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Rho/Rock signal transduction pathway is required for MSC

tenogenic differentiation

Edward Maharam1, Miguel Yaport1, Nathaniel L Villanueva1, Takintope Akinyibi1, Damien Laudier1, Zhiyong He2,3,
Daniel J Leong2,3 and Hui B Sun2,3

Mesenchymal stem cell (MSC)-based treatments have shownpromise for improving tendonhealing and repair.
MSCs have the potential to differentiate into multiple lineages in response to select chemical and physical
stimuli, including into tenocytes. Cell elongation and cytoskeletal tension have been shown to be instrumental
to the process of MSC differentiation. Previous studies have shown that inhibition of stress fiber formation
leadsMSCs to default toward an adipogenic lineage, which suggests that stress fibers are required forMSCs to
sense the environmental factors that can induce differentiation into tenocytes. As the Rho/ROCK signal
transduction pathway plays a critical role in both stress fiber formation and in cell sensation, we examined
whether the activation of this pathway was required when inducing MSC tendon differentiation using
rope-like silk scaffolds. To accomplish this, we employed a loss-of-function approach by knocking out ROCK,
actin and myosin (two other components of the pathway) using the specific inhibitors Y-27632, Latrunculin A
and blebbistatin, respectively. We demonstrated that independently disrupting the cytoskeleton and the Rho/
ROCK pathway abolished the expression of tendon differentiation markers and led to a loss of spindle
morphology. Together, these studies suggest that the tension that is generated byMSC elongation is essential
for MSC teno-differentiation and that the Rho/ROCK pathway is a critical mediator of tendon differentiation
on rope-like silk scaffolds.
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INTRODUCTION
Tendon injuries are a common clinical problem.1–3

Following injury, tendons exhibit an ineffective repair res-

ponse that is often characterized by scar formation.4

Severe tendon injuries often require surgical intervention,

but the structure and function of repaired tendons are

inferior when compared to non-injured tendons.5–6

Consequently, there is a clear need for new strategies that

can fully restore tendon function following injury.

Advances in tissue engineering have shown promise for

the treatment of tendon injuries using mesenchymal stem

cells (MSCs) and scaffolds.6 MSCs can be isolated from

various tissues, including bone marrow, adipose tissue,

and tendons,7–9 and they have the ability to differentiate

into tissues of musculoskeletal lineage, including teno-

cytes.10 Bombyx mori (silkworm) silk is a promising material

for use as a scaffold because it has strong mechanical

properties that slowly degrade over time, allowing for

newly formed tissue to gradually bear the mechanical

load of healing tissue.11 Silk scaffolds also support cell

implantation. The expression levels of tendon matrix and

teno-phenotypic associated proteins, such as collagen I,

collagen III, and tenascin-C, were shown to be upregu-

lated when MSCs were seeded onto aligned silk fibers,

suggesting an enhancement of MSC tenogenesis.12–13

In vivo, MSC-seeded silk scaffolds were able to foster the

development of a regenerated ligament, which exhibited

increased expression levels of collagen I, collagen III, and

tenascin-C and maintained a maximum tensile load

24 weeks after implantation.14

The above discussed studies, which were performed in

the absence of tenogenic inductive media, suggest that

cues from the matrix microenvironment may promote

MSC teno-commitment and differentiation.15 However,

the underlying mechanism behind this phenomenon is

largely unknown. Previous work has elucidated the
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importance of cell tension, specifically via actin and non-

muscle myosin interactions, in regulating cell differenti-

ation and commitment.16 After treating MSCs with either

cytochalasin D, an actin inhibitor, or with blebbistatin, a

non-musclemyosin II inhibitor, theyeither remained largely

undifferentiated or defaulted to an adipogenic fate.16

Themaintenance of cytoskeletal tension andcell shape

is partially governed by the Rho family of GTPases.16–19 The

formation of adherens junctions and focal adhesions,

both of which are mediated in part by the action of Rho

family GTPases, are important in the cell–cell interactions

that are responsible for cell commitment.17,20 Furthermore,

the Rho/ROCK signaling pathway, one of the most well-

studied Rho family GTPase-effector pathways, is themajor

regulator of stress fiber formation undermost physiological

conditions.21 The Rho/ROCK pathway has been sug-

gested to play a role in the differentiation of MSCs into

several connective tissue lineages, such as into bone or

adipose tissue,16,20 and also in tenogenic differentiation

in response to mechanical stretch.22

In this study,weexaminedhowtheattachment, elonga-

tion, and proliferation of MSCs on silk fibers trigger the

cell-signaling events that lead to tenogenic-like differenti-

ation.Wehypothesized that theattachment ofMSCs onto

rope-like silk fibers and their associated morphological

changes are the determining factors of tenogenic differ-

entiation of MSCs in this context. Furthermore, as the Rho/

ROCK pathway has been shown to be associated both

with stress fiber formation and cell sensation, we postulate

that it is required for MSC tendon differentiation.

METHODS AND MATERIALS
Cell culture

Mouse C3H10T-1/2 MSCs were acquired from ATCC and

were maintained using growth media that consisted of

Dulbecco’sModified EagleMedium (DMEM) thatwas sup-

plemented with 1% penicillin-streptomycin antibiotics

(100 U?mL21) and 10% fetal bovine serum (FBS; HyClone

Logan). The cells were cultured at 37 6C in a humidified

atmosphere of 5% CO2. The growth media was replaced

every 48 h, and when cells reached 80% confluence they

were dissociated using a 0.05% Trypsin-EDTA solution

(Cellgro) and were either subcultured or used for experi-

mentation.MSCs (1.5 3 106cells) inDMEMwere laidontoa

scaffold andplaced at 37 6Cwith 5%CO2 for 2 h. Following

this procedure, 2 mL DMEM was added to the cells, and

theywere culturedat 37 6Cwith 5%CO2with daily replace-

ment of culture media. For time course studies, cells cul-

tured on rope-like silk scaffolds were initially harvested

after an initial 2-h attachment period and were desig-

nated as the 0-h group. The following additional groups

were harvested at the corresponding times after the

attachment period: 4 h, 12 h, 1 day, and 7 days.

Preparation of custom rope-like silk scaffolds and silk-

protein coated culture dishes

Raw Bombyxmori 20/22density silk fiberswereprovidedby

DESCO (Zürich, Switzerland23). Scaffolds were fabricated

by wrapping the silk fibers (without overlapping) around a

20 cm 3 20 cm Plexiglas plate with 2mm-thick rubber bor-

ders until the fibers reached a width of approximately

0.3 cm. The fibers were glued together using Marine

Adhesive Sealant FastCure 5200 (3MMarine) at fixed inter-

vals, leaving approximately 2 cm of exposed silk. After

allowing them to cure for 24 h, the scaffolds were sepa-

rated by scoring the adhesive that had previously been

placed between the strips of scaffold. The scaffolds were

then washed with 70% ethanol, and sericin proteins were

removed via a 24 h soak in 0.05% Trypsin-EDTA at 37 6Cand

5% CO2.
24 Prior to seeding, the scaffolds were washed

three times in PBS and once in DMEM.

To seed MSCs onto a control silk protein-coated culture

surface, raw silk fibers were digested in 0.05% Trypsin-EDTA

for 24 h at 1 g of silk with 40 mL of Trypsin-EDTA. Following

this procedure, the fibers were washed five times with de-

ionizedwater before beingdissolved inCaCl2-CH3CH2OH-

H2O (molar ratio 1:2:8) at 78 6 2 6C with continuous stirring

for 2 h. The solution was then dialyzed against distilled

water using Snake Skin Pleated Dialysis Tubing (Thermo

Scientific, MWCO3500); the distilled water was refreshed

daily for 5 days. The silk solution was then filtered through

adisposable sterilization filter unit (Nalgene).A total of 3mL

of solution was poured into the bottom of a cell culture

dish. After being allowed to sit for 6 h under a sterile hood,

the remaining fluid was vacuumed off, leaving a thin silk

film on the bottom of the dish that could be used for cell

culture. To perform experiments, equivalent numbers of

MSCs (1.5 3 106 cells) were seeded into 35 mm dishes.

Immunocytochemistry

The scaffolds were removed from the growth media and

rinsed several times with PBS. The cells on the scaffolds

were then fixed with 1% formalin for 1 h at room temper-

ature. After several washes with PBS, the scaffolds were

incubatedwith 0.3%hydrogenperoxide for 10minat room

temperature, followed by three washes with PBS. To facil-

itate the detection of scleraxis proteins, membrane per-

meabilization was achieved by incubating the scaffolds

for 10 min in 0.5% Triton-X that was diluted in PBS.

A serum-free protein block (Dako, US) was then added

to the scaffolds for 1 h at room temperature, followed by

the addition of primary antibodies in diluent solution

(Dako). Anti-Scx (Abcam, 1:300), anti-Tnmd (Santa Cruz,

1:300), and anti-Actin (SantaCruz, 1:300) primary antibod-

ies were added to individual scaffolds and incubated

at room temperature for 1 h. As a negative control, the

scaffoldswere incubatedwith titered rabbit serum instead
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of primary antibodies. Scaffolds were then washed at

least three times in a solution of PBS that contained 0.1%

Tween-20 (PBS-T); washes lasted for 5min each. The follow-

ing fluorochrome-conjugated secondary antibodies were

applied: Scx (Alexafluor 568, Molecular Probes, 1:1 000),

Tnmd (Alexafluor 488, Molecular Probes, 1:1 000), and

b-actin (Alexafluor 488, 1:1 000). The scaffoldswerewashed

in PBS at least three times and remained submerged in buf-

fered solution for imaging. The samples were imaged using

a Leica confocal microscope, and the images were cap-

tured with Leica Application Suite Software.

Pharmacological agents

The following pharmacological agents were employed:

0.5 mmol?L21 Latrunculin A, which is a G-actin polymeriza-

tion inhibitor (Calbiochem), 10 mmol?L21 Y-27632 dihy-

drochloride, which is a ROCK inhibitor (Tocris Bioscience),

50 mmol?L21 Blebbistatin (EMD Biosciences), which is a

non-muscle myosin II inhibitor, and 5 mmol?L21 Cyto-

chalasin D, which is a non-specific actin polymerization

inhibitor (Calbiochem). Following the 2-h attachment per-

iod, aliquots of DMEM that each contained one of the

above listed pharmacological agents in 2% DMSO were

individually applied to the scaffolds. DMEMwith 2% DMSO

was used as a control. The scaffolds were cultured at 37 6C

and 5% CO2 for 24 h and then harvested to assess mRNA

expression.

RNA isolation, cDNA synthesis, and quantitative PCR

Total RNAwas extracted usingan RNeasymini kit (Qiagen)

with DNase treatment. RNA was quantified with a

Nanodrop spectrophotometer (Thermo Fisher Scientific,

Wilmington, DE) and then was reverse-transcribed (RT)

using oligo (dT) primers. A 10 ng sample of total RNA was

analyzed by real-time PCR to assess the expression of

the following housekeeping genes: scleraxis (Scx); teno-

modulin (Tnmd); collagen1a1 (Col1a1); nuclear factor of

activated T-cells, cytoplasmic 4 (Nfatc4); nucleostemin

(Nst) octamer-binding transcription factor 4 (Oct4);

sex-determining region Y-box 9 (Sox9); collagen 2a1

(Col2a1); runt-related transcription factor 2 (Runx2);

alkaline phosphatase (Alp); glyceraldehyde 3-phosphate

dehydrogenase (Gapdh); hypoxanthine-guanine phos-

phoribosyltransferase 1 (Hprt1); and phosphoglycerate

kinase 1 (Pgk1). The PCR primers pairs were shown in

Table 1. Quantitative real-time PCR with SYBR Green

was performed. The expression values of GAPDH under

each treatment condition were averaged and used as a

denominator to determine relative gene expression. Data

were analyzed for significance (P , 0.05) using one-way

ANOVA and Student’s t-tests, as appropriate.

Western blot analysis of scleraxis expression

Cells were harvested in lysis buffer and then cleared by

centrifugation at 13 000 rpm?min21 for 10 min at 4 6C. A

20 mg sample of each lysate was analyzed on a 12% SDS-

PAGE gel and then transferred to a polyvinylidene difluor-

ide membrane and blocked with 5% non-fat milk before

being probed with primary rabbit antibody against scler-

axis, at a concentration of 2 mmol?L21 (Santa Cruz).

RESULTS
Silk fibers promoted tenocyte differentiation of MSCs

The custom-made silk scaffolds enabled MSCs to attach

and elongate along the fibers, remain viable, and differ-

entiate on the fibers without any additional inductive

stimulus. Figure 1a shows an image of a custom-made,

parallel-fiber scaffold. At 7-days post-seeding, C3H10T-1/

2 MSCs were able to attach to the scaffold (Figure 1b),

and they aligned along the scaffold fibers (Figure 1c). To

determine the tenogenic potential of these MSCs when

seeded on silk scaffolds, the relative gene expression of

scleraxis (Scx), an early marker of tendon differentiation,25

was assayed. Scx expression increased from 4-h to 24-h

post-seedingandbegan toplateauat 24h; the same level

was maintained at 7-days post-seeding (Figure 1d). These

data indicate that rope-like silk scaffolds provide a micro-

environment that not only facilitates the attachment,

elongation, and growth of MSCs but that alsomay induce

the tenocytic differentiation of MSCs without the need of

an additional inductive stimulus.

Tenocyte differentiation is induced by the topography of

the three-dimensional structure of the silk fibers

To determine whether the tenocyte differentiation that

was promoted by our silk scaffolds occurred in response

to the topography of the silk fibers or to the actual silk

proteins, we analyzed the expression levels of teno-

genic–phenotype-related markers and stem cell markers

in MSCs that were seeded onto the silk scaffolds versus

Table 1. PCR primers pairs

Gene Forward Reverse

Scx 59-AAACAGATCTGCACCTTCTG-39 59-TCAGATCAGGTCCAAAGTGG-39

Tnmd 59-ATGACATGGAGCACACTTC-39 59-AAGTAGATGCCAGTGTATCC-39

Col1a1 59-TGACTGGAAGAGCGGAGAGT-39 59-GTTCGGGCTGATGTACCAGT-39

Nfatc4 59-ACCGGATTACTGGCAAGATG-39 59-CTGTCTCACCCTTCCGTAGC-39

Nst 59-GTCTGATCTAGTACCAAAGG-39 59-CTTGCCACAGCAGCAGATTTTGC-39

Oct4 59-AGTGGGGCGGTTTTGAGTAA-39 59-TTCCAAAGAGAACGCCCAGG-39

Sox9 59-TCCCCGCAACAGATCTCCTA-39 59-AGGTGGAGTAGAGCCCTGAG-39

Col2a1 59-GCCAGGATGCCCGAAAATTAG-39 59-CGCACCCTTTTCTCCCTTGT-39

Runx2 59-CGTCGTCAGACCGAGAAGTG-39 59-GGATCTCGGGGCGACAGA-39

Alp 59-TGGTCACAGCAGTTGGTAGC-39 59-ACCCTGAGATTCGTCCCTCG-39

Gapdh 59-CTGCCAAGTATGATGACATC-39 59-TGTCATACCAGGAAATGAGC-39

Hprt1 59-GAAGTGTTGGATACAGGCCAGA-39 59-TTGCGCTCATCTTAGGCTTTG-39

Pgk1 59-GGGAACCAAGTCACTCATGGA-39 59-GGAGCTCTAGACTGGCACCG-39
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those that were grown in silk-coated culture dishes. The

MSCs that were cultured on the silk scaffolds exhibited sig-

nificantly higher expression of Scx and tenomodulin

(Tnmd), a late marker of tendon formation,26 compared

to those that were cultured on silk-coated plates

(Figure 2a), indicating that tenogenic differentiation

was induced by the physical properties of the silk fibers

and not by the chemical components of silk. The MSCs

that were seeded on the silk scaffolds also exhibited sig-

nificantly reduced expression of nucleostemin (Nst) and

octamer-binding transcription factor 4 (Oct4), which are

markers of undifferentiated MSCs,27 when compared

to those that were grown on the silk-coated plates

(Figure 2a). Although the cell seeding density may have

varied between the experiments using silk scaffolds and

those using silk-coated plates, these data suggest that

MSCs that are cultured on silk-coated plates remain lar-

gely undifferentiated, whereas those that are cultured

on silk scaffolds differentiate toward a tenogenic lineage.

Furthermore, regardless of whether MSCs were seeded on

a silk-coated surface or a silk scaffold, the mRNA express-

ion levels of the chondrogenic markers Sox9 and Col2a1

were respectively unchanged or undetected, and the

mRNA expression levels of the osteogenic markers runt-
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related transcription factor 2 (Runx2) and alkaline phos-

phatase (Alp)wereundetected (Figure 2a). These findings

may indicate thatMSCs specifically differentiate towarda

tenogenic lineage. Immunocytochemistry and western

blotting confirmed the lack of SCX and TNMD expression

in MSCs cultured on silk protein-coated plates, whereas

expression of SCX and TNMDwas detected inMSCs grown

on silk scaffolds (Figure 2b). These results strongly suggest

that the topography (i.e., the elongated physical prop-

erty) of the silk fibers, and not the protein/chemical com-

ponents of the silk, is the determining factor of the

tenogenic differentiation of MSCs in this context.

Tenogenicmorphogenesis is dependent onactin function

Notably, the differentiation of MSCs into tenocytes was

associated with their elongation along the silk fibers of

the scaffolds, whereas MSCs that were cultured on a silk

protein-coated surface remained undifferentiated

(Figure 2b and c). The observed correlation between

MSC elongation and tenocytic differentiation suggested

that cell morphology (i.e., shape) serves as a regulatory

mechanism during the process of differentiation. Previous

studies have revealed that the inhibition of actin polymer-

ization disrupts contact guidance,28 whichmay be one of

the keyprocesses responsible for theparallel elongation of

MSCsalong silk fibers and the subsequent differentiation of

these cells. To determine the role of cytoskeletal organiza-

tion in the differentiation of MSCs into tenocytes when

MSCs are grown on silk, we examined the effect of cyto-

chalasin D, which inhibits actin polymerization by capping

the barbed ends of F-actin polymers,29 on silk-fiber

induced MSC teno-differentiation. Differences in cell

shape and cell nuclei were quantified by measuring the

lengths of the cells that were growing in parallel with

the fibers and were compared to the maximal widths of

the cells, which were measured perpendicular to the

fibers. Cells that were treated with cytochalasin D did

not retain an elongated shape, as demonstrated by the

smaller length-to-width ratios of their cytoplasms

(Figure 3a and c) and nuclei (Figure 3b and d) compared

to untreated MSCs. Significant differences were found

when quantifying the cytoplasmic (P , 0.05) and nuclear

(P , 0.05) ratios (Figure 3e).

Actin polymerization is required for MSC elongation

and tenogenesis

To determine whether actin polymerization in elongated

cells is required for tenogenic differentiation, we exam-

ined the effect of cytochalasin D on tenogenic marker

gene and protein expression in MSCs that were grown on

silk scaffolds for 7 days. Compared to untreated controls,

cytochalasin D treatment abolished the elongated

phenotype of the cells and was found to be associated

with a loss of SCX and TNMD immunocytochemistry

staining (Figure 4a), which was confirmed by real-time

PCR and western blot (Figure 4b). To determine whether

the loss of SCX and TNMD expression was due to specific

effects produced by cytochalasin D on actin polymeriza-

tion and cell morphology, rather than due to general tox-

icity related to gene expression, the expression levels of

two housekeeping genes, Hypoxanthine-guanine phos-

phoribosyltransferase 1 (Hprt1) and phosphoglycerate

kinase 1 (Pgk1), were analyzed. The results revealed that

the expression levels of both genes remained unchanged

in the presence of cytochalasin D (Figure 4c), suggesting

that the loss of cell elongation and tenogenic gene
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expression observed previously was due to changes in

actin polymerization.

Rho/Rockpathway signalingand stress fiber formationare

required for tendon lineage determination

To determine the role of stress fibers in mediating silk fiber-

inducedMSC tenogenic differentiation, we examined the

impact of cell signaling on the regulation of stress fiber

formation. RhoAandROCKII are two smallGTPaseproteins

that have been shown to regulate the actin cytoskeleton

during the formation of stress fibers.21 Accordingly, the fol-

lowing Rho/Rock inhibiting reagents were used to dissect

the potential effects of the Rho/Rock pathway on stress

fiber formation during the differentiation of MSCs (grown

on silk scaffolds) into tenocytes: (1) Latrunculin A, which

binds to monomeric G-actin and prevents its polymeriza-

tion into F-actin and stress fibers; (2) Y-27632 dihydrochlor-

ide, which inhibits ROCK activity; and (3) blebbistatin,

which selectively inhibits the ATPase function of non-

muscle myosin II.

Compared to untreated cells, cells that were exposed

to the above treatment conditions lost their elongated

phenotype (Figure 5a). Additionally, the expression levels

of Scx mRNAs and SCX proteins were significantly

decreased after treatment with Latrunculin A, Y-27632,

and blebbistatin (Figure 5b), which supports that the

Rho/Rock pathway plays a role in tenocyte differentiation

through its regulation of stress fiber formation.

In addition to Scx, the Nfatc4 and Col1a1 genes

have been suggested to be a part of the regulatory

network that is involved in the differentiation of MSCs into

tenocytes.30 Therefore, we also examined the expression

ofNfatc4andCol1a1 following treatment with Latrunculin

A, Y-27632, and blebbistatin. We found that the expression

levels of both Nfatc4 and Col1a1 were significantly

decreased in response to all three of the treatments

(Figure 5c). Collectively, these findings suggest that

the organization of actin stress fibers is a critical determin-

ant of MSC teno-differentiation. It is notable that the

expression of the stem cell marker Nst was also markedly

decreased, albeit to a lesser degree, which suggests

that the Rho/ROCK pathway, actin and myosin are all

important for stem cell functioning and maintenance

(Figure 5c).

DISCUSSION
MSCs differentiate along specific pathways based on sev-

eral cues, including the presence of various soluble fac-

tors, mechanical stimuli and matrix density15–16,20,31–32. In

this study, we demonstrated that rope-like silk scaffolds

provide not only a suitable environment for MSCs to grow

but also a specific topography that is responsible for the

induction of MSC teno-differentiation. Specifically, we

demonstrated that teno-differentiation inMSCs is primarily

induced by the three-dimensional structures of rope-like

silk fibers and the cell–cell interactions that occur on

the rope-like silk scaffold matrix and is not a result of the

chemical components of the scaffold, at least in the case

of silk fibers. The surface topography of silk fibers provides

contact guidance, which is responsible for the scaffold-

induced, tendon-like morphological changes that were

observed.

Real-time PCR
Scx Tnmd Hprt1 Pgk11.2

1.0
0.8
0.6

Fo
ld

 c
ha

ng
e

Fo
ld

 c
ha

ng
e

0.4
0.2

0

1.2
1.0
0.8
0.6

Fo
ld

 c
ha

ng
e

0.4
0.2

0

1.2
1.0
0.8
0.6

Fo
ld

 c
ha

ng
e

0.4
0.2

0

1.2
1.0
0.8
0.6
0.4
0.2

0
– + – +

– +

∗

∗

Real-time PCRWestern blot cb

Cytochalasin D – + – + Cytochalasin D

Cytochaslin D
SCX
TNMD
β-actin

SCX TNMD
–cytochalsin D

a
+cytochalasin D –cytochalsin D +cytochalasin D

Figure 4. Cytochalasin D treatment inhibited MSC differentiation toward tenocytes. (a) Immunocytochemistry (blue5 DAPI, red5 SCX or TNMD).
(b) Relative mRNA and western blot of SCX and TNMD expression in MSCs grown on a silk scaffold without or with cytochalasin D treatment.
(c) RelativemRNAexpression of the housekeeping genesHrpt1 and Pgk1 inMSCs grown on a silk scaffoldwith andwithout cytochalasinD treatment.
Data represent three independent experiments per assay. *P , 0.05 compared to MSCs seeded on the scaffold without cytochalasin D.

Rho/Rock signaling required for tenogenesis

E Maharam et al

6

Bone Research (2015) 15015 � 2015 Sichuan University



The three-dimensional surface topographies of scaffold-

ing materials may contain biophysical cues that alter cel-

lular responses, such as gene expression, adhesion,

migration, proliferation, and differentiation.28,33 This is of

significance, as in our study the process of cell attach-

ment to a silk scaffold induced morphological changes

that ultimately resulted in differentiation, without the use

of exogenous mechanical or biochemical stimuli. Based

on our results, it was evident that the surface topography

of the rope-like silk scaffold played an integral role in pro-

ducing the elongated shape and differentiation of MSCs,

as thecells conformed to the shapeof the fibers andgrew

in parallel to the scaffold. Conversely, MSCs that were

cultured on silk-coated plates were amorphous. These

morphological changes may serve as the trigger for

MSC teno-differentiation, a hypothesis that is supported

by the expression of the teno-phenotypic markers scler-

axis and tenomodulin.25–26 Additionally, the increased

levels of nucleostemin and OCT4 expression in cells that

were grown on silk-coated plates indicates that the

amorphous cells that grewon flattened silk fibroin proteins

remained undifferentiated. As demonstrated by our

experimental results, only MSCs growing on a silk scaffold

will undergo tenogenesis, which confirms that the

physical properties of the three-dimensional structure of

the rope-like silk scaffold are the determining factors of

tenocytic differentiation, and not the chemical compo-

nents of the silk fibroin.
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Figure 5. Rho/RockPathway signaling and stress fiber formation are required for tendon lineagedetermination. (a) Immunocytochemistry ofb-actin in
MSCs grown either with no treatment or treated with Latrunculin A, Y-27632 and Blebbistatin for 7 days (blue 5 DAPI, green 5 b-actin). *P , 0.05
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experiments per assay.
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Because there was a strong association between MSC

elongation and tenocytic differentiation, we posited that

mechanisms that regulate cell morphogenesis (i.e.,

shape) play a required role in the differentiation process.

Previous studies have revealed that inhibitionofactinpoly-

merization disrupts contact guidance,28 which is likely one

of the key processes that was responsible for the parallel

elongation of MSCs next to silk fibers that we observed in

this study, leading to their subsequent differentiation.

Therefore, cytochalasin D, which inhibits actin polymeriza-

tion by capping the barbed ends of F-actin polymers, was

used todeterminehowcytoskeletal organizationaffected

the tenogenic differentiation of MSCs that were grown on

silk scaffolds. Cytochalasin D treatment led the cells to

adopt a rounder morphology and prevented cell elonga-

tion. The nuclei of the treated cells also became rounded.

These morphological changes directly correlated with a

loss of tenocyte marker gene and protein expression, as

shown by real-time PCR and immunocytochemistry. Thus,

disrupting the contact guidance of the fiber-like scaffold

interfered with tenogenic differentiation. These data

strongly suggest that interplay between the scaffold struc-

ture and the actin cytoskeletal network was a key modu-

lator of MSC differentiation into tenocytes.

Via their attachment to integrins, actin stress fibers play

an important role in cellular mechanosensing and the

transduction of extracellular matrix mechanical signals.

These integrins can trigger intracellular signal transduction

pathways and regulate gene expression patterns that led

to tenocyte differentiation.34 Mechanochemical signal

pathways are likely responsible for organizing the MSC

cytoskeleton in a manner that results in morphological

rearrangement and differentiation into mesenchymal

tissue.16 Thus, it is possible that silk fibers create a

micromechanical environment that is ideal for tenocytic

induction, provided that the MSCs have an intact cyto-

skeletal mechanism.

The Rho/ROCK pathway has been intricately linked to

cell proliferation, cytoskeletal changes, and stress fiber

formation.18,20–21 Previous studies have shown that the

Rho/ROCK pathway has a role in regulating cell shape

and differentiation into cartilage, fat, and bone,20 as well

as in tenogenic differentiation occurring in response to

mechanical stretch.22 Rho has been intricately linked with

integrins, cell junctions, and cellular mechanics.35 Rho-

kinase (rock) is a downstream effector of Rho and has

been directly linked to the control of myosin function.36

Inhibition of ROCK with Y-27632 has previously been

reported to lead to a rounded morphology, to bypass

the cell differentiation pathway toward bone, and to

stimulate adipogenesis.20 In our study, when using

Y-27632, we noted a marked decrease in elongated

morphology as well as a decrease in tendon marker

expression. To further elucidate the role of the Rho/ROCK

pathway in silk fiber-induced tenogenesis, we tested

whether intact stress fiber formation was a pre-requisite

for achieving the cell shape or focal adhesions necessary

for cell differentiation. To accomplish this, we inhibited

non-muscle myosin II, which is a downstream player in

the Rho/ROCK pathway and an important component

of stress fiber formation.37 Stress fiber formation is a crucial

element of cell cytoskeletal regulatory mechanisms

and would therefore be expected to affect tension-

dependent differentiation. Using blebbistatin to inhibit

non-muscle myosin II function, we were able to show

that stress fiber-related tension is indeed necessary for

creating morphological changes in cells.

CONCLUSION
In this study, we demonstrated that MSC differentiation

toward a tenogenic lineage could be induced using

rope-like silk scaffolds alone. The process of induction

was dependent on the topography of the silk fibers and

could not be completed without the tension and cell

shape regulatorymechanisms of the Rho/ROCKpathway.

This study indicates that topographical factors that

induce cell morphological changes are required for the

differential commitment of MSCs. These findings may lead

to novel strategies for scaffold development, tendon tis-

sue engineering, and targeting microenvironments for

stem cell-based tendon regeneration and repair.
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