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Uniaxial Cyclic Stretching Promotes Chromatin Accessibility of Gene Loci Associated With Mesenchymal Stem Cells Morphogenesis and Osteogenesis
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It has been previously demonstrated that uniaxial cyclic stretching (UCS) induces differentiation of mesenchymal stem cells (MSCs) into osteoblasts in vitro. It is also known that interactions between cells and external forces occur at various aspects including cell–matrix, cytoskeleton, nucleus membrane, and chromatin. However, changes in chromatin landscape during this process are still not clear. The present study was aimed to determine changes of chromatin accessibility under cyclic stretch. The influence of cyclic stretching on the morphology, proliferation, and differentiation of hMSCs was characterized. Changes of open chromatin sites were determined by assay for transposase accessible chromatin with high-throughput sequencing (ATAC-seq). Our results showed that UCS induced cell reorientation and actin stress fibers realignment, and in turn caused nuclear reorientation and deformation. Compared with unstrained group, the expression of osteogenic and chondrogenic marker genes were the highest in group of 1 Hz + 8% strain; this condition also led to lower cell proliferation rate. Furthermore, there were 2022 gene loci with upregulated chromatin accessibility in 1 Hz + 8% groups based on the analysis of chromatin accessibility. These genes are associated with regulation of cell morphogenesis, cell–substrate adhesion, and ossification. Signaling pathways involved in osteogenic differentiation were found in up-regulated GO biological processes. These findings demonstrated that UCS increased the openness of gene loci associated with regulation of cell morphogenesis and osteogenesis as well as the corresponding transcription activities. Moreover, the findings also connect the changes in chromatin accessibility with cell reorientation, nuclear reorientation, and deformation. Our study may provide reference for directed differentiation of stem cells induced by mechanical microenvironments.
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1. INTRODUCTION

Mesenchymal stem cells (MSCs) have been widely studied for cell-based therapies and tissue regeneration as MSCs are multipotent cells that have the ability of differentiating into a various lineage of cells such as osteoblasts, chondrocytes, and adipocytes (Pittenger et al., 1999; Kolf et al., 2007; Uchibori et al., 2014; Marfia et al., 2015; Yorukoglu et al., 2017; Zwolanek et al., 2017). The lineage commitment of MSCs is influenced by various factors including biochemical and mechanical signals. Existing studies have identified a number of signaling pathways that regulate the linage commitment, such as transforming growth factor-beta (TGF-β)/bone morphogenic protein (BMP) signaling (Chen et al., 2012b; Wang et al., 2012; Wu et al., 2016), Wnt signaling (Day et al., 2005; Baron and Kneissel, 2013), RhoA signaling (McBeath et al., 2004), and mitogen-activated protein kinase (MAPK) signaling pathway (Jaiswal et al., 2000). Well-established culture media contain relevant biochemical cues to guide specific differentiation. For instance, insulin-like growth factor-I (IGF-I) and dexamethasone treatment increase the rate of bone matrix formation and induce osteoblasts differentiation of human bone marrow stromal cells (Hock et al., 1988; Cheng et al., 1994). Moreover, it is also well-known that MSCs sense and interact with surrounding mechanical environment constantly. Extensive research has shown that mechanical factors play important and integral roles in MSCs differentiation. These factors include substrate stiffness and pattern (Engler et al., 2006; Li et al., 2006; Dalby et al., 2007; Oh et al., 2009; Fu et al., 2010; Kilian et al., 2010; Trappmann et al., 2012), 3D extracellular matrix (ECM) structure and stiffness (Huebsch et al., 2010; Pek et al., 2010; Khetan et al., 2013; Chaudhuri et al., 2016), and external mechanical forces (Jagodzinski et al., 2004; Qi et al., 2008; Kang et al., 2012; Carroll et al., 2017).

Mechanical interactions between cells and external forces occur at various levels including cell–matrix, cytoskeleton, nucleus membrane, and chromatin. Existing works have demonstrated that these interactions lead to formation of focal adhesions (Na et al., 2008), cytoskeleton reorganization (Geiger et al., 2006), and deformation of nucleus (Heo et al., 2016a). Moreover, research efforts have also shed lights on biochemical processes triggered/activated by external forces due to these mechanical interactions and corresponding mechanisms (Kaunas et al., 2005; Torsoni et al., 2005; Dupont et al., 2011; Xu et al., 2012). In recent years, an emerging understanding is that mechanical signals that transmit to the nucleus can activate different gene expression programs and regulate transcription factors (Arnsdorf et al., 2009; Iyer et al., 2012; Heo et al., 2016b; Tajik et al., 2016; Athirasala et al., 2017; Miroshnikova et al., 2017; Uhler and Shivashankar, 2017). Several mechanisms have been proposed for how the cell nucleus can directly response to mechanical forces. One of these mechanisms is that external forces can induce chromatin stretching, altering polymerase and transcription factor accessibility and activity (Kirby and Lammerding, 2018). However, little is known about the transcriptional regulatory network in this process due to the inherent complexity. For instance, whether chromatin stretching lead to similar accessibility changes for genomic loci in the same region? What are specific genomic loci influenced by chromatin stretching in terms of the accessibility of the transcription sites?

To this end, the objective of this study was to examine changes in open chromatin sites through chromatin accessibility analysis for hMSCs subjected to uniaxial cyclic stretching (UCS). Specifically, we designed a mechanical device and applied force to the hMSCs through elastic substrate. We then characterized the influence of cyclic stretching on the morphology, proliferation, and differentiation of hMSCs in the absence of specific growth factors. Finally, changes of open chromatin sites were determined by assay for transposase accessible chromatin with high-throughput sequencing (ATAC-seq). The results of the present study demonstrated that UCS increases accessibility of the gene loci associated with hMSCs morphogenesis and osteogenesis. Furthermore, our findings also connect the changes in chromatin accessibility with cell reorientation, nuclear reorientation, and deformation.



2. MATERIALS AND METHODS


2.1. Cells Culture and Y27632 Treatment

The hMSCs derived from umbilical cord were purchased from Nuwacell Co., Ltd. (Hefei, China) as stem cells product. Following the company's protocols, hMSCs were cultured in ncMission Basal Medium (RP02010-01, Nuwacell) supplemented with ncMission 25 × Supplement (RP020210-02, Nuwacell). Culture dishes were kept at 37°C in a humidified incubator with 5% CO2. Complete medium was changed twice per week. When hMSCs reached 80% confluency, cells were released with 0.25% trypsin (SH30042.01, HyClone) and plated at a density of 5 × 103/cm2. The hMSCs at passages 6–7 were used in our experiments. To verify the effect of GTPase activity on cell morphology and nuclear deformation in this UCS platform, hMSCs were incubated in culture media with 10 μM Y27632 (SC0326, Beyotime) to inhibit Rho-kinase activity. The cells were pretreated 30 min before UCS, and Y27632 was present throughout the experiment.



2.2. Cells Seeding and Mechanical System Setup

UCS was applied to the hMSCs mono-layers using the uniaxial cyclic stretchable homemade device, which consists of controller, dynamic bracket, and elastic cell culture chambers made up of polydimethylsiloxane (PDMS) (Figures 1A,B). The device was driven by a servo motor that allows for mechanical stimulations with varying frequency and amplitude (Figure 1C). The PDMS (Sylgard 184, Dow Corning) chamber was formed by pouring the mixture of Part A and B (10:1 ratio) into acrylic molds and then cured at 100°C for 1 h. Prior to cell culture, the shaped chambers were sterilized using autoclave and coated with 1% gelatin (V900863; Sigma Aldrich). hMSCs were seeded on the PDMS chambers with a density of 1.5 × 104/cm2. After 24 h of incubation to allow cells attachment and spreading, the medium was replaced with fresh medium to remove unadherent cells. Loading chambers onto holder, hMSCs were then subjected to UCS for 48 h. The unstrained hMSCs were cultured on the same chambers and maintained in the same incubator as control. Tensile testing analyses of PDMS chamber being strained were performed to correlate PDMS substrate deformation with stretch amplitude (Figures 1D,E). The actual strain of PDMS substrate was 84% of the servo motor setup (Figure 1E). The 4 and 8% amplitude mentioned later were servo motor set value, and the actual strain of PDMS substrate were 3.37 and 6.74%, respectively. Three cyclic stretch patterns in this study were all in the form of triangular wave pattern (Figure 1F).
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FIGURE 1. (A) 3D drawing of an uniaxial cyclic stretchable homemade device with a servo motor, fixed and mobile bracket, and six elastic polydimethylsiloxane (PDMS) chambers. The device was driven by the servo motor that can load different frequencies and amplitudes of mechanical stimulation. (B) Photograph of PDMS chamber containing a 4 cm2 cell culture area in the center. (C) Schematic illustration of PDMS substrate deformation. (D,E) Tensile testing analyses were performed to correlate stretch amplitude with PDMS substrate strain. Representative images (D) and data (E) of PDMS substrate deformation under different stretch amplitude are shown. (F) Three kinds of cyclic stretch with triangular wave pattern are shown. The 4 and 8% amplitude were servo motor set value, and the actual strain of PDMS substrate were 3.37 and 6.74%, respectively.




2.3. Cells Morphology Assay

To compare the morphology and alignment of hMSCs between unstrained and three strained groups, we obtained microscopic images of hMSCs using a microscope (IX73; Olympus) in at least three randomly visual fields after UCS for 0 and 48 h. Statistical distribution of angles between the direction of cell spreading and UCS was analyzed by ImageJ software (National Institutes of Health, Bethesda, MD). The direction of the cell long axis indicates the direction of cell alignment. ImageJ software was used to measure the long axis of cells with clear contours. For a small number of cells with unclear contours, the orientation of the long axis was determined manually.



2.4. F-Actin Staining

To visualize the cytoskeleton structure of hMSCs, actin filaments were marked by fluorescent phalloidin. After mechanical loading, cells cultured in PDMS chambers were fixed in 4% paraformaldehyde solution for 10 min and rinsed with PBS. Then, hMSCs were permeabilized with 0.1% Triton X-100 for 5 min, and blocked with 1% bovine serum albumin at room temperature. Thereafter, cells were incubated in iFluor 647 phalloidin (MB5939, Meilunbio) working solution for 30 min to label actin and in Hoechst 33342 (14533; Sigma-Aldrich) working solution for 10 min to label the nuclei. After washing with PBS, the cytoskeleton was visualized by using 650 nm excitation and 670 nm emission under fluorescent microscope (IX73; Olympus) with DP80 camera.



2.5. F-Actin Mean Fluorescence Intensity and Nuclear Aspect Ratio Measurement

Fluorescence images were split into single channel images using ImageJ software. The gray value of each pixel represents the fluorescence intensity of the point. Mean fluorescence intensity (MFI), mean gray value, was calculated using integrated intensity per unit area. Nuclear aspect ratio (NAR) was calculated as the ratio of major axis to minor axis of the nucleus. The major and minor axes were obtained from the fitted ellipse of a nuclear contour using ImageJ software.



2.6. MTT Assay

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) staining assay was used to measure the relative mitochondrial activities of hMSCs under mechanical loading. hMSCs were seeded on PDMS chamber at a density of 1.0 × 104/cm2 and attached substrate for 24 h. After cells were subjected to UCS for 48 h, culture medium was removed from the chambers, and the chambers were maintained in 0.5 mg/mL MTT solution (MA0198; Meilunbio) in incubator for 4 h to form purple formazan crystals. These crystals were incubated for another 4 h and dissolved in DMSO. The absorbance of each group was measured by enzyme-labeled instrument at 570 nm.



2.7. EdU Assay

Cell proliferation assay was performed using BeyoClickTM EdU Cell Proliferation Kit with Alexa Fluor 647 (C0081S; Beyotime). hMSCs were seeded on PDMS chamber at a density of 1.0 × 104/cm2 and attached substrate for 24 h. Subjected to UCS for 48 h, the cells were incubated with 10 μm EdU for 12 h at 37°C. Then, the hMSCs were fixed in 4% paraformaldehyde solution for 10 min and rinsed with PBS. After permeabilized with 0.1% Triton X-100 for 5 min and rinsed with PBS, the hMSCs were exposed to 500 μL click reaction cocktail for 30 min and then incubated with Hoechst 33342 (14533; Sigma-Aldrich) working solution for 10 min to stain the nuclei. Images were captured by using 650 nm excitation and 670 nm emission under fluorescent microscope (IX73, Olympus) with DP80 camera. The percentage of EdU-positive cells was defined as the proliferation rate.



2.8. TUNEL Assay

To measure the apoptosis of hMSCs under mechanical loading, TdT-UTP nick, end labeling (TUNEL) assay was performed using One Step TUNEL Apoptosis Assay Kit (C1086; Beyotime). hMSCs were seeded on PDMS chamber at a density of 1.0 × 104/cm2 and attached substrate for 24 h. After mechanical loading, the cells cultured in PDMS chambers were fixed in 4% paraformaldehyde solution for 10 min and rinsed with PBS, permeabilized with 0.1% Triton X-100 for 5 min, and followed by TUNEL for 1 h at 37°C. The TUNEL-positive cells were imaged by using 488 nm excitation and 530 nm emission under fluorescent microscope (IX73; Olympus) with DP80 camera. The cells with green fluorescence were defined as apoptotic cells. To verify the validity of this experiment, the positive control of TUNEL assay in culture dish was treated with DNase I (50 U/μL) at 37°C for 30 min after fixed and permeabilized, and followed by TUNEL.



2.9. RNA Isolation and RT-qPCR

Total RNA of hMSCs from unstrained and UCS groups were extracted using TRIzol reagent (Invitrogen) according to the manufacturer protocol. The purity and concentration of the total RNA were determined by Nano-300 spectrophotometer with the 260/280 absorbance ratio. Reverse transcription was completed using HiScript II 1st Strand cDNA Synthesis Kit (R211, Vazyme) with 1 μg RNA according to the manufacturer protocol. Real-time qPCR reactions were performed in 10 μL volumes containing 5 μL AceQ qPCR SYBR Green Master Mix (Q111-02, Vazyme), 0.5 μM forward and reverse primers (General Bio), 50 ng cDNA, and RNase-free water. Reactions were carried out on the CFX connect real-time PCR detection system (Bio-Rad) with an amplification profile: 95°C for 5 min, 40 cycles of denaturation at 95°C for 30 s, annealing at 58°C for 30 s, and amplification at 72°C for 10 s. Quantitative expression of target mRNAs were determined by using gene-specific primer pairs:

BMP2 (5′-ACTACCAGAAACGAGTGGGAA-3′, 5′-GCATCTGTTCTCGGAAAACCT-3′),

RUNX2 (5′-TGGTTACTGTCATGGCGGGTA-3′, 5′-TCTCAGATCGTTGAACCTTGCTA-3′),

ALPL (5′-ACCACCACGAGAGTGAACCA-3′, 5'-CGTTGTCTGAGTACCAGTCCC-3'),

SPP1 (5′-GAAGTTTCGCAGACCTGACAT-3′, 5′-GTATGCACCATTCAACTCCTCG-3′),

BGLAP (5′-CACTCCTCGCCCTATTGGC-3′, 5′-CCCTCCTGCTTGGACACAAAG-3′),

COL10A1 (5′-CATAAAAGGCCCACTACCCAAC-3′, 5′-ACCTTGCTCTCCTCTTACTGC-3′),

COL2A1 (5′-TGGACGCCATGAAGGTTTTCT-3′, 5′-TGGGAGCCAGATTGTCATCTC-3′),

SOX9 (5′-AGCGAACGCACATCAAGAC-3′, 5′-CTGTAGGCGATCTGTTGGGG-3′),

FABP4 (5′-ACTGGGCCAGGAATTTGACG-3′, 5′-CTCGTGGAAGTGACGCCTT-3′),

ID2 (5′-AGTCCCGTGAGGTCCGTTAG-3′, 5′-AGTCGTTCATGTTGTATAGCAGG-3′),

NCAM1 (5′-GGCATTTACAAGTGTGTGGTTAC-3′, 5′-TTGGCGCATTCTTGAACATGA-3′),

ACTA2 (5′-GTGTTGCCCCTGAAGAGCAT-3′, 5′-GCTGGGACATTGAAAGTCTCA-3′),

CNN1 (5′-GAACGTGGGAGTGAAGTACGC-3′, 5′-CAGCCCAATGATGTTCCGC-3′),

TNC (5′-AGGGCAAGTGCGTAAATGGAG-3′, 5′-TGGGCAGATTTCACGGCTG-3′),

TNMD (5′-CCATGCTGGATGAGAGAGGTT-3′, 5′-TTGGTAGCAGTATGGATATGGGT-3′),

GAPDH (5′-CATGTTCGTCATGGGTGTGAACCA-3′, 5′-ATGGCATGGACTGTGGTCATGAGT-3′).

All data were normalized to the reference gene GAPDH.



2.10. ATAC-seq Experiments

Tn5 transposase enzyme was received from Dr. Tengchuan Jin, University of Science and Technology of China. 105 cells were lysed with cold resuspension buffer (10 mM Tris-HCl pH 7.4, 10 mM NaCl, and 3 mM MgCl2 in water) containing 0.1% NP40, 0.1% Tween-20, and 0.01% digitonin and centrifuged 500 g for 5 min at 4°C. The pellet was resuspended in 100 μL transposase mixture (50 μL 2 × TD buffer, 4 μL transposase (100 nM final), 33 μL PBS, 1 μL 1% digitonin, 1 μL 10% Tween-20, and 11 μL water). Transposition reactions were incubated at 37°C for 30 min in a thermomixer with shaking at 103 r.p.m. After transposition, the mixture was purified with HiPure Gel Pure DNA mini kit (D2111; Magen). Sequencing libraries were prepared following the original ATAC-seq protocol (Buenrostro et al., 2013).



2.11. Statistical Analysis

For RT-qPCR, each experiment was performed with a minimum number of technical triplicates, and n indicates the number of replicates in each group. All RT-qPCR data were expressed as mean ± SD. Statistical analyses were performed using GraphPad Prism software. The unpaired t-tests were used to compare two groups, and multiple comparisons among the groups were performed using one-way ANOVA with Bonferroni's post hoc test. Statistical significance was accepted at a value of P value < 0.05. For ATAC-seq, Nextera adaptor sequences were trimmed from the reads by using cutadaptor v1.9.1. ATAC-seq paired-end reads were mapped to hg19 using Bowtie2 v2.2.5 with parameters –3 120. Samtools v1.7 was then used to remove duplicated reads and chromosome M. Peak calling was performed by Genrich v0.5 ATAC-seq mode. The intersect function of BedTools v2.25.0 was used to count the number of reads mapped to each peak. The count matrix was normalized by Reads Per Million (RPM) mapped reads. Pearson correlation coefficients between biological replicates were calculated based on the Log10 RPM matrix. The peak location in terms of genomic features was confirmed by ChIPseeker and TSS is defined from –3 to +3 kb. Gene Ontology (GO) enrichment was performed with clusterProfiler. P values were adjusted with “BH” method. GO categories with q < 0.05 were consider as significant. DiffBind was used to do principal components analysis and identify variable peaks between unstrained and 1 Hz + 8% group. The transcription factors motif enrichment analysis of peaks located in promoter regions was performed using HOMER with options: findmotifs.pl input.fa fasta output.




3. RESULTS


3.1. UCS Induces Reorientation and Nuclear Deformation of hMSCs

hMSCs were first cultured on gelatin-coated PDMS chambers for 24 h prior to applying UCS. It can be seen that cells were well attached and spread on the substrate (Figures 2A–D). Then hMSCs were subjected to UCS for 48 h with different frequency and magnitude. The number of cells increased after 48 h stretching. While hMSCs in unstrained group randomly distributed on the substrate as expected (Figure 2E), cellular realignment was obvious at both frequency of 8% magnitude (Figures 2G,H), and the alignment of hMSCs was more perpendicular to the direction of UCS at higher frequency. However, the arrangement of hMSCs, which subjected to 0.5 Hz at 4% magnitude, remained random (Figure 2F).
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FIGURE 2. Phase-contrast images of hMSCs cultured on polydimethylsiloxane (PDMS) for 24 h before uniaxial cyclic stretching (UCS) (A–D) and subjected to UCS at different amplitude and frequency for 48 h (E–H). Black double-headed arrows indicate the direction of stretching. (I–L) Distribution analysis of angle θ between the direction of cell spread (shown in E–H) and cyclic stretch. Every 10° is a range. Numbers of hMSCs measured orientation angle in each group (I–L) were 484, 434, 413, and 304, respectively. The cells from four biological replicates were counted together. (M–O) Representative fluorescence images of F-actin (red) and nuclei (blue) staining of hMSCs under unstrained and cyclic stretch for 48 h. The hMSCs in (O) were treated with ROCK inhibitor, Y27632, before cyclic stretch. The direction of UCS was in the white double-headed arrow direction. (P) Mean fluorescence intensity (MFI) of F-actin in (M–O). Significant differences were noted by ****P < 0.0001. ns signifies P > 0.05. n = 4. (Q–S) Distribution analysis of the angle between the direction of nuclear long axis and UCS. The angle is represented by θ'. Every 10° is a range. Numbers of nuclei measured orientation angle in each group were 739, 686, and 520, respectively. The nuclei from four biological replicates were counted together. (T) Population distribution of hMSCs nuclear aspect ratio (NAR) in unstrained, 1 Hz + 8% and 1 Hz + 8% + Y27632 condition for 48 h. Blue lines indicate the median of data set, and red lines indicate quartiles. Numbers of nuclei measured NAR in each group were same as in (Q–S). Significant differences were noted by ****P < 0.0001. ns signifies P > 0.05.


To quantify the cellular realignment under UCS, the angle θ between the elongated direction of cell and UCS was measured using ImageJ software, statistical analysis then was performed. It was seen that the occurrence frequency shows a uniform distribution without external forces (Figure 2I). Similarly, there was no preferred direction for the 0.5 Hz + 4% group (Figure 2J). As the stretching magnitude increased to 8%, 66% of hMSCs have the alignment angle θ in the range of 70–90° (Figure 2K). With the stretching frequency increased to 1 Hz, the percentage of hMSCs angle range from 70 to 90° was increased to 76% (Figure 2L). In particular, the alignment angle in the range of 80–90° has the highest occurrence frequency (more than 50%). These results indicate that when the stretching magnitude doubled, cell arrangement changed from chaotic to orderly, and cell population underwent an obvious “phase transition," the percentage of cells aligned in the range of 80–90° increased to 3.5 times (Figures 2J,K). With the stretching frequency increased from 0.5 to 1 Hz, the percentage of cell angles ranging from 80 to 90° was further increased to 1.3 times (Figures 2K,L). The order of cell arrangement was increased after doubled frequency, whereas nothing essential has changed. Our results suggest that the realignment of hMSCs was triggered beyond a critical stretching magnitude and influenced by the frequency of UCS.

To further investigate the effect of UCS on the morphology of hMSCs, F-actin was labeled with fluorescent phalloidin, which can specifically bind to the actin stress fibers. As seen in phase-contrast micrographs of stained hMSCs, the direction of actin stress fibers was perpendicular to the direction of UCS under 1 Hz + 8% (Figures 2M,N). Mean fluorescence intensity (MFI) of F-actin fibers with cyclic stretching was significantly higher than those in unstrained cells (89.09 ± 6.34 vs. 112.64 ± 5.28, P < 0.0001; Figure 2P).

At the same time, the long axis direction (Figures 2Q,R) and the aspect ratio (Figure 2T) of the nuclei were measured using ImageJ software to investigate the effect of UCS on nuclear deformation. In the unstrained group, the distribution of long axis of nuclei is non-directional (Figure 2Q). While the long axis of nuclei in 1 Hz + 8% UCS tended to align perpendicularly to the stretching direction (Figure 2R). As shown in the violin diagram, the mean value of nuclear aspect ratio (NAR) increased from 1.45 to 1.53 after UCS for 48 h, and this change is statistically significant (1.45 ± 0.23 vs. 1.53 ± 0.23, P < 0.0001; Figure 2T).



3.2. UCS Inhibits Cell Proliferation

To examine the effect of different stretching amplitude and frequency on cell proliferation and apoptosis, MTT, EdU, and TUNEL assay were performed after cyclic stretching for 48 h. Compared with unstrained group, the relative mitochondrial activity of hMSCs was decreased significantly for the 1 Hz + 8% group (100 ± 8.79% vs. 73.07 ± 8.82%, P < 0.01), whereas there was no statistical difference in the other two groups (100 ± 8.79% vs. 98.32 ± 4.81%, P > 0.05; 100 ± 8.79% vs. 91.47 ± 8.55%, P > 0.05; Figure 3A). EdU staining was used to count the percentage of proliferating cells (Figure 3D). Compared to the unstrained group, all of these three UCS groups showed significant decrease in the percentage of EdU-positive cells (33.79 ± 0.55% vs. 30.20 ± 1.77%, P < 0.01; 33.79 ± 0.55% vs. 19.18 ± 2.25%, P < 0.0001; 33.79 ± 0.55% vs. 14.83 ± 1.71%, P < 0.0001; Figures 3B,D). There was no significant difference in the percentage of EdU-positive cells between in culture dish and in unstrained condition (34.97 ± 1.23% vs. 33.79 ± 0.55%, P > 0.05). TUNEL assay were performed to detect apoptosis after cyclic stretching. hMSCs treated with DNase I were used as positive control (Figure 3E). No TUNEL-positive cells were detected in unstrained and UCS groups (Figures 3C,E). These results indicated that the suppressed cell proliferation was correlated with the magnitude and frequency and UCS had no obvious effect on apoptosis. Existing research has shown that there is a relationship between cell elongation and lower proliferation rate (Roca-Cusachs et al., 2008; Thakar et al., 2009; Versaevel et al., 2012; Lv et al., 2018). Specifically, cell elongation induced either by external forces or topography of substrate is associated with chromatin condensation, decreased DNA synthesis, and lower proliferation rate (Lv et al., 2018).
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FIGURE 3. (A) Analysis of relative mitochondrial activity of hMSCs in different mechanical conditions. Statistical significance was noted by **P < 0.01. ns signifies P > 0.05. n = 4. (B,D) Quantitative analysis and representative fluorescence images of EdU-positive cells in culture dish and different cyclic stretch. Proliferating cells were labeled with EdU (red) and nuclei were stained with Hoechst 3,3342 (blue). White double-headed arrows indicate the direction of stretching. Statistical significance was noted by **P < 0.01 and ****P < 0.0001. ns signifies P > 0.05. n = 4. (C,E) Quantitative analysis and representative fluorescent images of TUNEL-positive cells under DNase I treatment and different cyclic stretch. Apoptotic cells were labeled with TUNEL (green) and nuclei were stained with Hoechst 33342 (blue). White double-headed arrows indicate the direction of stretching. n = 4.




3.3. UCS Promotes Expression of Marker Genes Associated With Osteogenesis of hMSCs

In addition to cell morphology and proliferation, cyclic stretching can also influence differentiation of stem cells. Cell lineage was extrapolated by marker genes expression. Specifically, we examined how UCS loading conditions affect the marker genes expression of hMSCs for osteogenesis, chondrogenesis, adipogenesis, neurogenesis, myogenesis, and tenogenesis (Figures 4A–F). To exclude the effect of PDMS substrate on hMSCs differentiation, we compared a part of marker genes expression of hMSCs on polystyrene (PS) culture dishes (704002, NEST) and PDMS chambers through RT-qPCR. There were no significant changes on relative expression between PS and PDMS substrates (Figure 4G). Comparing with the unstrainted group, the expression level of osteogenic marker genes such as BMP2 (1.39 ± 0.10), RUNX2 (1.32 ± 0.15), ALPL (1.20 ± 0.03), SPP1 (1.43 ± 0.08), and BGLAP (1.32 ± 0.09) were increased when hMSCs were subjected to 8% cyclic stretching at 0.5 Hz for 48 h (Figure 4A). As the stretching frequency changed from 0.5 to 1 Hz, the relative expression level of all tested osteogenic marker genes became even higher (BMP2: 2.07 ± 0.16; RUNX2: 1.80 ± 0.19; ALPL: 1.39 ± 0.06; SPP1: 2.27 ± 0.21; BGLAP: 1.71 ± 0.09; COL10A1: 1.55 ± 0.16). It was also seen that the cyclic stretching promotes the expression of both COL2A1 and SOX9, which are known as chondrogenic marker genes. In particular, the change in the expression of COL2A1 (3.13 ± 0.09) was significant under 1 Hz + 8% cyclic stretching. The results in Figures 4A,B also indicate that UCS with 0.5 Hz at 4% magnitude has rather small effects on osteogenesis and chondrogenesis. Considering these mechanical conditions, the application of 1 Hz at 8% stretching amplitude was found to be the most favorable condition for osteogenic and chondrogenic differentiation.
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FIGURE 4. Relative expression levels of (A) osteogenic, (B) chondrogenic, (C) adipogenic, (D) neurogenic, (E) myogenic, and (F) tenogenic marker genes of hMSCs subjected to UCS for 48 h were shown above, respectively. The application of 1 Hz at 8% stretch significantly increased the expression of osteogenic (A) and chondrogenic (B) marker genes. However, the expression of adipogenic marker genes, FABP4 and ID2, were decreased at three kinds of UCS groups (C). The expression of osteogenic and chondrogenic marker genes between unstrained and 0.5 Hz + 4% strain group showed no change. There were no significant changes in relative expression of genes associated with neurogenesis, myogenesis, and tenogenesis between different mechanical groups (D–F). (G) Relative expression of several differentiation marker genes of hMSCs cultured on polystyrene (PS) culture dishes and PDMS chambers for 48 h. No significant changes were found in relative expression of marker genes between PS and PDMS substrates. Significant differences were noted by *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns signifies P > 0.05. n = 4.


It has been established that osteogenic and adipogenic differentiations are opposite directions of differentiation (Nuttall and Gimble, 2004; Chen et al., 2016). It is expected that the expression of adipogenic marker genes, FABP4 and ID2, were decreased in all UCS conditions (Figure 4C). Moreover, gene markers for other differentiation directions were detected too, specifically neurogenic (Figure 4D), myogenic (Figure 4E), and tenogenic (Figure 4F) marker genes. However, there was no statistical significance among those groups. Thus, our results indicated that UCS promotes expression of marker genes associated with osteogenesis of hMSCs in a stretch frequency and amplitude-dependent manner, while it inhibits adipogenic marker genes expression in both frequency and amplitude.



3.4. UCS Increases Openness of the Gene Loci Associated With Morphogenesis and Osteogenesis

To investigate the effect of cyclic stretching on chromatin accessibility of hMSCs, we compared accessible site between unstrained and 1 Hz + 8% groups using ATAC-seq. Over 25% of peaks in each sample were enriched at promoter regions (Figure 5A). Transcription starting site (TSS) enrichment and Pearson correlation analysis of the replicate samples showed high-quality data and strong correlation between replicates (Figures 5B,C). Principal components analysis (PCA) revealed that the difference of chromatin accessibility between the unstrained and 1 Hz + 8% groups in two dimensions (Figure 5D). There were a total of 2,278 gene loci that had the accessibility change with P < 0.05 and fold change > 2. While decreased accessibility was found in 256 gene sites, the accessibility of 2,022 gene sites was increased (Figure 5E).


[image: Figure 5]
FIGURE 5. (A) Peaks feature distribution of ATAC-seq samples in unstrained (CR1, CR2) and 1 Hz + 8% stretching (SR1, SR2) groups. More than 25% peaks were enriched in promoter regions in each sample. (B,C) Pearson correlation analysis of replicate samples ATAC-seq data in unstrained (CR1, CR2) and 1 Hz + 8% (SR1, SR2) groups. There was strong correlation between two replicates in both conditions. (D) Principal component analysis (PCA) of chromatin accessibility after cyclic stretching in two dimensions. The red dots indicate two unstrained samples (CR1, CR2), and two blue dots indicate 1 Hz + 8% stretching samples (SR1, SR2). (E) Volcano plots analysis of genes with different openness chromatin sites after 1 Hz + 8% cyclic stretch. A total of 2278 gene loci with log2(fold change) > 1 or log2(fold change) < -1, were altered significantly based on P value < 0.05. Among them, 2022 red dots stand for upregulate gene loci, and 256 blue dots stand for downregulate gene loci. Dotted lines in x-axis stand for log2(fold change) = ± 1 and dotted line in y-axis stands for P value = 0.05. (F) Normalized epigenetic profiles at CYR61 (ch1: 86046444-86049648) and FGD4 (ch12: 32655041-32798984) loci in unstrained and 1 Hz + 8% stretching groups. H3K4me3 ChIP-seq profiles of human osteoblasts at CYR61 loci and normal human dermal fibroblasts (NHDF) at FGD4 loci were shown below. The yellow highlighted regions represented promoter regions of genes. ChIP-seq data were downloaded from Encode (wgEncodeBroadHistoneOsteoH3k04me3 and wgEncodeBroadHistoneNhdfadH3k4me3Std). All signals were modified from the WashU epigenome browser. (G,H) Gene ontology (GO) biological process enrichment of 256 downregulated (G) and 2022 upregulated (H) gene loci in differentially chromatin accessibility. Pathways related to cell morphogenesis, adhesion, and differentiation were selected to complete the figure. All terms are significantly enriched with P value < 0.05. X-axis indicates -log10(P adjust) and y-axis indicates enriched terms. The number of genes enriched in GO terms is noted in parentheses after each corresponding term. (I) Transcription factors enrichment in promoter of genes which presented in upregulated GO terms (left) and their motifs (right). Y-axis indicates predicted transcription factors.


Moreover, we also associated peaks with their nearby genes. It was found that peak signaling increased in promoter regions of genes associated with osteogenesis and morphogenesis, such as CYR61 and FGD4 (Figure 5F). Focusing on these down- and upregulated loci, the related biological processes were analyzed by gene ontology (GO). GO enrichment analysis indicated that gene loci with decreased chromatin accessibility were related to respiratory tube, lung, artery, and aorta development (Figure 5G). There were seven downregulated genes associated with regulation of fat cell differentiation (INSIG1, DUSP10, HTR2A, PPARD, ID2, HES1, and WNT5B). Among them, downregulation of ID2 was validated by RT-qPCR results (Figure 4C). Gene loci with increased chromatin accessibility were mainly associated with regulation of GTPase activity, cell morphogenesis, cell–substrate adhesion, and ossification (Figure 5H). It has been found that small GTPase Rho and Rho-kinase affect the rearrangement of endothelial cells stress fibers during mechanical stretching (Kaunas et al., 2005). To verify the effect of GTPase activity on cell morphology and nuclear deformation in this UCS platform, hMSCs were incubated in culture media with 10 μM Y27632 to inhibit Rho-kinase activity. After Y27632 treatment, the F-actin became random after UCS (Figure 2O), and the MFI decreased significantly compared with 1 Hz + 8% group (112.6 ± 5.3 vs. 88.5 ± 6.7, P < 0.0001; Figure 2P). However, there was no significant change in MFI between unstrained and 1 Hz + 8% + Y27632 group (89.09 ± 6.34 vs. 88.54 ± 6.67, P > 0.05; Figure 2P). The distribution of nuclei long axis became non-directional again under UCS with Y27632 (Figure 2S). Compared to 1 Hz + 8% group, the NAR decreased significantly after treatment with Y27632 and UCS (1.53 ± 0.23 vs. 1.44 ± 0.19, P < 0.0001; Figure 2T). However, no significant change of NAR was found between unstrained and 1 Hz + 8% + Y27632 group (1.45 ± 0.23 vs. 1.44 ± 0.19, P > 0.05; Figure 2T). Y27632 treatment seemed to counteract the effect of UCS on cell morphology and nuclear deformation. Moreover, three osteogenic marker genes (Figure 4A), BMP2, RUNX2, and BGLAP, were also found in ossification of upregulated GO biological processes.

Additionally, signaling pathways associated with osteogenesis were enriched in upregulated GO biological processes, such as TGF-β, and Wnt signaling pathways. To identify potential transcription factors (TFs) involved in cyclic stretch of hMSCs, elevated ATAC-seq enrichment at promoter regions of genes included in eight main groups in Figure 5H were used to predict TFs occupancy (Figure 5I). Among these TFs, TEAD/2/4 had been reported to interact with YAP, which is a sensor and mediator of mechanical cues during mechanotransduction (Zhao et al., 2008; Dupont et al., 2011). STAT3 could induce expression of genes implicated in anti-proliferation and osteogenic differentiation (Blanchard et al., 2009). AP-1 binding site was present at promoter regions of OPN (SPP1), IL6, and TGFB1 gene sites, all of these genes were contribute to osteogenesis (Erices et al., 2002; Wu et al., 2016; Bailey et al., 2017). Thus, our results indicated that UCS increases the openness of gene loci not only associated with regulation of cell morphogenesis but also with osteogenesis.




4. DISCUSSION


4.1. Actin Stress Fibers Realignment in UCS

It is well established that external mechanical stimuli influence a multitude of cellular behaviors including cell adhesion (Na et al., 2008), orientation (Geiger et al., 2006), proliferation (Nam et al., 2015; Paul et al., 2017), and differentiation (Jagodzinski et al., 2004; Qi et al., 2008; Kang et al., 2012; Carroll et al., 2017). Sensing external mechanical forces starts from cell–matrix interactions that are mediated by cell adhesion receptors like integrins. Through the formation of focal adhesions, the integrins and surface proteins of matrix are linked to the actin cytoskeleton (Fletcher and Mullins, 2010). MSCs can “feel” the surrounding mechanical environment using the contractile forces generated by actin–myosin networks, and the feedback from the environment can then lead to modification of cytoskeletal features such as stress fibers and changes in cell shape accordingly (Geiger et al., 2006). In this study, we investigated how hMSCs responded to UCS with varying magnitude and frequency. Specifically, the observations from cell morphology study suggest that the reorientation of hMSCs was triggered when a stretch magnitude threshold was reached. The alignment direction was perpendicular to the stretching direction, and the degree of alignment increased with the magnitude and frequency of UCS (Figures 2I–L). Similar cell reorientation phenomena were reported in the literature (Hamilton et al., 2004; Park et al., 2004; Kurpinski et al., 2006; Chen et al., 2008; Carroll et al., 2017). For instance, Park et al. (2004) investigated differentiation effects of cyclic equiaxial and uniaxial strains on MSCs. After 1 day under 10% cyclic uniaxial strain at 1 Hz, MSCs orientated themselves perpendicular to the strain direction and the stress fibers aligned in the same direction. Cell reorientation in response to cyclic stretch is thought to be an escape mechanism to avoid stress (Buck, 1980; Kaunas et al., 2005; Jungbauer et al., 2008). When cells are exposed to stretching environment, the actin filaments remodel to reorient and alter the transmission path of stress to maintain mechanical homeostasis, and eventually cells align their long axes in the direction of the minimal substrate deformation.

Actin stress fibers play a critical role in the process of cell reorientation induced by mechanical stress. Hayakawa et al. (2000) found the realignment of stress fibers preceded reorientation of cells. Rat aortic smooth muscle cells were subjected to cyclic stretch with an amplitude of 20% at 1 Hz. After 15 min of cyclic stretching, actin stress fibers were aligned obliquely to the direction of stretching with angles of 50–70°. Then, most of cells were reoriented to directions similar with the stress fibers after 1–3 h of stretching. The research demonstrated that there are a sequence of events from actin stress fibers realignment to cell reorientation. Before stretching, the actin filaments are subjected in isotropic forces, however, UCS leads to increased tension of stress fibers along the stretching direction and causes actin filaments paralleled to the stretching direction to break and depolymerize into pieces (Hayakawa et al., 2001). As a result, these filaments cannot mature to stress fibers bundles in the direction parallel to stretching. Actin filaments then reassemble along the direction of minimum deformation, which is the direction perpendicular to stretching, and finally stabilize to mature stress fibers bundles (Kaunas et al., 2005; Geiger et al., 2006). As observed in our studies, actin filaments of hMSCs subjected to 8% + 1 Hz were rearranged perpendicular to the stretching direction and thicken (Figures 2M–P). This observation also confirms that actin filaments are much likely to assemble in the direction of minimum deformation.

In addition to being directly induced by mechanical stretching, the rearrangement of stress fibers could also be mediated by Rho GTPase signaling (Kaunas et al., 2005; Lee et al., 2010). Hayakawa et al. (2001) found stretch-induced stress fibers rearrangement and cell reorientation were inhibited by Rho GTPase inhibitor botulinum C3 transferase. However, Roland et al. investigated the cooperative effects of Rho and mechanical stretch on stress fiber organization. They found Y27632-treated endothelial cells under uniaxial stretch formed stress fibers parallel to stretch direction, and stress fibers then bundled together to form thick fibers (Kaunas et al., 2005; Lee et al., 2010). Rho GTPase activity may play a critical role in determining the direction and extent of stress fibers orientation induced by mechanical stretch. This is consistent with our first term in upregulated GO biological process, regulation of GTPase activity, which is involved in cyclic stretch-induced rearrangement of stress fibers (Figure 5H). Our results also show that, when the hMSCs were treated with Y27632, the USC-induced stress fiber rearrangement and nuclear deformation were inhibited (Figures 2M–T). In recent years, more and more studies have found that cell reorientation not only depends on the arrangement of stress fibers but also is controlled by focal adhesion, which link cytoskeleton with substrate (Geiger et al., 2009; Chen et al., 2012a). Chen et al. investigated the phenomena of cell reorientation on substrates induced by uniaxial cyclic stretch. By using a minimal model of cellular mechanosensing system, they found focal adhesions were destabilized by cyclic stretch through reducing catch bonds lifetime, which result in focal adhesions slide or relocation and then cause the associated stress fibers rotate almost perpendicular to the stretching direction (Chen et al., 2012a). Experimentally, Greiner et al. (2013) investigated cell shape and actin stress fibers formation and focal adhesion alignment in spreading fibroblasts, which exposed to cyclic tensile strain, and demonstrated that periodic substrate forces affect contractile actin cytoskeleton formation and related focal adhesion sites. Regulation of cell–substrate adhesion was also enriched in our upregulated GO biological process (Figure 5H). Associated with our results, we conclude that cell orientation induced by cyclic stretch correlates with the actin stress fibers arrangement as well as cell-substrate adhesions regulation.



4.2. Osteogenic Marker Genes Expression in UCS

As the nucleus is surrounded by the cytoskeleton, external mechanical forces that lead to the remodeling of cytoskeleton can naturally propagate to the nuclear envelop and possibly influence the organization of chromatin (Arnsdorf et al., 2010; Ramdas and Shivashankar, 2015). Furthermore, an emerging understanding is that mechanical signals that transmit to the nucleus can activate different gene expression programs and regulate transcription factors (Kirby and Lammerding, 2018). It is of great interest to understand the effects of external mechanical forces on hMSCs differentiation owing to the plural potent nature of hMSCs. We tested the expression levels of the marker genes of hMSCs for osteogenesis, chondrogenesis, adipogenesis, neurogenesis, myogenesis, and tenogenesis using RT-qPCR (Figures 4A–F). The results show that the levels of multiple marker genes expression for osteogenesis increased when applied magnitude and frequency of UCS increased, while the application of UCS reduced the expression levels of marker genes for adipogenesis. Specifically, the osteogenic marker genes with increased expression level included BMP2, RUNX2, ALPL, SPP1, BGLAP, and COL10A1. These findings agree with reports from existing studies (Chen et al., 2008; Carroll et al., 2017). For example, Carroll et al. (2017) demonstrated that, when hMSCs encapsulated in fibrin hydrogels were under cyclic tensile strain (10% strain at 0.5 Hz) only, higher levels of expression were obtained for BMP2, RUNX2, and ALPL after 7 days. The study also showed that the level of expression was suppressed for the adipogenic marker LPL. In addition, it has also been reported that the cyclic tensile strain promoted chondrogenic differentiation (Chen and Wu, 2019), neurogenic differentiation (Leong et al., 2012), and tenogenic differentiation (Morita et al., 2019). However, we only observed that the expression levels of marker genes for chondrogenesis, COL2A1 and SOX9, increased in a magnitude-frequency dependent manner. As there are multitude factors affecting the differentiation of hMSCs, the discrepancy may be attributed to the differences in culture media, substrates, and duration, magnitude, and frequency of loading conditions.



4.3. Nuclear Deformation and Chromatin Remodeling in UCS

A number of experiments have shown that external forces physically transfer from the ECM to the nucleus and have identified nucleus morphological changes under mechanical stress (Wang et al., 2009, 2018; Shivashankar, 2011). In addition to external mechanical forces, differential substrate can also cause nuclear deformation, such as nanofibers (Heo et al., 2011; Nathan et al., 2011), micropillar array (Liu and Ding, 2020), and micropattern (Versaevel et al., 2012). By using a combination of micro-manipulation tools, Versaevel et al. (2012) found that nucleus deformed by a high level of compressive forces of actin filaments on both sides during cell elongation. The shape and structure of nuclei are affected by large-scale cell shape changes. Their results indicated that actin filaments are essential for the mechanical process of nuclear remodeling. Prior to this literature, Khatau et al. (2009) have reported the presence of actin cap, a dome-like actin structure, covers the top of the nucleus, and they demonstrated that actin cap can regulate the nuclear shape. These above studies showed that there is a mechanistic coordination between cytoskeleton and nuclear shape. By labeling F-actin with fluorescent phalloidin and staining nuclei with Hoechst 33342, we observed thicker stress fiber bundles appear and perpendicular to the tensile direction after 1 Hz + 8% cyclic stretch for 48 h (Figures 2M–P). Meanwhile, the long axis of most nuclei is reoriented perpendicular to the stretching direction (Figures 2Q,R) and a significant increase in nuclear aspect ratio was observed (Figure 2T). We noticed that the distribution and average (θaverage = 75.45°, [image: image] = 64.19°) of the long axes orientation between cells and nuclei are similar in 1 Hz + 8% group. According to these previous studies of spatial coordination between cellular and nuclear shape (Versaevel et al., 2012), we speculate that one possibility for nuclear deformation induced by UCS is due to lateral actin filaments compression. Another possibility is stress fibers tension causes nuclear deformation, which transmitted to the surface of nucleus through LINC (Linker of Nucleoskeleton and Cytoskeleton) complex (Athirasala et al., 2017).

It is becoming recognized that the nucleus mechanical properties play a vital role in chromatin remodeling and gene expression. Nuclear deformation often results in changes in chromatin organization and genome function (Thomas et al., 2002; Lanctot et al., 2007). Maniotis et al. (1997) proposed that changes in cell morphology are transmitted into gene expression through cytoskeleton. This hypothesis implies that cytoskeleton regulate nuclear shape by applying external force in response to the change in cell shape. Treatment with inhibitors and RNA interference of cytoskeleton in Drosophila cells, Ramdas and Shivashankar demonstrated that modulations of cytoskeleton assembly exerts mechanical control on nuclear morphology and chromatin remodeling (Ramdas and Shivashankar, 2015). It is critical to understand mechanisms that enable gene activation and regulation of transcription due to mechanical signals transmitted to the nucleus. One of mechanisms that have been proposed is that external forces can induce deformation of chromatin and alter transcription factor activity (Kirby and Lammerding, 2018). For instance, Heo and colleagues has demonstrated that dynamic tensile loading (DL) regulates chromatin organization in MSCs, and the rate and degree of condensation depends on the frequency and duration of mechanical loading (Heo et al., 2016b). Furthermore, it is thought that external mechanical stimulus, which induces anisotropic forces of cytoskeleton, causes histone acetylation, H3K4 methylation, and consequently activates transcription (Lv et al., 2018). However, the openness of mechanosensitive genes in mechanical stress-induced stem cells differentiation is still unknown. To this end, we examined the accessibility change of chromatin and assessed the openness of the gene loci via ATAC-seq. In terms of the whole accessibility changes of chromatin, the number of more open gene loci was greater than the closed after UCS (Figure 5E). Gene loci with increased chromatin accessibility were mainly associated with regulation of cell morphogenesis, cell–substrate adhesion, and ossification (Figure 5H). For instance, three osteogenic marker genes (Figure 4A), BMP2, RUNX2, and BGLAP, were found in ossification of upregulated GO biological processes. There were also seven downregulated genes associated with regulation of fat cell differentiation (INSIG1, DUSP10, HTR2A, PPARD, ID2, HES1, WNT5B). Among them, downregulation of ID2 was validated by RT-qPCR results (Figure 4C). Moreover, signaling pathways associated with osteogenesis were also included in the upregulated GO biological processes. Analysis was performed to identify potential TFs involved in cyclic stretch of hMSCs. The results demonstrated that TFs associated with genes contributing to osteogenesis were among those TFs predicted (Figure 5I). Our findings clearly indicated that UCS increased the openness of gene loci associated with regulation of cell morphogenesis and osteogenesis as well as the corresponding transcription activities.

While the increased accessibility of some chromatin regions due to UCS were demonstrated in this study, there are still many remaining questions regarding how the external forces induce chromatin deformation and how changes in chromatin organization affect the openness of gene loci and the regulation of transcription activities. Innovative technologies such as fluorescence lifetime imaging and gene-sequencing for single cell analysis enable us to study chromatin reorganization in live cells and functional regulatory elements (Song et al., 2020). With the advancement in technologies, future research exploring these questions will contribute to our understanding in regulating cell fate and function.
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