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Abstract

The use of biochemical signaling to derive smooth muscle cells (SMCs) from mesenchymal 

stem cells (MSCs) has been explored, but the induction of a fully functional SMC phenotype 

remains to be a major challenge. Cell morphology has been shown to regulate MSC differentiation 

into various lineages, including SMCs. We engineered substrates with microgrooves to induce 

cell elongation to study the mechanism underlying the MSC shape modulation in SMC 

differentiation. In comparison to those on flat substrates, MSCs cultured on engineered substrates 

were elongated with increased aspect ratios for both cell body and nucleus, as well as 

augmented cytoskeletal tensions. Biochemical studies indicated that the microgroove-elongated 

cells expressed significantly higher levels of SMC markers. MicroRNA analyses showed 

that up-regulation of miR-145 and the consequent repression of KLF4 in these elongated 

cells promoted MSC-to-SMC differentiation. Rho/ROCK inhibitions, which impair cytoskeletal 

tension, attenuated cell and nuclear elongations and disrupted the miR-145/KLF4 regulation 

for SMC differentiation. Furthermore, cell traction force measurements showed that miR-145 

is essential for the functional contractility in the microgroove-induced SMC differentiation. 
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Collectively, our findings demonstrate that, through a Rho-ROCK/miR-145/KLF4 pathway, the 

elongated cell shape serves as a decisive geometric cue to direct MSC differentiation into 

functional SMCs.
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1. Introduction

Vascular smooth muscle cells (SMCs) residing in the tunica media layer of blood vessel 

wall play a key role in regulating vascular tone. In response to arterial injuries such 

as angioplasty, stenting, or vessel grafting, SMCs undergo phenotypic switch from a 

physiological contractile phase to a pathological proliferative phase, leading to intima 

hyperplasia and ultimately artery restenosis and graft failure [1]. Recent studies have shown 

that, in addition to the synthetic SMCs migrating from media layer, bone marrow-derived 

mesenchymal stem cells (MSCs) are recruited to the sites of arterial injury and contribute to 

the post-injury repair process [2–4]. These MSCs are capable of differentiating into smooth 

muscle-like cells in vitro and in vivo and hence hold a great potential for tissue-engineered 

vascular grafts and regenerative therapy.

The fate of MSCs can be regulated by the biomechanical properties of the local tissue 

microenvironments. For example, MSCs cultured on elastomeric matrices mimicking tissue 

stiffness can direct MSC differentiation toward specific lineages as soft substrates with the 

rigidity of 0.1–1 kPa promote neuronal differentiation, whereas hard substrates at 25–40 

kPa induce osteoblast differentiation [5]. In addition to substrate rigidity, cell morphology, 

the degree of cell spreading, and the resulting cytoskeletal tension change are functions 

of the topography in the extracellular matrix and have been demonstrated as critical 

modulators to guide MSC differentiation [6,7]. McBeath et al. reported that MSCs cultured 

on small micro-patterned islands differentiate into adipocytes, while the ones on large 

islands primarily turn into osteoblasts [6]. Killian et al. demonstrated that patterning MSCs 

to different geometric shapes (flower vs. star shapes) but with the same area led to distinct 

differentiations toward adipocytes or osteoblasts, respectively [7]. Induction of MSC or 

SMC elongation, which mimics the contractile SMC phenotype, has been shown to promote 

SMC differentiation, although the underlying mechanism is not clearly understood [8–10].

MicroRNAs (miRNAs) are post-transcriptional regulators of gene expression and play 

pivotal roles in modulating a wide variety of biological processes, including stem 

cell renewal and differentiation [11]. In muscle cells, a group of miRNAs known as 

myomiRs (including miR1, −133, −206 and −208) are involved in muscle homeostasis and 

development [12]. In SMCs, altered expressions of miR-1, −21, −23, −125b, −143, −145 

and −155 have been shown to mediate the phenotypic plasticity of SMCs [13,14]. Among 

these miRNAs, miR-143/145 cluster promotes the contractile phenotype of SMCs by up

regulating SMC contractile markers via targeting Krϋppel-like factor 4/5 (KLF4/5) [14,15]. 

Hence, up-regulation of miR-143/145 in MSCs in vitro may direct their differentiation 
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into SMCs [16]. Furthermore, recent studies have identified a panel of mechano-sensitive 

miRNAs relaying the signal transduction to modulate vascular homeostasis in response to 

the mechanical stimuli such as fluid shear stress and cyclic stretch [17–19]. In this study, we 

hypothesized that the shape modulation of MSCs to an elongated morphology can induce a 

differential expression profile of miRNAs to regulate gene expression post-transcriptionally 

for their differentiation into SMCs.

In the present study, we used the soft lithography technique to fabricate 

polydimethylsiloxane (PDMS) microgrooved substrates to constrain MSCs to an elongated 

cell shape and examined the MSC-to-SMC differentiation process. We found that the 

resulting increases in cell and nuclear aspect ratios had a synergistic effect with TGF-β1 

treatment on the MSC differentiation into SMCs. Through the screening of myomiRs and 

miRNAs involved in smooth muscle plasticity, we identified miR-145 as a critical mechano

transducer that mediates the elongated cell shape-induced MSC-to-SMC differentiation. By 

pharmacological inhibition of the Rho/ROCK pathway, we demonstrated that the miR-145

mediated SMC differentiation was regulated by cell shape-induced Rho/ROCK signaling. 

Using Traction Force Microscopy (TFM), we found that the cell elongation-induced 

miR-145 was necessary for the contractile function of differentiated SMCs. Our findings 

serve to advance the understanding of mechano-biochemical mechanisms for MSC-to-SMC 

differentiation, thus contributing to MSC-based regenerative vascular medicine.

2. Materials and Methods

2.1. Mesenchymal stem cell culture

Human bone marrow-derived MSCs (Cell Applications) were maintained in human marrow 

stromal cell growth medium (MSCGM, Cell Applications) and passaged once cells reached 

80–90% confluence. MSCs within passages 5–8 were used in all experiments.

2.2. PDMS microgrooved substrate fabrication

A silicon wafer (University Wafer) was prebaked for 5 min at 95 °C before plasma etching 

the surface (Technics PEIIB planar etcher). Photoresist (SU-8 2005, MicroChem) was spin

coated onto the wafer to desired thickness and soft baked at 95 °C for 2 min. The wafer 

was exposed to ultraviolet (UV) light with a photomask patterned with 10, 25, and 50 μm 

of chrome channels using the Karl Suss MA6 Mask Aligner. After hard baking at 95 °C 

for 3 min, UV light induced the cross-linking of the exposed photoresist. The wafer was 

then washed in SU-8 developer for 1 min followed by isopropyl alcohol for 1 min, and 

then rinsed with water and air-dried to obtain the wafer mold. PDMS (Sylgard 184, Dow 

Corning) base and curing agents were mixed at 10:1 ratio and poured over the patterned 

wafer mold to form the features. The PDMS was cured for 1 h at 60 °C before it was peeled 

off. After demolding, the patterned PDMS substrates were surface-activated by UV ozone 

(JetLight) to improve surface hydrophilicity.

2.3. Cell culture conditions on PDMS substrates

The microgrooved or flat PDMS substrates were coated with 50 μg/ mL fibronectin (FN, 

Sigma) overnight. MSCs were seeded onto the substrates at a density of 1 × 104 cells/cm2. 
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For cell morphology imaging, MSCs were cultured on the microgrooved or flat substrates 

for 24 h in DMEM media (DMEM, 10% FBS, 100 U/mL penicillin, and 100 μg/mL 

streptomycin) supplemented with 5 ng/mL TGF-β1 (Peprotech). For inhibiting Rho/ROCK 

signaling, cells were treated with C3 exoenzyme (a Rho inhibitor, 1 μg/mL) or Y-27632 (a 

ROCK inhibitor, 20 μM, Abcam) for 24 h. For all other experiments, MSCs were cultured on 

substrates for 3 days.

2.4. Immunofluorescence and confocal microscopy

Cells were fixed in 4% paraformaldehyde and permeabilized with 0.25% Triton X-100 

for 10 min, followed by blocking with 5% BSA and incubating with primary/secondary 

antibodies. 4′,6-diamidino-2-phenylindole (DAPI, Sigma) was used for nucleus staining, 

and FITC-phalloidin (Invitrogen) was used for F-actin staining and cell morphology 

analysis. Three-dimensional (3-D) images were acquired in the form of Z-stacks by a 

confocal scanning microscope (Olympus IX81) with a cooled CCD (Hamamatsu), controlled 

by the Metamorph software (Molecular Devices) and a 40× NA 1.35 oil immersion 

objective. These 3-D images were rendered by using the Volocity software (PerkinElmer). 

The 2-D images were taken under an epi-fluorescence microscope (Olympus IX70) for 

quantifying cell morphology parameters.

2.5. Western blots

Cell lysate was prepared in modified RIPA buffer (50 mM Tris pH 7.4, 1% NP-40, 

0.1% sodium deoxycholate, 0.1% SDS, and 150 mM NaCl) supplemented with protease 

inhibitors, quantified by Bradford protein assay (Bio-Rad), separated by SDS-PAGE, 

followed by transferring onto nitrocellulose membranes and blocked with 5% BSA. The 

membranes were then incubated with primary antibodies including MYH11 (ab53219, 

Abcam), α-smooth muscle actin (α-SMA) (1A4, Sigma), SM-22 (ab14106, Abcam), KLF4 

(PA5–23184, Invitrogen) and GAPDH (14C10, Cell Signaling), followed by incubations 

with the respective horseradish peroxidase-conjugated secondary antibodies. Blots were 

developed using enhanced chemiluminescence substrate (ThermoFisher) and imaged in a gel 

documentation system (Alpha Innotech), followed by quantification using ImageJ.

2.6. Quantitative RT-PCR

Total RNA was isolated using the TRIzol reagent (ThermoFisher). Reverse transcription 

(RT) was performed by using oligo(dT) primer. Quantitative RT-PCR (qRT-PCR) was 

performed with custom primers (Integrated DNA Technologies) (SI Table1) in a CFX 

Connect™ real-time PCR detection system (BioRad). The expression levels of miRNAs 

were determined using TaqMan® MicroRNA Assays (ThermoFisher) according to the 

manufacturer’s protocol. GAPDH and RNU48 were used as the internal controls.

2.7. MiRNA transfection

Pre-miR™ miRNA precursors and Anti-miR™ miRNA inhibitors (Ambion) were used in 

the gain-of-function and loss-of-function experiments along with the respective negative 

control molecules. The oligonucleotides were reverse transfected in a 6-well plate using 

RNAiMAX (ThermoFisher) in Opti-MEM (ThermoFisher).
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2.8. Polyacrylamide gel preparation and image acquisition

To perform TFM, an elastic polyacrylamide gel with embedded fluorescent beads was 

fabricated in glass-bottom dishes. The dishes were treated with 0.1 M NaOH, followed 

by 3% 3-aminopropyltrimethoxysilane (APES, Sigma) in 95% ethanol, and then baked. 

The polyacrylamide solution (5% acrylamide, 0.3% bis-acrylamide) containing 0.2 μm 

fluorescent beads (3%, ThermoFisher) was polymerized with the addition of APS and 

TEMED on a coverglass for curing at room temperature for 40 min. The coverglass was 

then removed, and the Sulfo-SANPAH crosslinker and FN (50 μg/mL) were added to the gel 

surface and activated by UV cross-linking. The polyacrylamide gel thickness was measured 

by confocal microscopy. The Young’s modulus of bis-acrylamide polyacrylamide gel is ∼8 

kPa, and the Poisson ratio is ∼0.48. The cells were cultured on the microgrooved or flat 

substrates for 3 days prior to trypsinization and sub-cultured onto the polyacrylamide gels 

for 24 h for TFM measurements.

2.9. Traction force microscopy (TFM)

The forces exerted by the cells on the substrate were measured using the TFM method 

as previously described [20,21]. Around each cell, a thin layer near the top surface of the 

substrate containing fluorescent beads was imaged in the form of a Z-stack using a confocal 

microscope. Each stack consisted of 38 planes separated by 0.4 μm in the z direction. 

The substrate deformations were calculated using the particle image velocity to track the 

motion of the beads between each Z-stack in which the substrate was deformed and a 

non-deformed, load-free reference Z-stack. The non-deformed Z-stack was obtained after 

the cells were removed at the end of experiment. For each experiment, the instantaneous and 

reference, Z-stacks were divided into 3-D interrogation boxes of 32 × 32 × 12 pixels in the 

x, y, and z directions respectively, to balance resolution and the signal-to-noise ratio. These 

settings provided a Nyquist spatial resolution of 2 μm in all three directions. Using these 

measurements, we solved the elastostatic equation for the substrate, which provide the 3-D 

traction stress vector on the top surface of the substrate and the traction forces exerted by the 

cells.

2.10. Statistical analysis

For comparisons between two groups, statistical analyses were performed by two-tailed 

unpaired Student’s t-test. Comparison of multiple groups was made by one-way ANOVA, 

and statistical significance among multiple groups was determined by Tukey’s post-hoc test 

(for pair-wise comparisons of means). All results are presented as mean ± SEM from at least 

three independent experiments.

3. Results

3.1. PDMS microgrooved substrates modulate MSC morphology

Cell morphology has been shown to serve as a key factor to guide MSC differentiation 

towards myogenic cell lineages, including SMCs [22]. To delineate the molecular 

mechanism by which elongated stem cell shape promotes SMC differentiation, we fabricated 

the culture substrates with parallel microgrooves with various widths (50, 25, and 10 μm) 
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and a depth of 10 μm using the soft lithography technique to modulate MSC morphology 

(Fig. 1A). MSCs were seeded onto the microgrooved or flat substrates for 24 h, followed 

by staining with FITC-phalloidin and DAPI to determine their cell and nuclear shape 

indices. To quantify the effect of microgrooves on cell morphology, we measured the 

shape indices as cell and nuclear areas, aspect ratios, and major and minor axis lengths 

of MSCs on those PDMS substrates. In comparison with the culture on a flat substrate, 

the cell bodies and nuclei of MSCs cultured on the microgrooves showed smaller areas 

and higher aspect ratio (i.e, more elongated) and became aligned along the microgrooves. 

Furthermore, the decreases in spreading areas and the increases in aspect ratios for both 

cell and nucleus became more pronounced as the width of microgrooves was reduced 

(Fig. 1B–D). The increases in the cell and nuclear aspect ratios were achieved mainly 

by the significant reductions in minor axis lengths (see major and minor axis statistics 

in Fig. SI1). Assessment of the effect of elongated cell shape on cytoskeletal tensions by 

immunostaining of myosin light chain 2 (MLC2) phosphorylation showed that the elongated 

cells on microgrooves had significantly higher MLC2 phosphorylation level with stress 

fibers alignment in comparison to the polygonal cells on the flat substrates (Fig. 1E). These 

results indicate that the microgrooves constrained MSC spreading, increased cytoskeletal 

tension, and promoted MSC elongation in a directional and width-dependent manner.

3.2. MSC elongation synergizes with TGF-β1 to promote MSC-to-SMC differentiation

Transforming growth factor-β1 (TGF-β1) is an important cytokine that promotes MSC 

differentiation into the myogenic lineage [22]. We tested the synergistic effect of cell 

morphology and TGF-β1 on MSC-to SMC differentiation by comparing the MSCs cultured 

on microgrooved and flat substrates under TGF-β1 treatment. As previously reported, 

TGF-β1 treatment induced MSC-to-SMC differentiation on the flat substrates after 3 days 

(Fig. 2A and SI2A), as indicated by the increases in the protein expressions of SMC 

markers: myosin heavy chain 11 (MYH11), α-smooth muscle actin (α-SMA), and smooth 

muscle protein-22 (SM-22). With the decreases in microgroove width, there were enhanced 

increases in the expressions of α-SMA and SM-22 in the presence of TGF-β1, and such 

increases were statistically significant in cells cultured on 10 μm microgrooved substrates 

(Fig. 2B). These findings were confirmed by western blot and qRT-PCR analyses (Figs. 

SI2A–B). Immunostaining of α-SMA expression in the differentiated cells showed that, 

in comparison to flat substrates, the 10 μm microgrooved substrates not only induced a 

significant increase of α-SMA protein level, but also the alignment of α-SMA bundles with 

the direction of the microgrooves (Fig. 2C). Altogether, our findings revealed a synergistic 

effect of 10 μm microgrooved substrates and TGF-β1 treatment in promoting MSC-to-SMC 

differentiation. In addition, the MSCs on 10 μm microgrooves showed the cell aspect 

ratio of 13:1 (Fig. 1C), which is comparable to the 9:1 to 15:1 aspect ratios observed for 

SMCs in vivo [23]. Hence, we focused on the studies of MSC-to-SMC differentiation using 

microgrooves with 10 μm width in the following experiments.

3.3. MSC elongation increased SMC marker expressions via the upregulation of miR-145

To explore the regulatory mechanism underlying the cell elongation-induced MSC-to-SMC 

differentiation, we analyzed miRNA expressions in MSCs cultured on the microgrooved 

or flat substrates in the presence of TGF-β1. Following a systematic literature review, we 
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selected 14 miRNAs previously implicated in the regulations of SMC phenotypic control 

and other myogenic processes and found that cell elongation caused significant increases 

of miR-133 and −145 and significant decreases of miR-1, −21, −27a and −27b, while 

miR-155, −206 and −208 showed increased trends but not statistically significant, and 

miR-486 and −499 were not detectable (Fig. 3A). We further determined the roles of 

these differentially expressed miRNAs in MSC-to-SMC differentiation. For MSCs on flat 

substrates, the overexpression of miR145, but not other up-regulated miRNAs, significantly 

induced the expression of α-SMA and SM-22 (Fig. 3B, left panel), while the knockdowns 

of miR-1, −21, −27a or −27b did not have any effect (Fig. 3B, right panel). These results 

suggest the importance of miR-145 in the induction of MSC-to-SMC differentiation by 

microgrooves. Further gain- and loss-of-function experiments were then performed by the 

transfection of pre-miR-145 precursor (PM145) or anti-miR-145 inhibitor (AM145), as well 

as their respective controls (PMC and AMC), into MSCs cultured on the microgrooved or 

flat substrates. The overexpression of miR-145 with PM145, mimicking the effect of the 

elongated cell shape on miR145, resulted in increases of α-SMA and SM-22 expressions 

even on the flat substrates, while inhibition of miR-145 with AM145 abolished the up

regulation of SMC markers in cells differentiated on the microgrooved substrates (Fig. 3C). 

To further delineate the mechanism by which the cell elongation-induced miR-145 promotes 

MSC-to-SMC differentiation, we examined the levels of miR-145 target genes involved 

in SMC biology, i.e., Myo-CD, SSH2, MRTF, CAM2D, KLF4 and KLF5, in the miR-145

overexpressing MSCs on flat substrates. Our results showed that SSH2, CAM2D and KLF4 
were significantly downregulated by miR-145 overexpression (Fig. SI3). Among these target 

genes, KLF4 has been reported to play a significant role in modulating both stem cell 

pluripotency and SMC phenotypic switch [24,25]. Further experiments demonstrated that 

KLF4 was down-regulated in the MSCs on microgrooves in comparison to those on flat 

substrates, and that such reduction of KLF4 expression was abolished by AM145 (Fig. 

3D). These findings indicate that miR-145 and KLF4 are important for the cell elongation

directed MSC-to-SMC differentiation.

3.4. Rho/ROCK pathway regulates cell shape elongation and directs MSC-to-SMC 
differentiation through miR-145/KLF4 axis

As shown in Fig. 1, culturing MSCs on microgrooves caused MLC2 phosphorylation and 

actin remodeling. Since MLC2 modulation of cytoskeletal organization is controlled by Rho/

ROCK pathway [6], we examined the role of Rho/ROCK in MSC-to-SMC differentiation 

on the microgrooves by treating cells with C3 exoenzyme (a Rho inhibitor) or Y-27632 (a 

ROCK inhibitor) for 24 h, followed by staining of actin fibers and nuclei. In comparison 

to the control cells on microgrooves, C3 treatment caused a slight reduction in cell area 

with the cells remained confined within the microgrooved channels; Y-27632 treatment 

caused increases in cell and nuclear areas with the cells spread over the microgrooves and 

extended long and thin membrane protrusions from both ends of the cell (Fig. 4A–B). While 

the C3- and Y-27632-treated cells exhibited different trends of changes in cell and nuclear 

areas, both treatments significantly reduced cell and nuclear aspect ratios in comparison 

to the control cells on microgrooves (Fig. 4B and SI4). Both C3 and Y-27632 treatments 

impaired the cell elongation-induced MSC-to-SMC differentiation, as evidenced by the 

abolishment of the inductions of SMC markers and miR-145 and reduction of KLF4 in cells 
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cultured on the microgrooves (Fig. 4C–E). Importantly, we found that such C3 and Y-27632 

inhibitory effects on SMC differentiation were reversed by the overexpression of miR-145 

(Fig. 4F). These results demonstrate that the elongated cell shape-induced MSC-to-SMC 

differentiation through the Rho-ROCK/miR-145/KLF4 pathway and support the notion that 

the aspect ratios, but not areas, of cell and nucleus, are the key biomechanical factors 

regulating this process.

3.5. Induction of miR-145 promotes the contractility of SMCs differentiated on the 
microgrooved substrates

Contractility is an important indicator of the functional phenotype of SMCs [26]. To 

investigate whether microgrooved substrates provide a critical biophysical cue for the 

derivation of SMCs with high contractility, TFM was performed to measure the contractile 

forces exerted by the cells on substrates. MSCs were maintained in the basal medium or 

differentiated on the microgrooved or flat substrates for 3 days with TGF-β1 treatment, 

and then sub-cultured onto polyacrylamide gels for TFM analysis. The contractile forces 

exerted by the differentiated cells sub-cultured from microgrooves are significantly higher 

than those from the flat substrates or the MSCs in the basal medium (Fig. SI5), suggesting 

that the elongated cell shape enhances the differentiation of functional SMCs. The inhibition 

of miR-145 reduced the microgrooveinduced contractile forces, while overexpression of 

miR-145 augmented the contractile forces in the cells from flat substrates. These results 

showed that upregulation of miR-145 is necessary for the induction of contractile phenotype 

in the differentiated SMCs (Fig. 5A–B). Cell area did not undergo significant differences 

between the cells were sub-cultured from microgrooved or flat substrates. However, the 

cells sub-cultured from microgrooves retained more elongated cell shapes in comparison to 

those from flat substrates, and this retention of cell elongation was abolished by miR-145 

knockdown (Fig. 5C). Altogether, our results demonstrate that the elongated cell shape 

promotes MSC differentiation toward contractile SMCs, and that this differentiation process 

is mediated by miR-145.

4. Discussion

Previous studies have shown that modulations of biophysical cues (such as cell 

morphology and cytoskeletal tension) and the stimulation of TGF-β1 can promote myogenic 

differentiation of MSCs [6,7,27]. While the role of TGF-β1 in SMC plasticity is better 

defined, the mechanism underlying the MSC-to-SMC differentiation induced by biophysical 

cues is still unknown [22,28]. In the current study, we employed the microgrooved substrates 

to impose an elongated MSC shape and induce an increased cytoskeletal tension, which are 

both critical for SMC differentiation. Most importantly, we demonstrate a novel mechanism 

by which the elongated cell and nuclear shapes direct MSC-toSMC differentiation through a 

Rho-ROCK/miR-145/KLF4 signaling pathway (Fig. 6).

Our approach to enhance MSC-to-SMC differentiation is to provide the biophysical 

microenvironments similar to where naïve SMCs reside [29]. The microgrooved substrates 

have been widely used in studies on cell differentiation in human blood vessels and 

myocardial tissues [10,28,30–35] (SI Table 2). However, the mechanisms for SMC 
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differentiation induced by MSC elongation are still not clearly understood. Our study 

employed substrates with different groove widths constituted an excellent platform to obtain 

elongated MSCs with the desired aspect ratios similar to contractile SMCs. Our results 

showed that MSCs aligned with the direction of microgrooves, and that the increase in 

cell aspect ratio and decrease in cell area were more pronounced in cells on the narrower 

microgrooved substrates (Fig. 1). In addition, 3-D imaging analysis showed a significant 

reduction in cell volume of MSCs on the microgrooved substrates (Fig. SI6). It has been 

reported that the conformational change of a cell can lead to the regulation of nuclear 

morphology and orientation through cytoskeletal reorganization [36]. Indeed, we noticed 

that the nuclei were deformed and oriented to the direction of microgrooves in a similar 

manner as the actin fiber and phospho-MLC2 stainings, suggesting that this deformation 

is caused by the increase in cytoskeletal tension (Fig. 1). It has been reported that nuclear 

deformation triggers gene expression not only at transcription and translation levels, but 

also through epigenetic modifications. For example, Li et al. showed that the elongated 

nuclear shape of MSC induces a high level of histone acetylation, thus regulating cell 

functions [28]. Here, we have shown that the increased cell aspect ratio resulted in nuclear 

elongation and served as a critical factor to promote MSC-to-SMC differentiation (Figs.1, 

2 and 4). However, whether such a change in nuclear shape induces specific epigenetic 

modifications or chromatin remodeling to modulate MSC-to-SMC differentiation requires 

further investigation.

MiRNAs have been shown to serve as critical mechano-transducers in modulating stem 

cell fate [17–19,37]. In the current study, we hypothesized that biophysical cues affect 

miRNA expression to mediate MSC-to-SMC differentiation. We have demonstrated that 

elongation of MSCs induced the differential expressions of myogenic miRNAs, and that 

among those miRNAs, the up-regulation of miR-145 had the most profound effect on 

MSC-to-SMC differentiation. Although miR-143 is usually thought to be co-transcribed 

with miR-145, our data demonstrated that the miR-143 level was reduced in the elongated 

MSCs, suggesting the biogenesis of the miR-143/−145 cluster might involve a more 

complicated mechanism than previously appreciated. MiR-145 has been reported to serve 

as a multivalent regulator in both stem cells and SMCs. In embryonic stem cells, 

miR-145 represses self-renewal to decrease stemness, and in MSCs, miR-145 is a negative 

regulator of osteogenic and chondrogenic differentiation [38–40]. In SMCs, miR145 is 

one of the most abundant miRNAs, and induction of miR-145 under TGF-β1 treatment 

promotes contractile phenotype of SMCs [41]. Moreover, miR-145 has been recognized 

as a mechano-sensitive miRNA for shear stress- and stretch-modulated SMC phenotypes 

[18,42]. Consistent with these findings, our data revealed for the first time that increased 

aspect ratios in the cell bodies and nuclei up-regulated miR145 to promote MSC-to-SMC 

differentiation, and that inhibition of miR145 abolished this effect on differentiation (Fig. 

3C). Among the functional targets of miR-145, KLF4 has been identified as a negative 

regulator of contractile phenotype by inhibiting α-SMA and SM-22 transcriptions [43]. Our 

gain- and loss-of-function experiments also demonstrated an inverse relation between KLF4 

and miR-145 levels, suggesting the KLF4 inhibition by miR-145 mediates the MSC-to-SMC 

differentiation induced by cell elongation (Fig. 3D).
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Rho/ROCK has been demonstrated to play an important role in stem cell differentiation, 

and it has been suggested that cytoskeletal remodeling and intracellular tension modulation 

are essential for lineage commitment [6,44,45]. Specifically, it has been reported that the 

activation of Rho/ROCK pathway increases cytoskeletal tensions to promote the MSC 

differentiation to myogenic and/or osteogenic lineages, while inhibition of Rho/ROCK 

favors adipogenic lineage [6,7,46]. In line with these findings, we found that the elongated 

cells on the microgrooved substrates exhibited higher levels of MLC2 phosphorylation and 

SMC markers, compared to the cells on flat substrates (Fig. 1E). Inhibition of Rho slightly 

decreased cell area on 10 μm microgrooved substrates compared with the control group; in 

contrast, inhibition of ROCK led to a significant larger cell area beyond the microgroove 

constraint (Fig. 4A–B and SI4). Thus, Rho and ROCK inhibitions caused distinct effects 

on cell area modulation in MSCs. However, both Rho and ROCK inhibitions reduced 

the cell and nuclear elongations and abolished the up-regulations of miR-145 and SMC 

markers, suggesting that the elongated shapes of cell and nucleus, but not spreading area, are 

crucial for MSC-to-SMC differentiation. Moreover, overexpression of miR-145 effectively 

restored the expression of SMC markers even in the presence of Rho and ROCK inhibitors, 

demonstrating that miR-145 is a downstream mechano-transducer of Rho/ROCK signaling. 

Taken together, our findings establish that MSC elongation induces SMC differentiation 

through the Rho-ROCK/miR-145/KLF4 regulatory pathway.

One of the most important functional characteristics of SMCs is that they exert large 

contractile forces in the maintenance of vascular tone and tissue remodeling. Using TFM 

to quantify the contractility induced by SMC differentiation, we found that the elongated 

cells cultured on microgrooves exerted significantly higher traction forces than those on 

flat substrates (Fig. SI5). Our findings suggest that the morphological modulation enhances 

functional SMC differentiation. Consistent with this notion, we found that overexpression of 

miR-145 mimicked the effect of cell elongation to increase cellular force exertion, whereas 

inhibition of miR-145 had an opposite effect. These results indicate that miR-145 is not only 

a mechano-sensitive molecule, but also essential for induction of contractile SMCs (Fig. 

5A–B). Moreover, when sub-cultured to flat surfaces of polyacrylamide gels after 3 days 

culturing on the microgrooves, the cells still preserved the elongated morphology. (Fig. 5C), 

suggesting that they maintain the contractile feature of SMCs and thus have a great potential 

to be used in tissue engineering applications.

MSCs are an important source to generate SMCs for cell-based therapeutics, and the 

understanding of biophysical and biochemical cues to control SMC differentiation can 

significantly advance our ability to obtain sufficient amounts of functional SMCs. This 

study demonstrates the induction of an elongated MSC shape using an engineered 

microgroove substrate, in conjunction with TGF-β1 treatment, led to an improvement 

of SMC differentiation with better contractility through the Rho-ROCK/miR-145/KLF4

mediated signaling. These findings provide new insights to the mechanisms underlying the 

biophysical and biochemical regulations of MSC differentiation into SMC lineages and 

contribute to the development of bioengineering strategies for the treatment of vascular 

diseases.
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Fig. 1. Microgrooved substrates impose elongated cell shape in MSCs.
(A) SEM images of PDMS substrates with parallel microgrooves (10, 25, and 50 μm in 

width, and 10 μm in height). PDMS microgrooved substrates were fabricated and coated 

with FN as described in the Materials and Methods. Scale = 50 μm. (B) MSCs were cultured 

on PDMS flat or microgrooved substrates for 24 h and stained with FITC-phalloidin (green) 

for cell morphology and DAPI (blue) for nuclei. Scale = 20 μm. (C) Quantification of total 

cell area and aspect ratio were shown in four groups as flat and microgrooved substrates 

with 50, 25 and 10 μm widths. (D) Quantification of nuclear area and aspect ratio in the 
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four groups were shown. Data are presented as mean ± SEM,with 40–60 cells in each 

group; * vs. the corresponding flat substrates, *P < 0.05, **P < 0.005, ***P < 0.0001. (E) 

Immunofluorescence stainings of MLC2 phosphorylation (pMLC2), FITC-phalloidin, and 

DAPI in MSCs cultured on flat or microgrooved substrates with 50, 25 and 10 μm widths. 

Scale bar = 20 μm. The graphic data are mean ± SEM of pMLC2 and FITC-phalloidin from 

at least 26 cells randomly selected. * vs. flat substrates, **P < 0.005.
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Fig. 2. Elongated cell shape increases SMC marker expressions and cytoskeletal tensions.
(A) Western blot analyses of MYH11, α-SMA, SM-22 and GAPDH in MSCs cultured in 

basal MSCGM or DMEM medium without or with TGF-β1 for 3 days. The graphic data are 

mean ± SEM of band intensity normalized to MSC control, n = 3. *P < 0.05, **P < 0.005. 

(B) Western blot analyses of MYH11, α-SMA, SM-22 and GAPDH in MSCs cultured on 

flat or microgrooved substrates with 50, 25 and 10 μm widths in DMEM medium with 

TGF-β1 for 3 days. The graphic data are mean ± SEM of band intensity normalized to 

flat control, n = 3. *P < 0.05, **P < 0.005. (C) Immunofluorescence stainings of α-SMA, 

MYH11, and DAPI in MSCs cultured on flat or microgrooved substrates with 50, 25 and 

10μm widths in DMEM medium with TGF-β1 for 3 days. Scale bar = 20 μm. The graphic 

data are mean ± SEM of the α-SMA and MYH11 intensity ratios from at least 15 cells 

randomly selected from three independent experiments. * vs. flat substrates, ***P < 0.0001.
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Fig. 3. Elongated cell shape induces SMC differentiation through the miR-145/KLF4 pathway.
(A) MicroRNA expression analyses in MSCs subjected to flat or 10 μm microgrooved 

substrates with TGF-β1 for 3 days. The microgroove-regulated miRNAs expressions were 

examined by qRT-PCR. The graphic data is mean ± SEM of value normalized to flat 

substrates, n = 3. *P < 0.05, **P < 0.005. (B) Western blot analyses of α-SMA, SM-22 and 

GAPDH in MSCs transfected with microgroove-regulated miRNAs or the corresponding 

controls on flat substrates with TGF-β1 for 3 days. (C) Western blot analyses of α-SMA, 

SM-22 and GAPDH in MSCs transfected with PM145, AM145 or the corresponding 
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controls and cultured on flat or 10 μm microgrooved substrates. The graphic data are mean 

± SEM of band intensity normalized to flat control, n = 3. *P < 0.05, **P < 0.005. (D) 

Western blot analyses of KLF4 and GAPDH in MSCs transfected with PM145, AM145 

or the corresponding controls and cultured on flat or 10 μm microgrooved substrates. The 

graphic data are mean ± SEM of band intensity normalized to control, n = 3. *P < 0.05, **P 

< 0.005.
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Fig. 4. Rho/ROCK signaling regulates miR-145/KLF4 to mediate the cell elongation-induced 
MSC-to-SMC differentiation.
(A) MSCs were cultured on flat or 10 μm microgrooved substrates and treated without 

or with C3 or Y-27632 for 24 h, followed by stainings with FITC-phalloidin for cell 

morphology and DAPI for nuclei. Scale = 20 μm. (B) Quantification of total cell area, cell 

body aspect ratio, nuclear area and nuclear aspect ratio in the four groups were shown. Data 

are presented as the mean ± SEM, with 35–55 cells in each group. * vs. flat control, ***P 

< 0.0001. # vs. 10 μm microgrooved control, #P < 0.05, ##P < 0.005, ###P < 0.0001. & 

vs. C3 treated group, &P < 0.05, &&P < 0.005, &&&P < 0.0001. (C) Western blot analyses 
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of α-SMA, SM-22 and GAPDH in MSCs treated with C3, Y-27632 or the vehicle control 

and cultured on flat or microgrooved substrates. The graphic data are mean ± SEM of 

band intensity normalized to flat control, n = 3. *P < 0.05. (D) MiR-145 expression in 

MSCs treated with C3, Y-27632, or the vehicle control and cultured on flat or microgrooved 

substrates. n = 3. * vs. flat control, **P < 0.005. # vs 10 μm microgrooved control, ##P < 

0.005. (E) qRT-PCR analysis of KLF4 gene expression in MSCs treated with C3, Y27632, 

or the vehicle control and cultured on flat or microgrooved substrates. n = 3. * vs. flat 

control, **P < 0.005. # vs 10 μm microgrooved control, #P < 0.05, ##P < 0.005. (F) Western 

blot analyses of α-SMA, SM-22, and GAPDH in MSCs treated with C3 or Y27632 and 

transfected with PM145 or PMC control and cultured on flat or microgrooved substrates. 

The graphic data are mean ± SEM of band intensity normalized to flat control, n = 3. * vs. 

PMC in C3 treated group, *P < 0.05; # vs. PMC in Y-27632 treated group, #P < 0.05.
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Fig. 5. MiR-145 is essential in the induction of contractile SMCs.
(A–B) MSCs were transfected with PM145, AM145, or the corresponding controls, 

followed by differentiation on flat or 10 μm microgrooved substrates for 3 days. The 

cells were then sub-cultured onto the polyacrylamide gels for the measurement of traction 

stresses. Upper panel: representative images of cell traction stresses exerted on the 

polyacrylamide gels. The stress magnitude is presented by the color bar (pascal), and green 

arrows represent stress vector directions. Scale = 100 μm. Lower panel: quantification of 

traction stresses. Data are presented as mean ± SEM of three independent experiments. 14–
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20 cells from each group were analyzed. *P < 0.05, **P < 0.005. (C) Quantification of cell 

area and cell aspect ratio in cells which were transfected with AM145 or AMC, followed by 

differentiation on flat or 10 μm microgrooved substrates for 3 days and subcultured on the 

polyacrylamide gels. Data are presented as mean ± SEM of three independent experiments. 

14–20 cells from each group were analyzed. **P < 0.005.
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Fig. 6. 
Schematic diagram of the signaling axis in mediating the elongated cell shape-induced 

MSC-to-SMC differentiation.
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