCTAGCCTG GGCCAGAGAGCCATTGTCA ATTTGGCTAAATTGGGACTG
Biglycan TGGACCTGCAGAACAATGAGAT AGAGATGCTGGAGGCCTTTG TCTGAGCTCCGAAAGG
EABP4 AAAATCCCAGAAACCTCACAAAAT TCACTGGCGACAAGTTTCCA TGTGATGCATTTGTAGGCA
Aggrecan GACCACTTTACTCTTGGCGTTTG | GTCAGGGTCTGAAACGTCTACTGA ACTCTGAGGGTCATCAC
GNL3 TTCGGGAAGCTGAGCTAAGG CTGTCAAGCTTCTGCTGCTGTT AACAGCGGCTTGAAG
— GGCAGACCAGAGCCTTCGT ATGGGTGTGGCGGTGGTAT TGGACTGCCGCCATG
CD105 TCCACATCCTCTTCCTGGAGTT GGACCTTTGGATAGTCAGCTTCA CCAAGGGATGTGTCAGAG
—_ CAGCTCGGGCTCGAGAAG TTCTGGCGACGGTTGCA ACGTGGTACGAGTGTGG
Mohawk CCCACCAAGACGGAGAAGATACT CACCTGCACTAGCGTCATCTG TTGGCGCTCGGCTC
Tenascin c | GTTGGACTCCTGTACGCATTCC GGCCCGAGGTCGTGTCT TCCCAAGCGATGCTG

226

227  Statigtical analysis

228 Non-normal data was log transformed prior to analysis. Clonal TSC line differentiation potential

229 wasclassified and grouped as described in the experimental design. Group means were

230 compared to each other using a one-way ANOV A and post hoc Tukey’s tests for gene

231  expression, population doublings (number and time) and cell alignment. Significant differences

232  incontraction were assessed using a one-way MANOV A with a repeated measures design and

233  post hoc Tukey’stests. A p-value of less than 0.05 was considered significant. Computation was

234  performed in IMP Pro 15 (SAS Institute, Cary, NC) and MS Excd 11 (Microsoft, Redmond,

235 WA).

236

237 RESULTS

238 Clonal TSC linesproliferate in two and three-dimensional culture

239  All parent TSC lines used in this study expressed the stem cell markers CD90, CD105, GNL3

240  and Oct-4 in monolayer culture at day 0 and at confluence (Fig 2). Of the thirty clonal colonies

11
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241  isolated and expanded in culture, twenty-six yielded a million cells or more at confluence, and
242  were seeded in 3D hydrogels for analysis of tenogenic potential. Of these, fifteen clonal TSC
243  lineswere additionally seeded for tri-differentiation assays and cultured in growth media to

244 assess population doublings. Thirteen out of fifteen clonal TSC lines expressed Oct-4 in

245  monolayer culture on day 21 (Additional Fig 1). TSCs successfully adhered to tissue culture-
246  treated plastic, formed 3D pellets for chondrogenesis, and expanded to confluence in successive
247  monolayer and 3D cultures. Data from fifteen clonal TSC lines was analyzed for comparisons of
248  differentiation and proliferative potentials, since enough c¢ells could be procured from asingle
249  passage of each of these cell lines to enable four differentiation assays-and one assay of

250  population doublings.

251

252  Threedistinct TSC phenotypes can be found in tendon

253  No unipotent or bipotent clonal TSC lines were obtained in the experiment, as each cdll line
254  differentiated toward three or four tissue types. All of the fifteen clonal TSC lines exhibited both
255  chondrogenic and tenogenic potential, evident by the positive upregulation of all markers of the
256  respective lineages upon differentiation. Eight out of fifteen lines differentiated toward adipose,
257  bone, cartilage, and tendon lineages (quadrapotent AOCT phenotype). Five of fifteen were

258 positive for osteogenesis, chondrogenesis and tenogenesis (OCT phenotype) but not

259  adipogenesis, and did not express FABP4 (Ct > 35, no amplification) (Fig 3A). The differencein
260 FABP4 expression between AOCT and OCT reached significance (p = 0.0002) and between
261 ACT and OCT approached significance (p = 0.0599). Two of fifteen were positive for

262  adipogenesis, chondrogenesis and tenogenesis (ACT phenotype) but did not undergo

263  osteogenesis, and did not express Runx2 (Ct > 35) (Fig 3C). Runx2 expression was significantly

12
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264  decreased in the ACT group and compared to the AOCT (p = 0.0010) and OCT (p = 0.0179)
265 groups. Oil Red O staining confirmed the presence of intracellular oily droplets in adipogenic
266  cultures of the AOCT and ACT groups (Fig 3B). Likewise, osteogenic differentiation was

267  confirmed with the formation and staining of calcium nodules and a calcified matrix with

268  Alizarin Red Sin cultures of the AOCT and OCT groups (Fig 3D).

269

270  Tissue marker gene expression levels and prolifer ative capacity of TSCs correlates with the
271  ACT, OCT and AOCT phenotypes

272  Gene expression of chondroegenic markers significantly differed among the three phenotypic
273  groups (Fig 4). Expression of chondrogenic Sox9 was significantly increased in the AOCT group
274  compared to ACT and OCT (p = 0.0167-and 0.0017) on day 21 of chondrogenesis, whereas
275 message levels of aggrecan were the highest in the OCT group, and significantly greater then
276  AOCT (p = 0.029). There were no significant differences in Runx2 expression between the
277  AOCT and OCT groups (Fig 3C) or in FABP4 expression between the AOCT and ACT groups
278  (Fig 3A).

279 The OCT group exhibited significantly greater numbers of cumulative population

280  doublings over three passages compared to the AOCT and ACT groups (p = 0.0105 and 0.0392)
281 (Fig5). Population doubling numbers decreased in passages 4 and 5 relative to passage 3 in al
282  three groups, and this difference reached significance with the AOCT group.

283

284  Quadra-differentiation potent TSCsdifferentiate to express the optimal composite tendon

285 phenotype

13
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286  Significant differences were noted in tendon gene expression between the AOCT and OCT

287  groups (Fig 6). Specifically, scleraxis and mohawk were expressed >3-fold higher in the AOCT
288  group compared to the OCT group (p = 0.0454 for scleraxis and 0.0431 for mohawk). Expression
289  of collagen type Ill was significantly elevated in the OCT group compared to AOCT (p =

290 0.0315). In contragt, collagen type | expression remained unaffected by TSC differentiation

291  phenotype. No between group differencesin tenascin C, Axin2 or FSP1 expressions were

292  observed.

293 All groups contracted collagen matrix in three'dimensions albeit to different degrees over
294 10 days (Fig 7). Significant differences were noted in contracted gel-area at two time points

295  between groups (Fig 7A). Specifically, the ACT group was significantly less contracted than the
296 AOCT and OCT groupson day 5 (p =0.0004 and 0.0008) and day 7 (p = 0.0031 and 0.0026).
297 All"groups exhibited a uniform distribution of TSCsin three dimensions on day 10 (Fig
298  8). A greater proportion of TSCs (>90%) in all groups were highly aligned to the axis of tension
299 (Fig8A), and exhibited elongated cell morphologies. No significant differencesin cell alignment
300 wereobserved between the three groups (Fig 8B).

301

302 DISCUSSION

303 Thegoal of this study was to determine whether clonal TSC lines obtained from individual TSCs
304 arediversein their phenotypic character, and the functional contributions of each phenotypetoin
305 vitrodifferentiation and proliferation. Three distinct TSC phenotypes were identified, and the
306 most significant differences correlated to the presence or lack of adipogenic potential. TSCs of
307 the AOCT phenotype strongly differentiated to a composite tendon-like construct, most

308 remarkably by asignificant increasein their expression of scleraxis and mohawk. In contrast,

14
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309 TSCsof the OCT phenotype exhibited significantly increased proliferative capacity compared to
310 the AOCT and ACT groups.

311 Thisisthefirst study to investigate the tenogenic potentials of individual TSCs or

312  multipotent clonal TSC lines from any species. In the absence of tendon-specific markers, we
313 evauated arange of markers that collectively identify the tendon phenotype 11, 21}. Significant
314  increasesin message levels of the bHLH transcription factor scleraxig22] inthe AOCT group
315 can be attributed to tendon neogenesi§[23]. Further, scleraxis and mohawk (a member of the
316 TALE superclass of homeobox genes24]) are co-expressed in mature, differentiated tendong 25,
317  26], which may explain their averlapping expression patterns observed in this study. Collagen
318 typel isthe predominant tendon collagen[27], and the ratio of collagen type 1l protein to type |
319 protein isadeterminant of the pathological state of tendong28]. The higher collagen type Il to
320 typel ratio message level observed in the OCT group (compared to AOCT), may be suggestive
321  of disorganized collagenous matrices undergoing active remodeling[ 28, 29], as opposed to

322  relatively mature tendons of the AOCT group. The small leucine-rich proteoglycans decorin and
323  higlycan are functionally similar and likely compensate for each other in vivo[30]. However, in
324  thisstudy, we did not achieve significant differences in their expression patterns.

325 A recent study revealed the presence of a highly proliferative subpopulation of Axin2 and
326  scleraxis co-expressing TSCs at the site of healing in injured tendons, suggesting this

327  subpopulation of cells may be the first responders to tendon injury in vivo[31]. Our results

328  suggest that TSCs of the highly proliferative, Axin2-expressing OCT phenotype may represent
329 thissubpopulation. In contrast, scleraxis expression was significantly greater in the AOCT

330 compared to the OCT group. Thisresult isin support of the hypothesis that Wnt signaling
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331  suppresses tenogenic differentiation in TSCs, specifically by downregulating the expression of
332 scleraxig32].

333 In response to uniaxial strain along a longitudinal axis, TSCs can contract a disorganized
334  collagenous matrix to an anisotropic, tendon-like structure with parallel-aligned cells and

335 collagen fiberg33-36]. Our tenogenesis assay successfully and consistently generated tendon-
336 like constructs with aligned cells of elongated morphologies on day 10 of culture. The reduced
337  contraction of the ACT group in this study suggests that downregulation of Runx2 expression in
338 TSCs may impede tendon repair in vivo. One study suggests that overexpression of Runx2 may
339 augment tendon-to-bone healing, by.inducing site-specific rather than heterotopic bone

340 formation[37].

341 Expansion of single-cell derived-coloniesis notorioudly difficult in vitro, and limited this
342  study to fifteen clonal TSC lines. Feeder layers, growth factors or alternative methods to

343  supplement cell growth were not used in this study to avoid potential interference with study
344  outcomes. However, sufficient cell numbers were acquired from fifteen TSCs to enable gene
345  expression analysis as a superior outcome of differentiation as opposed to conventional stain

346  absorbance and microscopy. In contrast to a previous study on trilineage differentiation of TSCs
347 [8], wedid not identify clones with solely adipogenic, osteogenic or chondrogenic potential. This
348 may be attributed to species-related differences, or the requirement of highly proliferative clones
349  to simultaneously assess trilineage, tenogenic and proliferative capacities.

350 Surprisingly, the group with the highest differentiation capacity, AOCT, did not have the
351 highest proliferation capacity in our study. The AOCT group exhibited significantly lower

352 numbers of cumulative cell doublings compared to the OCT group. This observationisin

353 contrast to the proposed model of hierarchical loss of potential in bone marrow M SCs, wherein
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multi-differentiation and proliferative potential are positively correlated[38, 39]. In this modd,
adipogenic potential is reduced with successive population doublingg40]. In tendon, we propose
that lack of adipogenic potential may signify 1) increase in proliferative potential, and 2)
decrease of tendon-related gene expression upon tenogenesis as observed in TSCs of the OCT
phenotype. Further, it is also possible that in contrast to proposed models of lineage
commitment, distinct TSC phenotypes identified in this study represent independent tendon cell
populations rather than ones derived from a common-aneestor. Future investigation is warranted
to further understand the relationships in TSC characteristics and the molecular mechanisms

underlying loss or gain of potential in vitro.

CONCLUSIONS

Of the three TSC phenotypes identified in this study, TSCs of the AOCT phenotype had optimal
tenogenic capacity, evident by the strongest expression of scleraxis and mohawk, progressive
contraction over 10 days and elongated cell morphologies in histologic sections of tendon
constructs. In contrast, TSCs of the OCT phenotype may exhibit reduced osteogenesis, and thus
offer select advantages in tendon healing such as a reduced proclivity to ectopic bone formation.
Future studies may be targeted to the identification of additional TSC phenotypes, and the

contributions of each phenotype to functional tendon repair in vivo.
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LIST OF ABBREVIATIONS

1) TSC: tendon stem cell

2) MSC: mesenchymal stem cell

3) FABP4: fatty acid binding protein-4
4) FSP-1: fibroblast specific protein-1
5) DN: doubling number

6) DT: doubling time
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7) CDN: cumulative doubling number
8) 3D: three-dimensional

9) Oct-4: Octamer-4
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Fig 1. Cell culture workflow

Fig 2. Gene expression of stem cell markersin parent TSC lines: 211, 755 and 961 are individual
subject identifiers. CD90 and CD105 are cell surface proteins, GNL3 is anuclear protein and
Oct-4 isatranscription factor.

Fig 3. Adipogenesis assay (A, B) and osteogenesis assay (C, D) results. Gene expression of
FABPA4 relative to undifferentiated monolayer cells on day 21 (A), visualization of oily droplets
in representative AOCT and ACT cultures by Oil Red O staining (B), gene expression of Runx2
relative to undifferentiated monolayer cells on day 21(C) and visualization of calcium nodules
and calcified matrices in representative AOCT and OCT culturesby Alizarin Red S staining (D).
Lines and astefisk indicate groups with significant differences in them. Images are at a 10X
magnification. A = Adipogenesis positive, © = Osteogenesis positive, € = Chondrogenesis
positive and [T = Tenogenesi s positive.

Fig 4. Chondrogenesis assay results. Gene expression of Sox9 and aggrecan relative to
uninduced monolayer cells on day 21. Lines and asterisk indicate groups with significant
differences in them.

Fig 5. Population doubling assay results. Cumulative clonal tendon stem cell lines' doubling
numbers (top), number of doublings (bottom left) and doubling time (bottom right) over 3
successive passages. Lines and asterisks indicate groups with significant differences.

Fig 6. Tenogenesis assay results. Gene expression of tendon-related genes relative to equine
juvenile tendon on day 10. Lines and asterisks indicate groups with significant differences.

Fig 7. Percentage contracted gel arearelativeto day 0 gel area at different time points over 10

days of culture (A), and digital images of constructs at harvest (B). The ACT group had
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534  contracted the least at culture endpoint. Asterisks indicate groups with significant between-group
535 differencesin contraction at time point. Scale bar on images represents 0.5 centimeters.

536  Fig 8. Masson's trichrome staining of 6 micron thick histological sections of representative

537 constructs (A), and average cellular angle of deviation from the longitudinal axis (B). For cell
538 alignment, an angle of 0° demarcates perfect parallel alignment. Scale bar on images represents
539 250 microns.
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