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Abstract:



Biomaterials varying in physical properties, chemical composition and biofunctionalities can be used as powerful tools to regulate skeletal muscle-specific cellular behaviors, including myogenic differentiation of progenitor cells. Biomaterials with defined topographical cues (e.g., patterned substrates) can mediate cellular alignment of progenitor cells and improve myogenic differentiation. In this study, we employed soft lithography techniques to create substrates with microtopographical cues and used these substrates to study the effect of matrix topographical cues on myogenic differentiation of human embryonic stem cell (hESC)-derived mesodermal progenitor cells expressing platelet-derived growth factor receptor alpha (PDGFRA). Our results show that the majority (>80%) of PDGFRA+ cells on micropatterned polydimethylsiloxane (PDMS) substrates were aligned along the direction of the microgrooves and underwent robust myogenic differentiation compared to those on non-patterned surfaces. Matrix topography-mediated alignment of the mononucleated cells promoted their fusion resulting in mainly (~86%–93%) multinucleated myotube formation. Furthermore, when implanted, the cells on the micropatterned substrates showed enhanced in vivo survival (>5–7 times) and engraftment (>4–6 times) in cardiotoxin-injured tibialis anterior (TA) muscles of NOD/SCID mice compared to cells cultured on corresponding non-patterned substrates.
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1. Introduction


Human pluripotent stem cells (hPSCs), which include human embryonic stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs), can differentiate into all cell types in the human body. Hence, hPSCs are an ideal cell source for treating various debilitating diseases and developing technological platforms recapitulating various attributes of healthy- and diseased-tissue phenotypes. Recent studies have investigated the potential of using hPSC-derived cells to treat muscle injuries and muscle wasting diseases [1,2,3]. Employing stem cells to treat impaired skeletal muscle tissue requires experimental strategies that promote myogenic differentiation of these cells. A number of approaches, ranging from genetic manipulation, mRNA transfection, a cocktail of growth factors, cytokines and small molecules, have been used to direct myogenic differentiation of hPSCs [4,5,6].



Mammalian skeletal muscle tissue has a highly organized structure that consists of multiple parallel bundles of muscle fibers that are formed by the fusion of mononucleated myoblasts into multinucleated myotubes [7,8]. Over the last decades, many studies have utilized biomaterials with skeletal muscle-specific biochemical, biomechanical and topographical cues to promote myogenic differentiation of progenitor and stem cells [9,10,11,12]. In addition to promoting in vitro myogenic commitment, biomaterials have been used to promote in vivo survival and engraftment of transplanted cells in skeletal muscle [13,14,15].



Biomaterials with periodic grooves that facilitate orientation and alignment of cells have been shown to promote myogenic commitment and fusion of myoblasts and stem cells [16,17]. Various surface patterning technologies such as soft lithography have been used to endow biomaterials with topographical features of varying sizes [18,19]. Similarly, electrospun fiber-based biomaterials have also been shown to promote myogenic differentiation of stem and progenitor cells [20,21]. Most of the studies investigating the effect of topographical cues on myogenic differentiation and myotube formation used either murine myoblasts such as C2C12 cells or pre-committed adult stem cells [22,23,24,25].



Previously, we have shown that the mesodermal progenitor cells (PDGFRA+ cell population) derived from hESCs exhibit myogenic differentiation potential [26,27]. In this study, we investigated whether the topographical cues of the biomaterial could promote myogenic differentiation of these hESC-derived PDGFRA+ cells. Our studies show that controlling the cellular alignment of the cells through the matrix topography-mediated cues not only promoted myogenic differentiation of hESC-derived cells but also improved their in vivo survival and engraftment upon transplantation into cardiotoxin-injured skeletal muscles.




2. Materials and Methods


2.1. Maintenance of Human Embryonic Stem Cells (hESCs)


The HUES9-OCT4-GFP reporter cell line was generated and cultured as described earlier [28]. Both HUES9 and HUES9-OCT4-GFP cells were grown on mitotically inactivated MEF (mouse embryonic fibroblasts) feeder cells in growth medium (KnockOut DMEM, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% KSR (knockout serum replacement), 10% human plasmanate (Talecris Biotherapeutics), 1% NEAA (non-essential amino acids), 1% penicillin/streptomycin, 1% Gluta-MAX and 55 μM 2-mercaptoethanol in the presence of basic fibroblast growth factor (bFGF) (30 ng/mL, added daily). The cells were enzymatically dissociated with Accutase (Millipore, Burlington, MA, USA) and routinely passaged.




2.2. Derivation of PDGFRA+ Mesodermal Progenitors from hESCs


The PDGFRA+ mesodermal progenitor cells were derived from undifferentiated hESCs as described previously [27]. Briefly, undifferentiated colonies of HUES9 cells were enzymatically dissociated into single cells by incubating them with Accutase for 5 min. Approximately, 1.0 × 106 of dissociated cells were seeded into each wells of an ultra-low-attachment 6-well plate and cultured in suspension to form embryoid bodies (EBs) in a 37 °C/5% CO2 incubator (Thermo Fisher Scientific, Carlsbad, CA, USA) for 9 days. The cells were cultured in an induction medium (high-glucose DMEM with 5% fetal bovine serum (FBS), 2 mM l-glutamine (Thermo Fisher Scientific), 100 nM dexamethasone (Tocris, Minneapolis, MN, USA), 100 µM hydrocortisone (Sigma-Aldrich, St. Louis, MI, USA), 1% penicillin/streptomycin (Thermo Fisher Scientific), 10 µM transferrin (Thermo Fisher Scientific), 860.9 nM recombinant insulin (Thermo Fisher Scientific), 20 nM progesterone (Thermo Fisher Scientific), 100.1 µM putrescine (Thermo Fisher Scientific), and 30.1 nM selenite (Thermo Fisher Scientific) with the medium changing every other day. Next, the EBs in each well were transferred to a Matrigel-coated 10 cm dish (1:25 diluted in KnockOut DMEM; BD Biosciences, Franklin Lakes, NJ, USA) and continued to culture in the induction medium. The cells were cultured for another 7 days, which allowed a large number of cells to migrate out of the EBs. The cells that migrated out of the EBs were enzymatically detached with Accutase and filtered through a cell strainer having a pore size of 40 μm. The isolated single cells were enriched for PDGFRA+/OCT4-GFP− single cells by fluorescence-activated cell sorting (FACS).




2.3. Fluorescence-Activated Cell Sorting (FACS) Analysis


To isolate PDGFRA+ mesodermal progenitor cells, the hESC-derived single cells were re-suspended in a buffer containing 2% FBS and 0.09% sodium azide in calcium-/magnesium-free phosphate-buffered saline (PBS) (BD Biosciences). The hESC-derived cells were stained with either Alexa Fluor 647-conjugated PDGFRA or Alexa Fluor 647-conjugated mouse IgM, ĸ isotype control antibodies (Biolegend) on ice for 30 min. The cells were then washed with fresh PBS for three times, resuspended in the buffer solution, and FACS-sorted for PDGFRA+ cells by using BD Biosystems’ FACSCanto. Data were analyzed with the CellQuest Pro software (BD Biosciences).




2.4. Fabrication of Micropatterned PDMS Substrates


PDMS substrates displaying line patterns of two different widths, 100 and 200 μm, were generated. Standard soft lithography technique was used to fabricate Si master molds, which were then used to generate the micropatterned PDMS substrates (Sylgard 184 silicone elastomer, Dow Corning, Midland, MI, USA) [29]. Briefly, Si wafers were spin-coated with SU8 2050 negative photoresist (PR) polymer (Microchem Corp, Newton, MA, USA) at 2500 rpm for 60 s to get a thickness of ~60 μm, followed by soft-baking at 95 °C for 9 min. To create microgrooved patterns (i.e., line patterns), the negative PR-coated Si wafer was exposed to UV at 331 W for 15 s under a photomask using Karl Suss MA6 Mask Aligner (SUSS Micro Tec SE, Garching, Germany). Subsequently, the Si wafer was hard-baked at 95 °C for 7 min, and micropatterned surfaces were developed in SU8 developer solution (Microchem Corp) for 5 min. Next, the solutions containing SYLGARD 184 Silicone Elastomer Curing Agent and Elastomer Base (Dow Corning Corporation, Midland, MI, USA) were mixed in 1:10 ratio, poured onto the Si master mold and degassed for approximately 30 min. Once all bubbles disappeared from the solution, Si mold with PDMS solution was placed in an 80 °C oven overnight. The micropatterned PDMS substrates were peeled off from the Si wafer, sterilized in ethanol for 30 min and washed with sterile PBS (2% penicillin/streptomycin) three times a day for a week. Non-patterned PDMS substrates were also fabricated and processed under identical conditions.




2.5. Surface Characterization by Scanning Electron Microscopy (SEM)


The micropatterned and non-patterned PDMS substrates were sputter-coated with Ir for 7 s and imaged using a scanning electron microscope (Philips XL30 ESEM, Amsterdam, the Netherlands).




2.6. Preparation of PDMS Substrates for Cell Culture


Prior to cell culture, the PDMS substrates were cut into circular discs with a diameter of 22 mm, sterilized in 70% ethanol and washed extensively with fresh PBS to wash off residual ethanol and other unreacted reactants. The sterilized circular PDMS discs (1 disc per well) were subsequently placed in 12-well tissue culture plates (TCPS). To promote initial cell adhesion, the PDMS substrates were coated with growth factor-reduced Matrigel (1:25 diluted in DMEM; BD Biosciences) as previously reported [30]. The hESC-derived PDGFRA+ cells were plated onto micropatterned and non-patterned PDMS substrates at an initial cell density of 1 × 104 cells/cm2 and cultured in the induction medium. The induction medium was changed every other day throughout their culture.




2.7. Immunofluorescence Staining


Cells cultured on micropatterned (microgroove widths of 100 or 200 µm) or non-patterned PDMS substrates were stained against MF20 (1:200; Developmental Studies Hybridoma Bank, Iowa City, IA, USA) and Desmin (DES) (1:250; Abcam, Cambridge, UK). The cell-laden substrates were fixed with 4% paraformaldehyde (PFA) for 10 min at room temperature, permeabilized, and treated with a blocking solution containing 0.1% (v/v) Triton X-100 and 3% (w/v) bovine serum albumin (BSA) in PBS for 1 h. The samples were incubated with the aforementioned primary antibodies overnight at 4 °C. After washing with fresh PBS (~3 times), samples were incubated with the following secondary antibodies: goat anti-mouse Alexa 488 (1:250; Life Technologies, Carlsbad, CA, USA) or goat anti-rabbit Alexa 546 (1:250; Life Technologies) for 1 h at room temperature. To assess the morphology and alignment of cells cultured on micropatterned or non-patterned PDMS substrates, the samples were incubated with phalloidin Alexa-Fluor 488 (1:100; Life Technologies) for 1 h at room temperature. To stain nuclei, Hoechst 33342 (2 μg/mL; Life Technologies) was used. For immunofluorescence staining of tibialis anterior (TA) muscles transplanted with donor cells, samples were first embedded in optimal temperature cutting compound (OCT) for cryosectioning. The sections (~15 µm thickness) were fixed with 4% PFA for 10 min at room temperature, permeabilized with 0.3% Triton X-100, blocked with 3% BSA for 1 h at room temperature, and stained with anti-human lamin A/C (1:100; Vector Laboratories, Burlingame, CA, USA) and rabbit anti-laminin (1:200; Abcam) to visualize transplanted donor cell survival and their engraftment within the host tissue. All images were acquired using a fluorescence microscope (Carl Zeiss; Axio Observer A1, Thornwood, NY, USA).




2.8. Image Analysis


Two-dimensional fast Fourier transform (FFT) image processing was used to characterize the differences in substrate topography-mediated cellular alignments. NIH ImageJ software was used to convert raw images of F-actin staining into the 8-bit greyscale TIFF formats and these images were cropped into 1024 by 1024 pixels. The cropped images were then converted to the frequency domain by FFT transformation, rotated by 90 degrees and analyzed by an oval profile plug-in to conduct a radial summation of the pixel intensities from 0 to 360°. Cell nuclei alignment and orientation of the cells cultured on micropatterned and non-patterned PDMS substrates were determined by NIH ImageJ software [31]. The alignment of each nucleus was quantified based on the orientation of the major elliptical axis of each nucleus with respect to the horizontal axis. These angles of each nucleus were normalized to the mean orientation angle of all nuclei, and the frequency of alignment angles was binned in 10 degree increments to their mean orientation. The nuclear shape index was quantified as aspect ratio, which is defined as the ratio of major axis to minor axis of each nucleus, to evaluate the elongation of nuclei. To quantify the extent of myogenic differentiation of hESC-derived PDGFRA+ cells, differentiation and fusion indices were defined. The fraction of MF20-positive cells to the total number of cells was defined as differentiation index [32]. Similarly, the fraction of multinucleated myotubes containing 3 or more nuclei to the total number of MF20-positive cells was presented as the fusion index.




2.9. RNA Isolation and Quantitative PCR


Total RNA was extracted from three biological replicates with TRIzol (Invitrogen, Carlsbad, USA) and reverse transcribed using iScript cDNA synthesis kit (Bio-Rad, Marnes-la-Coquette, France), following the manufacturer’s instructions. Quantitative polymerase chain reaction (qPCR) was performed by using SYBR Select Master Mix (Life Technologies) and ABI Prism 7300 Sequence Detection System (Applied Biosystems, Foster City, CA, USA) [33]. The expression levels of target genes were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression as reference and delta Ct values were calculated as Cttarget − Ctreference, and the relative fold inductions were presented as 2−∆∆Ct. The primers used in this study are listed in Supplementary Table S1 (Supplementary Materials).




2.10. Cell Transplantation in NOD/SCID Cardiotoxin Injury Model


Animal experiments were performed according to the protocols approved by Institutional Animal Care and Use Committee (IACUC) of the University of California, San Diego (Protocol number: S07411). Twenty-four hours prior to cell transplantation, TA muscles of 2-month-old immune-deficient NOD.CB17-Prkdcscid/J (hereafter, NOD/SCID) mice were injured by intramuscular injection of 20 μL cardiotoxin (10μM; Sigma, cat. # C9759, Mendota Heights, MN, USA). To prepare animals for cell transplantation, the NOD/SCID mice were anesthetized by using ketamine (100 mg·kg−1) and xylazine (10 mg·kg−1). Approximately 5 × 105 PDGFRA+ cells from micropatterned (100 and 200 μm) and non-patterned substrates cultured for 21 days in induction medium were collected and suspended in 20 μL of PBS and injected into the TA muscles. Two weeks post-transplantation, the TA muscles were harvested and embedded in OCT for cryosectioning. Survival and engraftment of the transplanted donor cells were histologically evaluated. Quantification of histological sections for viable donor cells was performed by counting the number of lamin A/C positive nuclei. Three serial sections from each muscle sample (no pattern, 100 µm, and 200 µm) were analyzed for each biological triplicate. Engraftment is defined as any cell that is fused with host myofibers or located underneath the basal lamina. To quantify engraftment, number of viable donor cells centrally located within a myofiber was counted and presented as the percentage of engraftment.




2.11. Statistical Analysis


All values are presented as mean ± standard deviation and statistical significance was determined by two-tailed unpaired Student’s t-test or single-factor analysis of variance (ANOVA) with Tukey’s multiple comparison test (* p < 0.05, ** p < 0.01 and *** p < 0.001). GraphPad Prism (GraphPad Software, La Jolla, CA, USA) was used to perform all the statistical analysis.





3. Results and Discussion


3.1. Substrate Topographical Cue-Mediated Actin Cytoskeletal Organization and Cellular Alignment


Since topographical cues have been shown to regulate various functions of myoblasts [31], we examined the effect of substrate topography on myogenic differentiation of hESC-derived PDGRA+ cells by using micropatterned PDMS substrates with varying groove widths (100 or 200 µm) while exhibiting the same height of 60 µm. A schematic illustration of the PDMS substrate fabrication is shown in Figure 1A. The topographical features of the substrates were examined by SEM and their representative images are shown in Figure 1B.


Figure 1. Fabrication and characterization of micropatterned PDMS cell culture substrates. (A) Schematic illustration of standard soft lithography procedures for fabrication of micropatterned PDMS cell culture substrates. (B) Surface characterization of various PDMS cell culture substrates by SEM. SEM images show non-patterned (left) and micropatterned substrates (100 μm grooves—middle and 200 μm grooves—right). Corresponding higher-magnification SEM images are also presented in the insets. Scale bars = 500 μm and 100 μm (inset).
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The morphological changes of the cells responding to the topographical features of PDMS substrates were examined as a function of time, initially, by using phase contrast microscopy. As shown in Figure 2, the cells adhered onto the Matrigel-coated PDMS substrates and exhibited spindle-like shape within 48 h of in vitro culture, regardless of the topographical features of the substrate. However, with culture time, the cells on the micropatterned substrates were elongated and aligned along the orientation of the microgroove. Amongst the micropatterned surfaces, cells cultured on substrates with a groove width of 100 µm were found to exhibit a higher degree of elongation and alignment as compared to that on 200 µm groove width. The matrix topography-mediated alignment of cells was evident as early as day three of culture. On the contrary, cells on non-patterned PDMS showed random organization.


Figure 2. Characterization of cellular morphology of hESC-derived PDGFRA+ myogenic progenitor cells cultured on PDMS cell culture substrates with various topographical features. Phase contrast images of PDGFRA+ myogenic progenitor cells undergoing myogenic differentiation at different time points (top row—non-patterned substrate; middle row—micropatterned substrates having 100 μm grooves; bottom row—micropatterned substrates having 200 μm grooves). Scale bar = 100 μm.



[image: Polymers 09 00580 g002]






Since actin cytoskeletal organization is known to be closely involved in myogenic differentiation and fusion of myoblasts [34], the topographical cue-mediated actin cytoskeletal organization of the cells was also examined. As shown in Figure 3A, F-actin staining of the cells cultured on non-patterned PDMS showed a random orientation and lack of alignment (first column in Figure 3A). On the other hand, cells on the micropatterned PDMS substrates showed a parallel, unidirectional organization of actin along the direction of microgrooves with an actin-rich cytoplasmic polarization (second and third columns in Figure 3A).


Figure 3. Topological cue-guided cellular alignment of hESC-derived PDGFRA+ myogenic progenitor cells. (A) F-actin immunofluorescence staining of hESC-derived myogenic progenitor cells cultured on PDMS substrates with various topographical features for 21 days (left column—non-patterned substrate; middle column—micropatterned substrate having 100 μm grooves; right column—micropatterned substrate having 200 μm grooves). Scale bar = 100 μm. (B) Frequency domain plots analyzed by the 2D FFT transformation. (C) FFT alignment histogram generated by a radial summation of the pixel intensities from 0 to 360°. (D) Cell nuclei orientation of hESC-derived myogenic progenitor cells cultured on PDMS cell culture substrates with various topographical features.
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Substrate topographical cue-mediated cellular alignment was further assessed by 2D fast Fourier transform (FFT) analysis on the F-actin staining images of the cells (Figure 3A). The F-actin images were converted into mathematically defined FFT frequency plots (Figure 3B), containing grayscale pixels that were distributed in patterns around the origin. This can be used to depict the degree of cellular alignment, where highly dispersed data points around the center of the FFT plot indicate random cell orientation. As seen in Figure 3B, the frequency plot for the cells on non-patterned substrates showed a symmetrical projection about the origin of plot (Figure 3B, left). Their corresponding FFT alignment histogram shows no distinctive peaks at any angle between 0–360° (Figure 3C, left). These randomly distributed pixel intensity patterns suggest random organization of the cells on non-patterned PDMS substrates. In contrast, the FFT frequency plots of cells cultured on the micropatterned PDMS substrates showed values concentrated along a line angled at ~70 degrees from the horizontal axis of the plot (Figure 3B, center and right). In addition, their corresponding FFT alignment histograms demonstrate two distinctive peaks, indicating a higher degree of alignment of cells cultured on micropatterned substrates (Figure 3C, center and right).



Apart from the actin cytoskeleton organization and alignment, we also analyzed topography-mediated alignment of cell nuclei, the ratio of the major axis of nuclei to the minor axis of nuclei. Degree of nuclei elongation has previously been shown to affect in vitro myoblast function [35]. As shown in Figure 3D, cells cultured on micropatterned PDMS substrates displayed higher nuclei alignment as compared to non-patterned substrates. Approximately 88.3% (+/−20° to the mean orientation angle) of cells cultured on 100 µm microgrooves showed alignment to the mean orientation angle as compared to 80.7% of cells on 200 µm microgrooves and 32.4% of cells cultured on non-patterned substrates. The results clearly suggest that cells cultured on non-patterned substrates are randomly oriented with a very small degree of nuclei alignment.




3.2. Effect of Matrix Topographical Cue-Mediated Cellular Alignment on In Vitro Myogenesis of hESC-Derived PDGFRA+ Cells


Having demonstrated the substrate topography-mediated cytoskeletal organization, we next examined whether this cellular alignment could promote myogenic commitment of hESC-derived PDGFRA+ cells. The gene expression profile, as shown in Figure 4, revealed that the cells cultured on micropatterned PDMS substrates exhibited a significantly higher expression of various myogenic markers, such as MYOD, DES, MYOG and MYH1, compared to their non-patterned counterparts. Moreover, cells cultured on the micropatterned substrates with a groove width of 100 µm showed higher upregulation of late myogenic markers, MYOG and MYH1, after 21 days of in vitro culture. The gene expression profile was further corroborated by the immunofluorescence staining for sarcomeric myosin (MF20) and Desmin, which are typically found in differentiated myoblasts (Figure 5A).


Figure 4. In vitro myogenic differentiation of hESC-derived PDGFRA+ myogenic progenitor cells cultured on PDMS substrates with various topographical features. Gene expression profiles of PDGFRA+ cells cultured on PDMS cell culture substrates with various topographical features. Statistical analysis was performed among cells cultured in different cell culture substrates within the same time point. * p < 0.05, ** p < 0.01 and *** p < 0.001.
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Figure 5. Terminal myogenic differentiation of hESC-derived PDGFRA+ myogenic progenitor cells cultured on PDMS cell culture substrates with various topographical features characterized by immunofluorescence staining and cell shape analyses. (A) Immunofluorescence staining for MF20 (green) and Desmin (red) of PDGFRA+ cells cultured on PDMS cell culture substrates with various topographical features. Scale bar = 100 μm. (B) Estimated differentiation indices of hESC-derived myogenic progenitor cells. (C) Estimated fusion indices of differentiated cells (MF20+ cells) cultured on PDMS substrates with various topographical features (no pattern, 100, and 200 µm). n = 209, 325 and 258, respectively. *** p < 0.001.
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To quantify the extent of myogenic differentiation, we have calculated the differentiation index, defined as the fraction of MF20+ cells from the total number of cells. The differentiation index showed a significantly higher number of differentiated cells on micropatterned substrates (both 100 and 200 µm) compared to non-patterned substrates (Figure 5B). In addition to the differentiation index, we also evaluated the fraction of MF20+ multinucleated myotubes having three or more nuclei, termed as fusion index. Akin to the differentiation index, a significant fraction of cells cultured on micropatterned substrates were found to be multinucleated compared to cells cultured on non-patterned substrates. Amongst the micropatterned substrates, cells cultured on substrates with a groove width of 100 µm showed the highest differentiation and fusion indices. Together, the data from gene expression analysis as well as the immunohistochemistry confirm that matrix topography-mediated cues mediated changes in actin cytoskeleton structures of hESC-derived cells, can promote their myogenesis and facilitate fusion to form multinucleated myotubes.




3.3. In Vivo Engraftment of hESC-Derived Myogenic Progenitors


We next determined whether the matrix topography-mediated in vitro pre-conditioning of the cells has any effect on their in vivo survival and engraftment upon cell transplantation. The donor cells cultured on micropatterned (100 and 200 µm) and non-patterned substrates were transplanted into cardiotoxin-injured TA muscles of 2-month-old immunodeficient NOD/SCID mice. Muscles treated with donor cells were characterized 14 days post-transplantation to assess the viability and contribution of the transplanted cells to the regeneration of the host tissues. Regardless of the topographical differences for pre-conditioning cells prior to cell transplantation, histological analyses of the host tissue demonstrated the presence of donor cells, as shown in Figure 6A. More importantly, a significantly higher number of viable donor cells were found when the transplanted cells were cultured on micropatterned substrates in vitro prior to transplantation (Figure 6B). Consistent with these findings, the number of donor cells fused with the host myofibers was also found to be significantly higher for the cells that were cultured on micropatterned substrates prior to their transplantation (Figure 6C). This could be attributed to the higher extent of myogenic commitment of the cells on micropatterned substrates, as determined by the gene expression profiles of the progenitor cells in vitro. Moreover, cells cultured on the micropatterned substrates showed fully matured expression levels of late myogenic markers, such as MYOG and MYH1, as compared to the cells derived on non-patterned substrates. Our in vivo results could implicate the importance of the extent of in vitro myogenic commitment of progenitor cells on in vivo survival and function of transplanted cells. These results are in accordance with our previous reports, which suggests a strong relationship between the extent of differentiation of the transplanted cells and their in vivo function [36]. For example, we demonstrated that pre-committed myogenic progenitor cells displaying later-stage myogenic markers and mesodermal progenitor cells primed with a recombinant WNT3A protein promote in vivo survival of donor cells and their engraftment within the host myofibers [13,26,27]. Furthermore, no evidence of teratoma formation in any of the mice transplanted with cells cultured on both non-patterned and micropatterned substrates was observed.


Figure 6. Engraftment of myogenic progenitor cells in cardiotoxin-injured mice. (A) Immunofluorescence staining of TA muscle of NOD/SCID mice transplanted with cells cultured on non-patterned substrates (top row), 100 μm-width grooves (middle row) and 200 μm-width grooves (bottom row) for 21 days of in vitro differentiation prior to the transplantation. Muscle sections were stained for mouse laminin (red), anti-human lamin A/C (green) and nuclei (blue). Scale bar = 50 μm; (B) Estimated number of total donor nuclei; (C) Estimated percentage of fused donor cells 14 days post-transplantation. * p < 0.05 and ** p < 0.01.
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4. Conclusions


In conclusion, the results summarized in this study illustrate the roles of matrix topographical cues on the fusion and differentiation of mononucleated myogenic progenitors into matured multinucleated myotubes, and highlight the importance of the degree of in vitro myogenic commitment of donor cells toward the in vivo regenerative potential upon cell transplantation.
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Acknowledgements


This study was funded by the California Institute of Regenerative Medicine (RT3-07907). The authors acknowledge Alexey Terskikh for kindly providing the lentiviral construct that was used to generate the OCT4-GFP reporter line. We would also like to acknowledge the Developmental Studies Hybridoma Bank for providing the MF20 antibody generated by Fischman Lab. The antibodies are developed under the auspices of the NICHD and maintained by The University of Iowa, Department of Biology, Iowa City, IA 52242.




Author Contributions


Yongsung Hwang, Timothy Seo, and Shyni Varghese conceived and designed the research; Yongsung Hwang, Timothy Seo, Sara Hariri, and Chulmin Choi performed the research; Yongsung Hwang, Timothy Seo, Sara Hariri, and Shyni Varghese analyzed the data and wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Goudenege, S.; Lebel, C.; Huot, N.B.; Dufour, C.; Fujii, I.; Gekas, J.; Rousseau, J.; Tremblay, J.P. Myoblasts derived from normal hescs and dystrophic hipscs efficiently fuse with existing muscle fibers following transplantation. Mol. Ther. 2012, 20, 2153–2167. [Google Scholar] [CrossRef] [PubMed]

	2. 
Barberi, T.; Bradbury, M.; Dincer, Z.; Panagiotakos, G.; Socci, N.D.; Studer, L. Derivation of engraftable skeletal myoblasts from human embryonic stem cells. Nat. Med. 2007, 13, 642–648. [Google Scholar] [CrossRef] [PubMed]

	3. 
Darabi, R.; Arpke, R.W.; Irion, S.; Dimos, J.T.; Grskovic, M.; Kyba, M.; Perlingeiro, R.C. Human ES- and iPS-derived myogenic progenitors restore dystrophin and improve contractility upon transplantation in dystrophic mice. Cell Stem Cell 2012, 10, 610–619. [Google Scholar] [CrossRef] [PubMed]

	4. 
Darabi, R.; Gehlbach, K.; Bachoo, R.M.; Kamath, S.; Osawa, M.; Kamm, K.E.; Kyba, M.; Perlingeiro, R.C. Functional skeletal muscle regeneration from differentiating embryonic stem cells. Nat. Med. 2008, 14, 134–143. [Google Scholar] [CrossRef] [PubMed]

	5. 
Brack, A.S.; Conboy, I.M.; Conboy, M.J.; Shen, J.; Rando, T.A. A temporal switch from notch to wnt signaling in muscle stem cells is necessary for normal adult myogenesis. Cell Stem Cell 2008, 2, 50–59. [Google Scholar] [CrossRef] [PubMed]

	6. 
Borchin, B.; Chen, J.; Barberi, T. Derivation and facs-mediated purification of pax3+/pax7+ skeletal muscle precursors from human pluripotent stem cells. Stem Cell Rep. 2013, 1, 620–631. [Google Scholar] [CrossRef] [PubMed]

	7. 
Wigmore, P.M.; Dunglison, G.F. The generation of fiber diversity during myogenesis. Int. J. Dev. Biol. 1998, 42, 117–125. [Google Scholar] [PubMed]

	8. 
Wakelam, M.J. The fusion of myoblasts. Biochem. J. 1985, 228, 1–12. [Google Scholar] [CrossRef] [PubMed]

	9. 
Ayala, R.; Zhang, C.; Yang, D.; Hwang, Y.; Aung, A.; Shroff, S.S.; Arce, F.T.; Lal, R.; Arya, G.; Varghese, S. Engineering the cell-material interface for controlling stem cell adhesion, migration, and differentiation. Biomaterials 2011, 32, 3700–3711. [Google Scholar] [CrossRef] [PubMed]

	10. 
Huang, N.F.; Li, S. Regulation of the matrix microenvironment for stem cell engineering and regenerative medicine. Ann. Biomed. Eng. 2011, 39, 1201–1214. [Google Scholar] [CrossRef] [PubMed]

	11. 
Burdick, J.A.; Vunjak-Novakovic, G. Engineered microenvironments for controlled stem cell differentiation. Tissue Eng. A 2009, 15, 205–219. [Google Scholar] [CrossRef] [PubMed]

	12. 
Engler, A.J.; Sen, S.; Sweeney, H.L.; Discher, D.E. Matrix elasticity directs stem cell lineage specification. Cell 2006, 126, 677–689. [Google Scholar] [CrossRef] [PubMed]

	13. 
Kabra, H.; Hwang, Y.; Lim, H.L.; Kar, M.; Arya, G.; Varghese, S. Biomimetic material-assisted delivery of human embryonic stem cell derivatives for enhanced in vivo survival and engraftment. ACS Biomater. Sci. Eng. 2015, 1, 7–12. [Google Scholar] [CrossRef] [PubMed]

	14. 
Quarta, M.; Brett, J.O.; DiMarco, R.; De Morree, A.; Boutet, S.C.; Chacon, R.; Gibbons, M.C.; Garcia, V.A.; Su, J.; Shrager, J.B.; et al. An artificial niche preserves the quiescence of muscle stem cells and enhances their therapeutic efficacy. Nat. Biotechnol. 2016, 34, 752–759. [Google Scholar] [CrossRef] [PubMed]

	15. 
Kar, M.; Vernon Shih, Y.R.; Velez, D.O.; Cabrales, P.; Varghese, S. Poly(ethylene glycol) hydrogels with cell cleavable groups for autonomous cell delivery. Biomaterials 2016, 77, 186–197. [Google Scholar] [CrossRef] [PubMed]

	16. 
Altomare, L.; Gadegaard, N.; Visai, L.; Tanzi, M.C.; Fare, S. Biodegradable microgrooved polymeric surfaces obtained by photolithography for skeletal muscle cell orientation and myotube development. Acta Biomater. 2010, 6, 1948–1957. [Google Scholar] [CrossRef] [PubMed]

	17. 
Palama, I.E.; D’Amone, S.; Coluccia, A.M.; Gigli, G. Micropatterned polyelectrolyte nanofilms promote alignment and myogenic differentiation of c2c12 cells in standard growth media. Biotechnol. Bioeng. 2013, 110, 586–596. [Google Scholar] [CrossRef] [PubMed]

	18. 
Shimizu, K.; Fujita, H.; Nagamori, E. Alignment of skeletal muscle myoblasts and myotubes using linear micropatterned surfaces ground with abrasives. Biotechnol. Bioeng. 2009, 103, 631–638. [Google Scholar] [CrossRef] [PubMed]

	19. 
Lam, M.T.; Sim, S.; Zhu, X.; Takayama, S. The effect of continuous wavy micropatterns on silicone substrates on the alignment of skeletal muscle myoblasts and myotubes. Biomaterials 2006, 27, 4340–4347. [Google Scholar] [CrossRef] [PubMed]

	20. 
Huber, A.; Pickett, A.; Shakesheff, K.M. Reconstruction of spatially orientated myotubes in vitro using electrospun, parallel microfibre arrays. Eur. Cell Mater. 2007, 14, 56–63. [Google Scholar] [CrossRef] [PubMed]

	21. 
Ku, S.H.; Lee, S.H.; Park, C.B. Synergic effects of nanofiber alignment and electroactivity on myoblast differentiation. Biomaterials 2012, 33, 6098–6104. [Google Scholar] [CrossRef] [PubMed]

	22. 
Neumann, T.; Hauschka, S.D.; Sanders, J.E. Tissue engineering of skeletal muscle using polymer fiber arrays. Tissue Eng. 2003, 9, 995–1003. [Google Scholar] [CrossRef] [PubMed]

	23. 
Huang, N.F.; Lee, R.J.; Li, S. Engineering of aligned skeletal muscle by micropatterning. Am. J. Transl. Res. 2010, 2, 43–55. [Google Scholar] [PubMed]

	24. 
Bajaj, P.; Reddy, B., Jr.; Millet, L.; Wei, C.; Zorlutuna, P.; Bao, G.; Bashir, R. Patterning the differentiation of c2c12 skeletal myoblasts. Integr. Biol. (Camb.) 2011, 3, 897–909. [Google Scholar] [CrossRef] [PubMed]

	25. 
Choi, Y.S.; Vincent, L.G.; Lee, A.R.; Kretchmer, K.C.; Chirasatitsin, S.; Dobke, M.K.; Engler, A.J. The alignment and fusion assembly of adipose-derived stem cells on mechanically patterned matrices. Biomaterials 2012, 33, 6943–6951. [Google Scholar] [CrossRef] [PubMed]

	26. 
Hwang, Y.; Suk, S.; Shih, Y.R.; Seo, T.; Du, B.; Xie, Y.; Li, Z.; Varghese, S. Wnt3a promotes myogenesis of human embryonic stem cells and enhances in vivo engraftment. Sci. Rep. 2014, 4, 5916. [Google Scholar] [CrossRef] [PubMed]

	27. 
Hwang, Y.; Suk, S.; Lin, S.; Tierney, M.; Du, B.; Seo, T.; Mitchell, A.; Sacco, A.; Varghese, S. Directed in vitro myogenesis of human embryonic stem cells and their in vivo engraftment. PLoS ONE 2013, 8, e72023. [Google Scholar] [CrossRef] [PubMed]

	28. 
Chang, C.W.; Hwang, Y.; Brafman, D.; Hagan, T.; Phung, C.; Varghese, S. Engineering cell-material interfaces for long-term expansion of human pluripotent stem cells. Biomaterials 2013, 34, 912–921. [Google Scholar] [CrossRef] [PubMed]

	29. 
Huang, N.F.; Patel, S.; Thakar, R.G.; Wu, J.; Hsiao, B.S.; Chu, B.; Lee, R.J.; Li, S. Myotube assembly on nanofibrous and micropatterned polymers. Nano Lett. 2006, 6, 537–542. [Google Scholar] [CrossRef] [PubMed]

	30. 
Chaw, K.C.; Manimaran, M.; Tay, F.E.; Swaminathan, S. Matrigel coated polydimethylsiloxane based microfluidic devices for studying metastatic and non-metastatic cancer cell invasion and migration. Biomed. Microdevices 2007, 9, 597–602. [Google Scholar] [CrossRef] [PubMed]

	31. 
Aubin, H.; Nichol, J.W.; Hutson, C.B.; Bae, H.; Sieminski, A.L.; Cropek, D.M.; Akhyari, P.; Khademhosseini, A. Directed 3d cell alignment and elongation in microengineered hydrogels. Biomaterials 2010, 31, 6941–6951. [Google Scholar] [CrossRef] [PubMed]

	32. 
Sangaj, N.; Kyriakakis, P.; Yang, D.; Chang, C.W.; Arya, G.; Varghese, S. Heparin mimicking polymer promotes myogenic differentiation of muscle progenitor cells. Biomacromolecules 2010, 11, 3294–3300. [Google Scholar] [CrossRef] [PubMed]

	33. 
Varghese, S.; Hwang, N.S.; Ferran, A.; Hillel, A.; Theprungsirikul, P.; Canver, A.C.; Zhang, Z.; Gearhart, J.; Elisseeff, J. Engineering musculoskeletal tissues with human embryonic germ cell derivatives. Stem Cells 2010, 28, 765–774. [Google Scholar] [CrossRef] [PubMed]

	34. 
Nowak, S.J.; Nahirney, P.C.; Hadjantonakis, A.K.; Baylies, M.K. Nap1-mediated actin remodeling is essential for mammalian myoblast fusion. J. Cell Sci. 2009, 122, 3282–3293. [Google Scholar] [CrossRef] [PubMed]

	35. 
Ahmed, W.W.; Wolfram, T.; Goldyn, A.M.; Bruellhoff, K.; Rioja, B.A.; Moller, M.; Spatz, J.P.; Saif, T.A.; Groll, J.; Kemkemer, R. Myoblast morphology and organization on biochemically micro-patterned hydrogel coatings under cyclic mechanical strain. Biomaterials 2010, 31, 250–258. [Google Scholar] [CrossRef] [PubMed]

	36. 
Hwang, N.S.; Varghese, S.; Lee, H.J.; Zhang, Z.; Ye, Z.; Bae, J.; Cheng, L.; Elisseeff, J. In vivo commitment and functional tissue regeneration using human embryonic stem cell-derived mesenchymal cells. Proc. Natl. Acad. Sci. USA 2008, 105, 20641–20646. [Google Scholar] [CrossRef] [PubMed]



















© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  polymers-09-00580


  
    		
      polymers-09-00580
    


  




  





media/file8.jpg
%

o (%) xopuuossny

(%) xepuy uogenuasea

wisyed ON wrigoy
<






media/file11.png
| 1 | | 1 1
(=4 (=3 o (=] o (=]
wn < L] ~N e o

juawiyjesbus jo abejuaaiad

&

*k

00+
0
0

o
wn
-

1
S||92 J0UOop }O JaquinN

usajjed oN wripQ|L

<





media/file6.jpg
Relative fold induction

Relative fold induction

a
3

=
3

N A ®

o
=

oqo

o8 3383

Day7 Day21

MYOG

. o patiern
- 100um

. 200um I
- | |

Relative fold induction

Relative fold induction

2000-
1600
1200
800
400

30-

Day7

DES

Day21






media/file1.png
A s | m| m| m| m | mPhotomask

SUS8 - Photoresist

- -
(a) Spin-coating of negative (b) UV exposure (c) Hard baking at 95°C
photoresist (SU8) & soft and development

baking at 95°C

_ (o] bkl
- -

| 200um | EEMH

(d) Silanization (e) PDMS casting

(f) Peeling off groove-pattern
substrate for cell culture






media/file10.jpg
usoped oN  WQ0L
<






media/file7.png
Relative fold induction

Relative fold induction

MYOD
80; Bl no pattern
BN 100um
601 mm 200um
401 =
201 ==
Day7 Day21
MYOG
1507 W no pattern —
BN 100um A

100{ & 200um

50-.. kEx [ i

Day7 Day21

-—
eae
*
X

Relative fold induction

DES
60, Bl nopattern = ———
BN 100um 2

40| ™ 200um

Relative fold induction

20-
Day7 Day21
MYH1
20007 mm nopattern ——
1600{ mm 100um e
12001 @ 200um
800
3071 T -

15

Day7 Day21





media/file9.png
A

Nuclei

~_ ~f Desmin =
~
- .
-~ - > o - > -
A X
5
- =i p- —
]
— —
e ,’,' = B .4:""' <
P - —— —
— ,‘ g ,‘
R — - L Apm— e
z = ——= - - T
e P — | i
-
-
ay 60 = 100
-
80
40
bl
-
40
i U
|
4
U |
4
N
- o, \ O
) -
S )






media/file5.png
No Pattern

Nuclei Nuclel Nuclei

(&)}
o
o
o

2
(2]
c
Q
—
£
©
(O]
N
©
=
—
o
Pz

Normalized Intensity
Normalized Intensity

0 0 0

0 9 180 270 360 0 90 180 270 360 0 9 180 270 360
Principle Angle of Orientation Principle Angle of Orientation Principle Angle of Orientation

[+2]
o
[+2]
(=]

f-N
o
f N
(=]

N
o
N
(=]

0
SPDAOSEPNSSP

Cell nuclei orientation (degree)

Normalized cell count (%)
Normalized cell count (%)

0 0
PR RLOERS P NPBEPPEPESP

Cell nuclei orientation (degree) Cell nuclei orientation (degree)

Normalized cell count (%)





media/file3.png





media/file4.jpg
Facin

lnnne

H





media/file0.jpg
=k
o
" GEEEE ~ i e

(0 Peeing of groove-pattem
Substrate for el culture






media/file2.jpg
wisned oN





