

  ijms-25-05019




ijms-25-05019







Int. J. Mol. Sci. 2024, 25(9), 5019; doi:10.3390/ijms25095019




Article



The Transcription Factor Mohawk Facilitates Skeletal Muscle Repair via Modulation of the Inflammatory Environment



Cherie Alissa Lynch 1,2, Sofia A. Acosta 1,2, Douglas M. Anderson 1,2,†, Gavin E. Rogers 1,2, Jeanne Wilson-Rawls 1 and Alan Rawls 1,*





1



School of Life Sciences, Arizona State University, 427 E Tyler Mall, Tempe, AZ 85287, USA






2



Molecular and Cellular Biology Graduate Program, Arizona State University, Tempe, AZ 85287, USA









*



Correspondence: alan.rawls@asu.edu






†



Current Address: Department of Medicine, Cardiovascular Research Institute, University of Rochester Medical Center, Rochester, NY 14642, USA.









Citation: Lynch, C.A.; Acosta, S.A.; Anderson, D.M.; Rogers, G.E.; Wilson-Rawls, J.; Rawls, A. The Transcription Factor Mohawk Facilitates Skeletal Muscle Repair via Modulation of the Inflammatory Environment. Int. J. Mol. Sci. 2024, 25, 5019. https://doi.org/10.3390/ijms25095019



Academic Editor: Daiva Bironaite



Received: 23 March 2024 / Revised: 2 May 2024 / Accepted: 2 May 2024 / Published: 4 May 2024



Abstract

:

Efficient repair of skeletal muscle relies upon the precise coordination of cells between the satellite cell niche and innate immune cells that are recruited to the site of injury. The expression of pro-inflammatory cytokines and chemokines such as TNFα, IFNγ, CXCL1, and CCL2, by muscle and tissue resident immune cells recruits neutrophils and M1 macrophages to the injury and activates satellite cells. These signal cascades lead to highly integrated temporal and spatial control of muscle repair. Despite the therapeutic potential of these factors for improving tissue regeneration after traumatic and chronic injuries, their transcriptional regulation is not well understood. The transcription factor Mohawk (Mkx) functions as a repressor of myogenic differentiation and regulates fiber type specification. Embryonically, Mkx is expressed in all progenitor cells of the musculoskeletal system and is expressed in human and mouse myeloid lineage cells. An analysis of mice deficient for Mkx revealed a delay in postnatal muscle repair characterized by impaired clearance of necrotic fibers and smaller newly regenerated fibers. Further, there was a delay in the expression of inflammatory signals such as Ccl2, Ifnγ, and Tgfß. This was coupled with impaired recruitment of pro-inflammatory macrophages to the site of muscle damage. These studies demonstrate that Mkx plays a critical role in adult skeletal muscle repair that is mediated through the initial activation of the inflammatory response.
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1. Introduction


Skeletal muscle possesses an intrinsic ability to repair itself in response to traumatic or chronic injury. Repair is dependent on signaling crosstalk between the myogenic satellite cells and the innate immune system [1,2]. Damage to the myofiber leads to the release of chemokines and T helper type 1 (Th1) cytokines that both activate and expand satellite cells, in addition to initiating a pro-inflammatory response that directs myolysis. This is followed by a transition to the release of T helper type 2 (Th2) cytokines that promote differentiation and fusion of satellite cells, as well as activation of an anti-inflammatory response [3]. Disruption of these signals promotes fibrotic scarring and reduced muscle function. Understanding the regulation of Th1 and Th2 cytokine expression during skeletal muscle injury is essential for promoting robust tissue repair and mitigating fibrosis.



Damage to the myofiber initiates a rapid recruitment of neutrophils, mediated by the release of the chemoattractant C-X-C Motif Chemokine Ligand 1 (CXCL1) from resident macrophages. Release of interleukin-1 (IL-1) and interleukin-8 (IL-8) from neutrophils and C-C Motif Chemokine Ligand 2 (CCL2) from skeletal muscle resident macrophages recruits circulating monocytes to the site of damage [4,5]. Monocytes differentiate into a pro-inflammatory macrophage subtype, termed M1, which are characterized by the expression of F4/80, Ly6C, and CD11b [6]. M1 macrophages clear necrotic fibers by phagocytosis and promote satellite cell activation and proliferation through the release of reactive oxygen species and inflammatory cytokines, such as interferon-γ (IFNγ) and tumor necrosis factor-α (TNFα) [7,8,9]. M1 macrophages reach peak numbers 1–2 days following injury, before progressively transitioning to an anti-inflammatory and pro-regenerative M2 macrophage phenotype. M2 macrophages, reaching peak numbers 3–5 days post-injury, express the mannose receptor CD206 and secrete cytokines, such as Interleukin-10 (IL-10) and transforming growth factor β1 (TGFβ), to aid in the resolution of inflammation and differentiation of satellite cells [1,10]. We recently demonstrated that lipopolysaccharide (LPS) stimulation of satellite cells in culture resulted in their expression of pro-inflammatory chemokines, cytokines, and interferon (IFN) signaling pathway members [11]. Further, in response to cardiotoxin (CTX)-induced damage, both the muscle and satellite cells at the site of injury expressed Ccl2 and Ccl5, indicating that this also occurs in vivo [11]. These data indicate that the muscle may also participate in inflammation and recruitment of innate immune cells in response to damage.



The timely initiation of inflammation and its subsequent cessation during muscle regeneration is critical for efficient repair. Reduced infiltration of M1 macrophages due to genetic ablation of Ccl2, or its receptor Ccr2, resulted in diminished growth of newly repaired fibers after injury [5,12]. Similarly, depletion of F4/80+ macrophages at the transition point from a pro-inflammatory to a pro-regenerative environment resulted in reduced satellite cell differentiation and impaired muscle regeneration [13]. Alternatively, chronic inflammation associated with muscular dystrophies leads to accumulation of fibrotic scarring and severe loss of muscle function. Continuous expression of pro-inflammatory cytokines exacerbates muscle damage by halting the transition of M1 macrophages to the M2 subtype and inhibiting the apoptosis of fibro-adipogenic progenitors (FAPs). Under chronic inflammatory conditions, TGFβ causes FAPs to differentiate into fibroblasts, leading to increased deposition of extracellular matrix (ECM) [14,15]. Understanding the regulation of the highly coordinated and intricate signaling network that exists between the satellite cell niche and the innate immune response is critical for the development of therapeutics, as much is still unknown about the signals that regulate efficient regeneration.



Mohawk (Mkx), a member of the TALE superclass of atypical homeobox genes, is a transcriptional repressor associated with the Sin3A/HDAC co-repressor complex [16,17]. MKX binds a bipartite DNA recognition sequence consisting of a highly conserved inverted repeat (ATGTT-N0–25-AACAT) [18]. In developing mouse embryos, Mkx is expressed in the dorsomedial and ventrolateral lips of the dermomyotome of maturing somites [16]. Mkx also is expressed in the ureteric buds of the metanephric kidney, sex chords of the testis, developing inner ear, and in the progenitors of tendons and cartilage of the limbs and tail [16,19,20]. MKX is a regulator of tendon differentiation; a deficiency of MKX embryonically resulted in hypoplastic tendons due to a significant reduction of extracellular matrix components leading to decreased tendon size, growth, and abnormal sheath development [16,17,19,20,21,22]. MKX has been shown to regulate the expression of tendon-specific genes including decorin (Dcn), tenomodulin (Tnmd), collagen 1a1 (Col1a1), and collagen 2a1 (Col2a1) [23,24,25]. Human bone marrow-derived mesenchymal stem cells transduced with Mkx underwent tenogenesis both in vivo and in vitro [25]. Mkx has also been shown to be important for the development, maintenance, and regeneration of the annulus fibrosus [26].



Mkx-deficient embryos demonstrated no overt skeletal muscle phenotype [19,21], but in cultured 10T1/2 mesenchymal stem cells, expression of Mkx inhibited myogenic differentiation [17]. MKX also inhibited the expression of Myh7, indicating its role in regulating fiber type specificity [18]. Similarly, in tendon-derived cells (TDCs) lacking Mkx, the differentiation of chondrogenic and osteogenic cells was markedly enhanced, while over-expression of Mkx lead to decreased differentiation of chondrogenic, osteogenic, and adipogenic cells [19]. MKX inhibited differentiation of tendon progenitor cells (TSPCs) into myofibroblasts, indicating a role in limiting fibrosis during tendon healing [27].



While Mkx is expressed in musculoskeletal progenitor cells of muscle, tendon, cartilage, and bone [16], examination of several mouse and human datasets demonstrated that it is also expressed in basophils, eosinophils, and monocytes/macrophages [28]. This expression pattern and the role of Mkx in regulating muscle differentiation suggested that Mkx may play a critical role in muscle repair. We wanted to examine the potential roles of Mkx in both myogenic and innate immune cells during skeletal muscle repair in response to injury. In these studies, an evaluation of Mkx-deficient mice (Mkx−/−) demonstrated delayed muscle regeneration and aberrant macrophage recruitment in response to acute injury. Further, a deficiency of MKX delayed the onset of the pro-inflammatory response post-damage in vivo, while increasing the rate of muscle differentiation in vitro. These data revealed a regulatory role for Mkx in the timing of skeletal muscle regeneration.




2. Results


2.1. Impaired Muscle Regeneration in Mkx−/− Mice


Previous studies demonstrated that Mkx-deficient mice have hypoplastic tendons, but no differences were observed in the skeletal muscle, indicating that Mkx is not required for embryonic muscle development [18,19,21]. Since Mkx is expressed in muscle progenitor cells [14], we determined whether MKX was involved in the regulation of postnatal muscle regeneration. These experiments were performed using the well-characterized CTX-induced injury model in wild type and Mkx−/− mice. This acute muscle injury is well studied and induces an immediate inflammatory response, followed by activation of satellite cells, differentiation of myotubes, and myofiber maturation, over a 21-day period [1].



Since MKX may play regulatory roles in the injury responses of both skeletal muscle and innate immune cells, we compared the quadriceps femoris (quads) of wild type (WT) and Mkx−/− mice. Muscles of 3 month old mice were injected with CTX and tissue was harvested and assessed at 10- and 21-days post-injury (DPI). At both timepoints, histological sections of Mkx−/− and WT quads revealed muscle fibers with centralized nuclei, indicating fiber regeneration (Figure 1A–D). However, at 10 DPI, the Mkx−/− muscle contained many necrotic muscle fibers that are normally cleared by M1 macrophages in the first 3 DPI (Figure 1B,F). To quantify the robustness of muscle repair, the minimal Feret’s diameter of myofibers with centralized nuclei was measured using ImageJ (version 1.53k) (Figure 1G,H). At 10 DPI, the average diameter of regenerated fibers in Mkx−/− muscle was 62.29 +/− 11.54, while the average diameter of the regenerated fibers in WT muscle was 106.73 +/− 8.37, p < 0.001 (Figure 1G). The WT muscle had significantly larger diameter myofibers than Mkx−/− muscle. A comparison of Mkx−/− muscle from 10 and 21 DPI revealed that necrotic fibers were cleared (Figure 1B,D). At 21 DPI, the overall average diameter of myofibers in Mkx−/− muscle was 115.4 +/− 27.56, whereas WT was 129.23 +/− 17.6, p = 0.18 (Figure 1H). While the difference was not significant, the trend of larger diameter fibers in the repairing WT muscle continued, indicating that the Mkx−/− muscle had not caught up with the WT muscle. These data demonstrate that a lack of Mkx results in inefficient clearance of injured fibers, and delayed muscle fiber regeneration.




2.2. Mkx Regulation of Muscle Satellite Cell Proliferation and Differentiation


Since muscle progenitor cells express Mkx embryonically and overexpression of this gene inhibited the differentiation of muscle and tendon progenitors [17,19,21,22,27], it was possible that the delayed regeneration response was due to defects intrinsic to the muscle satellite cells (MuSCs) (Figure 2). Proliferation was assessed by MTT assay using MuSCs freshly isolated from the quads of Mkx−/− and WT mice. MuSCs were seeded at 6 × 104 cells/well in Cultrex-coated 24-well plates in growth medium. Absorbance was assessed at days 1, 3, and 5. The Mkx−/− MuSCs grew at the same rate at WT MuSCs, indicating that the delay in muscle repair was not due to a proliferation deficit in the muscle stem cells (Figure 2A). We next examined the ability of Mkx-deficient satellite cells to differentiate. Freshly isolated Mkx−/− and WT satellite cells were plated on Cultrex-coated plates and incubated in differentiation medium. Myotubes with a minimum of 3 nuclei were counted in random 10X fields over a 3-day period (Figure 2B). Mkx−/− satellite cells demonstrated a significantly higher number of myotubes than WT at each timepoint (Figure 2B). When examining the size distribution of myotubes based on the number of nuclei, Mkx−/− plates had significantly more myotubes with 4–10 nuclei and only Mkx-deficient cells formed larger myotubes with 11–14 nuclei at day 2 (Figure 2C). By day 3, Mkx−/− cultures had significantly more myotubes with 11–14 and greater than 15 nuclei (Figure 2C). These data indicate that the Mkx−/− satellite cells differentiate faster into larger myotubes, consistent with previous studies demonstrating that MKX limits differentiation [17].




2.3. Inflammatory Cell Recruitment to the Site of Muscle Injury


The persistence of necrotic fibers at 10 DPI that was observed in Mkx−/− muscle has been reported in mice deficient for the macrophage chemoattractant CCL2 [5]. This suggested that an impairment of M1 macrophage infiltration could be responsible for the delay in clearance of necrotic myofibers in Mkx−/− muscle. Consistently, using the Haemosphere databases [28] to examine gene expression of Mkx in hematopoietic lineages, we found, in both mouse and human cells, that this gene was expressed in eosinophils, neutrophils, monocytes, and macrophages. Thus, a lack of Mkx could be affecting the function of the immune effector cells during muscle regeneration. To examine this, M1 macrophages were quantified via flow cytometric analysis (FACS) in CTX-injured and contralateral control quadriceps muscles at 2 DPI, when the pro-inflammatory response is at its peak and there should be maximal macrophage infiltration. Cells were stained with fluorescently conjugated F4/80, CD11b, and Gr1 antibodies to identify M1 macrophages (see gating strategy in Figure 3A). In CTX-injured Mkx−/− muscle, there were significantly fewer M1 macrophages (Gr1low-med, F4/80+, CD11b+) in comparison to WT injured muscle (Figure 3B). The reduced number of Gr1low-med, F4/80+, and CD11b+ cells at 2 DPI confirmed a significant decrease in the number of M1 macrophages recruited to the site of injury in Mkx−/− muscle during the pro-inflammatory phase.



To rule out the possibility of premature polarization, the M2 macrophage population was examined at 2 DPI. Eosinophils, which rapidly infiltrate damaged muscle [29], were also examined. FACS demonstrated no significant differences in the population of M2 macrophages or eosinophils (Figure 3C,D). Importantly, the FACS showed that the uninjured Mkx−/− and WT contralateral muscles demonstrated no significant difference in the number of M1 or M2 macrophages, or eosinophils, indicating there is not a decrease in the number of immune effector cells in homeostatic muscle. Immunohistochemical staining for a pan-macrophage marker, F4/80, in injured muscle at 2 DPI confirmed a decrease in inflammatory cell recruitment to the site of damage (Figure 3E).




2.4. Compromised Innate Immune Response in Mkx−/− Mice


M1 macrophages are a central component of the innate immune response for both tissue repair and infection [30]. To assess whether a lack of MKX can impair systemic M1 macrophage recruitment during infection, mice were challenged with the bacteria Salmonella enterica serovar Typhimurium. Mkx−/− and WT mice were inoculated with four serial doses of S. enterica and the virulence was assessed by determination of the bacterial dose causing lethality in 50% of the exposed population (LD50). In comparing the Kaplan–Meier survival curves, it is clear that Mkx−/− mice were more susceptible to lower doses of S. enterica, than WT mice over a 17-day incubation period (Figure 4). At a dose of 102 colony forming units (CFU), 100% of WT mice were able to resolve the infection, while 40% of Mkx−/− mice succumbed. Overall, the LD50 for Mkx−/− mice was 5.3 × 102 CFU, in comparison with an LD50 of 3.7 × 104 CFU for WT mice. This is a 70-fold increase in susceptibility of Mkx−/− mice to S. enterica and suggests that Mkx is necessary for M1 macrophage recruitment in the activation of pro-inflammatory immune responses.




2.5. Polarization and Proliferation of Mkx−/− Bone Marrow-Derived Macrophages In Vitro


In response to injury or infection, macrophages polarize into the M1 pro-inflammatory subtype, and these cells secrete proinflammatory cytokines. We next addressed whether the diminished immune response was an intrinsic defect of proliferation and/or polarization of Mkx−/− macrophages. Bone marrow-derived cells (BMDCs) were isolated from the femurs of WT and Mkx−/− mice and tested for their ability to polarize to M1 macrophages and proliferate in culture. BMDCs were treated with IFNγ (10 ng/mL) [31] to induce polarization to the M1 pro-inflammatory subtype. After 3 days, IFNγ-treated and untreated BMDCs were analyzed using FACS to detect the macrophage differentiation marker, F4/80, and the M1 macrophage-specific surface marker, Gr1. In both treated and control cells, Mkx−/− and WT peaks overlap and the cells all express F4/80 (Figure 5). IFNγ treatment of WT and Mkx−/− BMDCs caused a shift from Gr1− to Gr1+ cells in Mkx−/− and WT cells as evidenced by the rightward shift of the peaks, indicating these cells were polarized towards the M1 subtype (Figure 5). These results indicate that Mkx does not participate in the regulation of BMDC polarization to the pro-inflammatory phenotype.



It was also possible that the diminished response to injury in the Mkx−/− muscle was due to a reduced proliferation capacity of macrophages. Therefore, proliferation was examined using the same culture conditions, without IFNγ, with manual cell counting done at day 4 and continuing every 2 days over a two-week period. For each timepoint, independent dishes of cells were removed, stained with Trypan blue, and live cells were counted. Mkx−/− macrophages exhibited a significant reduction in the increase in cell number when compared to WT cells (Figure 6), suggesting a role for Mkx in regulating macrophage proliferation.




2.6. Altered Expression of Cytokines in Mkx−/− Skeletal Muscle following Injury


Cytokines and chemokines essential for regulating the immune response to injury are expressed by both resident macrophages and skeletal muscle [4,5]. We next determined if a lack of Mkx affected the transcription of Ccl2, Tnfα, and Ifnγ. Total RNA was isolated from Mkx−/− and WT quadriceps tissue after CTX-induced injury at 1, 2, 3, and 5 DPI. Muscle from the contralateral uninjured quadriceps was used as a control. Quantitative RT-PCR was performed using gene-specific primers to compare transcription between Mkx−/− and WT mice.



In response to CTX injury, as compared to WT muscle, the transcription level of Ccl2, a pro-inflammatory chemotactic factor for monocytes, was 3 times lower in Mkx−/− quads. Its transcription peaked at 2 DPI and decreased sharply by 3 DPI (Figure 7). Tnfα, another pro-inflammatory cytokine, showed a rapid rise in transcription to a peak at 2 DPI followed by a rapid decline. Ifnγ, which was recently shown to be expressed by both muscle fibers and satellite cells [11], mirrored the pattern of transcription of Tnfα (Figure 7). Ifnγ and Tnfα are both secreted by M1 macrophages and exhibited similar peak expression to that detected in WT muscle, but the response was sharply attenuated by 3 DPI (Figure 7). The downregulation of these inflammatory markers point to a possible role for Mkx in mounting a robust pro-inflammatory immune response during the early stages of muscle repair. Collectively, these data demonstrated that in the absence of MKX, the onset of the pro-inflammatory response was delayed in response to muscle damage. This, and the reduced proliferative rate of Mkx−/− macrophages are potential mechanisms for the observed aberrant macrophage recruitment in these mice.





3. Discussion


Mkx is a member of the TALE superclass of atypical homeobox genes that plays an important role in the development of tendons and ligaments [19,21,26]. The present studies demonstrate a novel role for Mkx during skeletal muscle regeneration in response to acute injury. Injured Mkx−/− muscle exhibited a delay in the removal of necrotic muscle fibers, reduced recruitment of M1 macrophages to the site of the injury, and decreased expression of pro- and anti-inflammatory cytokines. Additionally, Mkx−/− mice exhibited increased susceptibility to infection by S. enterica, suggesting a link between the suppression of the pro-inflammatory immune response and the delay in muscle repair.



Following an acute injury in muscle, CCL2 is released by resident macrophages to recruit circulating monocytes to the site of damage [4,5]. M1 macrophages, which are derived from monocyte precursors, are essential for the clearance of necrotic fibers [7,8]. Genetic ablation of Ccl2, or its receptor Ccr2, impaired macrophage infiltration and phagocytosis at the site of induced muscle injury [5]. Interestingly, the injury phenotype of the muscle in Ccl2−/− and Ccr2−/− mice resembles that of Mkx−/− skeletal muscle, in which there was delayed clearance of necrotic fibers and smaller regenerating myofibers. Consistently, the expression of Ccl2 was delayed and decreased in damaged Mkx−/− muscle. A similar regulatory relationship was observed between Mkx, Tnfα, and Ifnγ. These cytokines, secreted by resident immune cells in skeletal muscle, are necessary to elicit a robust pro-inflammatory response post-injury [7,8] and synergize to activate M1 macrophages [14]. IFNγ expression increases simultaneously with the influx of neutrophils, macrophages, and MyoD+ satellite cells in damaged muscle. Ifnγ−/− mice exhibit diminished muscle repair, impaired macrophage function, and increased fibrosis [8]. Mkx−/− mice displayed delayed, less efficient muscle repair (Figure 1). This is consistent with the finding that Mkx participates in regulating the timing of pro-inflammatory cytokine expression in response to injury (Figure 7).



In response to injury, Mkx−/− muscle demonstrated significantly smaller myofibers and this persisted at 21 DPI (Figure 1). Injured muscle lacking MKX also demonstrated decreased expression of pro-inflammatory cytokines as compared to WT (Figure 7). When isolated, Mkx-deficient and WT satellite cells had similar growth curves (Figure 2), indicating that there is no intrinsic proliferation defect. When differentiated in vitro, Mkx−/− satellite cells formed more multinucleated myotubes earlier than WT cells (Figure 2). These data indicate that in the absence of Mkx the satellite cells may differentiate prematurely reducing the activated cell population. Mkx is also expressed in the cells of the innate immune response [28], raising the possibility that the gene is directly regulating recruitment of M1 macrophage to the site of injury. Our studies with BMDCs in culture predict that Mkx plays a cell autonomous role in regulating macrophage proliferation but not polarization to the pro-inflammatory M1 macrophage type. A failure of the macrophage population to expand would contribute to reduced recruitment at the site of injury.



The innate immune response associated with sterile tissue repair, like that observed in skeletal muscle, is shared with bacterial infection [30]. To determine whether the reduced pro-inflammatory response is indicative of a broader immune deficit, Mkx−/− mice were infected with S. enterica, a gram-negative bacterium that invades the mucosa of the gastrointestinal tract and causes an acute inflammatory reaction. In these studies, Mkx−/− mice were found to have a 70-fold increase in susceptibility to S. enterica. This is consistent with a systemic role for Mkx in the induction of pro-inflammatory M1 macrophages. However, S. enterica infection can occur through multiple pathways, including via M cell mediated transcytosis at the Peyer’s patches [32]. Thus, it is also possible that MKX plays an additional role in other cell types (e.g., M cells) that were not investigated here.



The precise cell types regulated by Mkx during the pro-inflammatory response have yet to be determined. The Haemosphere databases indicated that among the many innate immune cell types, Mkx is expressed at high levels in eosinophils [28]. Interestingly, Heredia et al. [33] demonstrated that eosinophils are rapidly recruited to the site of muscle damage, where they activate the pro-regenerative function of FAPs via secretion of IL-4. Further, mice that are eosinophil deficient fail to regenerate skeletal muscle post-injury, indicating that these cells and Mkx may have an important regulatory role in regeneration [33]. Further research into the precise function of Mkx in these and other innate immune cells could provide valuable insight for the development of potential therapeutic approaches aimed at regulating inflammation and regeneration.




4. Materials and Methods


4.1. Mice and Genotyping


Mkx−/− mice on a 129C57BL6/J mixed background have been previously reported (16). WT 129C57BL/6J mice were purchased from The Jackson Laboratories (Bar Harbor, ME, USA). All animals used were bred and maintained in the vivarium at Arizona State University (ASU) on a 10 h light:14 h darkness cycle with ad libitum access to food and water. ASU is accredited by AALAC and all animal procedures were carried out in compliance with the ASU institutional animal care and use committee under an approved research protocol. Mkx−/− mice were genotyped and maintained as previously described [16].




4.2. Muscle Injury


Controlled injury of the right quadriceps of Mkx−/− mice and WT age-matched control mice at 3 months of age was induced by injection of 50 μL of cardiotoxin (10 μM) (Cat# L8102-1MG, Latoxan, Westbury, NY, USA) [34]. In some cases, 24 h prior to tissue harvesting, an i.p. injection of 1% Evans blue dye (Cat# E2129, Sigma-Aldrich, St. Louis, MO, USA) was administered to allow for visualization of damaged cellular membranes [35]. Mice were sacrificed at designated time points and tissue was harvested for analysis. The uninjured quadriceps muscle on the contralateral leg was also harvested for use as controls.




4.3. Histology


Muscles were dissected from euthanized mice and fixed overnight at 4 °C in 4% paraformaldehyde. The tissues were then washed in phosphate buffered saline (PBS), dehydrated through serial ethanol dilutions, and embedded in paraffin (Cat#39503002, McCormick Scientific, New York, NY, USA). Tissues were sectioned at 5 μm, stained with hematoxylin and eosin (H&E) or Masson’s trichrome and imaged using CellSens software (version 1.18) and an Olympus BX50 microscope (Breinigsville, PA, USA). The minimal Feret’s diameter of muscle fibers containing centralized nuclei was manually measured on transverse H&E stained sections using ImageJ software (version 1.53k).




4.4. Cell Culture and Satellite Cell Isolation


Muscle progenitor cells were isolated from 12 week old WT or Mkx−/− mice, as previously described [31]. Briefly, hind limb quadriceps femoris muscles were excised, trimmed of fat and connective tissue, and finely minced. The muscle tissue was digested with 1.25 mg of protease XIV (Cat# P5147, Sigma-Aldrich) for 1 h at 37 °C. The cell suspension was filtered, differentially centrifuged, and pre-plated in DMEM (Corning, Corning, NY, USA), containing 2% donor horse serum (HS) (Atlanta Biologicals, Flowery Branch, GA, USA), and 100 μg/mL Primocin (Cat# ant-pm-05, InvivoGen, San Diego, CA, USA). Satellite cells were grown in a humidified chamber at 37 °C with 5% CO2, on Cultrex (Cat# 3432-010-01, R&D Systems, Minneapolis, MN, USA) coated tissue culture plates in growth medium; Hams F-10 (Cat# 11550043, Gibco, Grand Island, NY, USA), 20% FBS (R&D Systems), 10 ng/mL bFGF (Cat# 354060, BD Biosciences, Bedford, MA, USA) and 100 μg/mL Primocin (InvivoGen, San Diego, CA, USA).




4.5. MTT Proliferation Assays


Satellite cells were passaged once, then seeded at 6 × 104 cells per well in Cultrex-coated 24-well plates (R&D Systems) in Ham’s F10 (Gibco) growth medium supplemented with 20% FBS (R&D Systems), bFGF (BD Biosciences), and Primocin (InvivoGen). On days 1, 2, 3, and 5 post-plating, cells were incubated with 12 mM MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (Cat# 6494, Molecular Probes, Eugene, OR, USA) in phenol red-free Ham’s F10 with 20% FBS (R&D Systems) for 4 h at 37 °C. SDS-HCl was added, cells were incubated an additional 4 h at 37 °C, mixed thoroughly and 150 μL/well were transferred into a 96-well plate and absorbance was read at 570 nm. All data are the average +/− standard deviation of three technical replicates from 3 biological replicates per time point.




4.6. Satellite Cell Differentiation


WT and Mkx−/− satellite cells were switched to differentiation medium (DMEM, 2% HS, 100 μg/mL Primocin (Invivogen) 24 h post-plating on 35 mm Cultrex-coated plates. The medium was changed daily. Cells were cultured for 1, 2, or 3 days before fixation and imaging. Cultures were fixed with 4% paraformaldehyde (PFA) (Sigma Aldrich) in 4 °C PBS at RT, washed 3 times in PBS. Nuclei were visualized by DAPI staining (Cat# 62248, ThermoFisher Scientific, Waltham, MA, USA). DAPI was diluted 1:1000 in diH2O and incubated for 10 min at RT, rinsed 3 times in PBS and stored at 4 °C until imaging. Myotubes containing a minimum of three nuclei were counted in 10 random 10× magnification fields per plate. All time points were done in triplicate.




4.7. Bone Marrow-Derived Macrophage Culture, Proliferation Assay, and Polarization


Bone marrow was harvested from femurs as described previously [36,37]. Bone marrow-derived cells (BMDC) from 5 mice were pooled, plated at 4 × 105 cells per 100 mm petri dish and cultured in RPMI 1640 (VWR International, Radnor, PA, USA) supplemented with M-CSF from L929-conditioned media and heat-inactivated FBS (R&D Systems) [36]. Macrophage differentiation was verified by flow cytometric (FACS) analysis of F4/80+ stained cells. For the proliferation assay, 1 × 105 cells were plated per triplicate well per experimental time point, in a 6-well non-treated plate. A partial media change was performed every 2 days to maintain the concentration of M-CSF. Adherent cells were collected in PBS, stained with Trypan blue (Cat# 15250061, Sigma-Aldrich), and counted using a hemocytometer and an Olympus CK40 microscope (Breinigsville, PA, USA). To induce polarization, BMDCs were plated at 36,000 cells/cm2, in triplicate per condition, in a non-treated 24-well plate and stimulated with 10 ng/mL IFNγ (Cat# 285-IF-100/CF, R&D Systems) 6 h after plating [29]. Cells were harvested 3 days later, washed, and stained with F4/80 and Gr1. Polarization efficacy was assessed via FACS.




4.8. mRNA Isolation and Quantitative Real-Time PCR


RNA was extracted from isolated Mkx−/− and WT cells or whole quadriceps tissue with TRIzol (Life Technologies ThermoFisher, Waltham, MA, USA) according to the manufacturer’s protocol. Reverse transcription of 1 μg of total RNA was performed using Superscript III (Cat#18080093, Invitrogen, Waltham, MA, USA). Real-time quantitative PCR analysis of the cDNA was performed using qPCR MasterMix Plus without UNG (Cat#18080093, Eurogentec, Fremont, CA, USA) on an ABI 7900HT quantitative Real-Time PCR machine. Results were analyzed with the standard delta cycle threshold method and were normalized to the transcription of Gapdh [38].




4.9. Flow Cytometry


Single-cell suspensions from muscle were prepared by collagenase II (Worthington Biochemical Corp, Lakewood, NJ, USA) digestion followed by staining with fluorochrome-conjugated antibodies.



Antibodies used: (1) Gr1 Clone RB6-8C5 (eBioscience, ThermoFisher, Waltham, MA, USA, Cat#48-5931-82); (2) F4/80 Clone BM8 (Invitrogen, Cat# 11-4801-82); (3) CD11b Clone M1/70 (Invitrogen, ThermoFisher, Waltham, MA, USA, Cat#17-0112-81); (4) Siglec-F Clone E50-2440 (RUO), (BD BioSciences, ThermoFisher, Waltham, MA, USA, Cat# 552126); (5) CD206 Clone C068C2 (BioLegend, San Diego, CA, USA, Cat#141701) and live dead stain (eBioscience). Data acquisition was performed on a FACS Aria or Fortessa (BD Biosciences). UltraComp eBeads (Cat#01333342, Invitrogen) were used to generate single-stain controls. Data was analyzed using FlowJo software (version 10.2) and gating strategies as previously described [39] to discriminate against dead cells, debris, and doublets were utilized. M1 macrophages were defined as Gr1low-med, F4/80+, and CD11b+.




4.10. Immune Response Challenge


Salmonella enterica serovar Typhimurium strain (χ3761) was inoculated into a 5 mL culture of Luria-Bertani (LB) broth (Cat# BP1426, ThermoFisher Scientific) and grown statically at 37 °C for 18 h. The overnight statically grown cultures were inoculated at a 1:50 dilution into fresh pre-warmed LB broth and grown with gentle aeration at 37 °C until OD600 = 0.85–0.9. Cultures were centrifuged at 6000× g for 15 min at room temperature and the pellet gently resuspended in 250 µL of sterile PBS. The culture was brought up to 500 µL with sterile PBS, serially diluted, and plated on LB agar to determine CFU per mL as the basis for determining the actual dose of the challenge strain. Mice were deprived of food and water for 6 h immediately prior to oral inoculation behind the incisors with 20 µL of the bacterial strain. Food and water were returned 30 min after oral inoculation. Five mice each were inoculated with 102, 103, 105, and 107 CFU S. enterica to determine the degree of virulence. LD50 values were calculated using the method of Reed and Muench [40].




4.11. Statistics


All experiments were performed using at least three biological replicates. Results were expressed as means ± SD. Statistical analysis was done using one-way ANOVA or Student’s t test performed in GraphPad and p ≤ 0.05 was considered significant (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001).





5. Conclusions


In this study, the complex role of Mkx was examined in acute muscle regeneration. Mkx is expressed in both the muscle and cells of the innate immune system. In examining muscle repair in mice deficient for Mkx, we found that the process was delayed and there was reduced recruitment of macrophages and eosinophils and secretion of cytokines and chemokines. These data indicate that Mkx has a complex role in the regulation of muscle regeneration.







Author Contributions


Conceptualization, A.R., D.M.A. and J.W.-R.; formal analysis, C.A.L., S.A.A., D.M.A., A.R. and J.W.-R.; investigation, C.A.L., S.A.A., D.M.A. and G.E.R.; data curation, A.R. and J.W.-R.; writing—original draft preparation, C.A.L. and S.A.A.; writing—review and editing, A.R. and J.W.-R.; supervision, A.R. and J.W.-R.; Resources, A.R. and J.W.-R. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by funds from the Provost Research Incentive Fund (A.R.), Research Support funds from SOLS (J.W.-R.).




Institutional Review Board Statement


ASU is accredited by the Laboratory Animal Care (AALAC). All procedures were carried out in compliance with the ASU Institutional Animal Care and Use Committee (IACUC) and AALAC under an approved research protocol.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data are contained in the paper.




Acknowledgments


We would like to thank Rulang Jiang, Cincinnati Children’s Hospital, for providing the Mkx−/− mice. We appreciate the support provided by Yung Chang (Arizona State University) and Elizabeth Jacobsen (Mayo Clinic) in FACS analysis. We also dedicate this manuscript to Erik Rogers, who is no longer with us.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Arnold, L.; Henry, A.; Poron, F.; Baba-Amer, Y.; van Rooijen, N.; Plonquet, A.; Gherardi, R.K.; Chazaud, B. Inflammatory Monocytes Recruited after Skeletal Muscle Injury Switch into Antiinflammatory Macrophages to Support Myogenesis. J. Exp. Med. 2007, 204, 1057–1069. [Google Scholar] [CrossRef] [PubMed]

	



Tidball, J.G.; Villalta, S.A. Regulatory Interactions between Muscle and the Immune System during Muscle Regeneration. Am. J. Physiol.-Regul. Integr. Comp. Physiol. 2010, 298, R1173–R1187. [Google Scholar] [CrossRef] [PubMed]

	



Mills, C.D.; Kincaid, K.; Alt, J.M.; Heilman, M.J.; Hill, A.M. M-1/M-2 Macrophages and the Th1/Th2 Paradigm. J. Immunol. 2000, 164, 6166–6173. [Google Scholar] [CrossRef] [PubMed]

	



Fujishima, S.; Hoffman, A.R.; Vu, T.; Kim, K.J.; Zheng, H.; Daniel, D.; Kim, Y.; Wallace, E.F.; Larrick, J.W.; Raffin, T.A. Regulation of neutrophil interleukin 8 gene expression and protein secretion by LPS, TNF-alpha, and IL-1 beta. J. Cell Physiol. 1993, 154, 478–485. [Google Scholar] [CrossRef] [PubMed]

	



Lu, H.; Huang, D.; Ransohoff, R.M.; Zhou, L. Acute skeletal muscle injury: CCL2 expression by both monocytes and injured muscle is required for repair. FASEB J. 2011, 25, 3344–3355. [Google Scholar] [CrossRef]

	



Brigitte, M.; Schilte, C.; Plonquet, A.; Baba-Amer, Y.; Henri, A.; Charlier, C.; Tajbakhsh, S.; Albert, M.; Gherardi, R.K.; Chrétien, F. Muscle Resident Macrophages Control the Immune Cell Reaction in a Mouse Model of Notexin-induced Myoinjury. Arthritis Rheum. 2010, 62, 268–279. [Google Scholar] [CrossRef]

	



Collins, R.A.; Grounds, M.D. The Role of Tumor Necrosis Factor-Alpha (TNF-α) in Skeletal Muscle Regeneration. J. Histochem. Cytochem. 2001, 49, 989–1001. [Google Scholar] [CrossRef]

	



Cheng, M.; Nguyen, M.-H.; Fantuzzi, G.; Koh, T.J. Endogenous Interferon-γ Is Required for Efficient Skeletal Muscle Regeneration. Am. J. Physiol.-Cell Physiol. 2008, 294, C1183–C1191. [Google Scholar] [CrossRef] [PubMed]

	



Mantovani, A.; Sica, A.; Sozzani, S.; Allavena, P.; Vecchi, A.; Locati, M. The Chemokine System in Diverse Forms of Macrophage Activation and Polarization. Trends Immunol. 2004, 25, 677–686. [Google Scholar] [CrossRef]

	



Villalta, S.A.; Rinaldi, C.; Deng, B.; Liu, G.; Fedor, B.; Tidball, J.G. Interleukin-10 Reduces the Pathology of Mdx Muscular Dystrophy by Deactivating M1 Macrophages and Modulating Macrophage Phenotype. Hum. Mol. Genet. 2011, 20, 790–805. [Google Scholar] [CrossRef]

	



Andre, A.B.; Rees, K.P.; O’Connor, S.; Severson, G.W.; Newbern, J.M.; Wilson-Rawls, J.; Plaisier, C.L.; Rawls, A. Single Cell Analysis Reveals Satellite Cell Heterogeneity for Proinflammatory Chemokine Expression. Front. Cell Dev. Biol. 2023, 11, 1084068. [Google Scholar] [CrossRef] [PubMed]

	



Martinez, C.O.; McHale, M.J.; Wells, J.T.; Ochoa, O.; Michalek, J.E.; McManus, L.M.; Shireman, P.K. Regulation of Skeletal Muscle Regeneration by CCR2-Activating Chemokines Is Directly Related to Macrophage Recruitment. Am. J. Physiol.-Regul. Integr. Comp. Physiol. 2010, 299, R832–R842. [Google Scholar] [CrossRef] [PubMed]

	



Tidball, J.G.; Wehling-Henricks, M. Macrophages Promote Muscle Membrane Repair and Muscle Fibre Growth and Regeneration during Modified Muscle Loading in Mice in Vivo. J. Physiol. 2007, 578, 327–336. [Google Scholar] [CrossRef] [PubMed]

	



Uezumi, A.; Ito, T.; Morikawa, D.; Shimizu, N.; Yoneda, T.; Segawa, M.; Yamaguchi, M.; Ogawa, R.; Matev, M.M.; Miyagoe-Suzuki, Y.; et al. Fibrosis and Adipogenesis Originate from a Common Mesenchymal Progenitor in Skeletal Muscle. J. Cell Sci. 2011, 124, 3654–3664. [Google Scholar] [CrossRef] [PubMed]

	



Lemos, D.R.; Babaeijandaghi, F.; Low, M.; Chang, C.-K.; Lee, S.T.; Fiore, D.; Zhang, R.-H.; Natarajan, A.; Nedospasov, S.A.; Rossi, F.M.V. Nilotinib Reduces Muscle Fibrosis in Chronic Muscle Injury by Promoting TNF-Mediated Apoptosis of Fibro/Adipogenic Progenitors. Nat. Med. 2015, 21, 786–794. [Google Scholar] [CrossRef] [PubMed]

	



Anderson, D.M.; Arredondo, J.; Hahn, K.; Valente, G.; Martin, J.F.; Wilson-Rawls, J.; Rawls, A. Mohawk Is a Novel Homeobox Gene Expressed in the Developing Mouse Embryo. Dev. Dyn. 2006, 235, 792–801. [Google Scholar] [CrossRef] [PubMed]

	



Anderson, D.M.; Beres, B.J.; Wilson-Rawls, J.; Rawls, A. The Homeobox Gene Mohawk Represses Transcription by Recruiting the sin3A/HDAC Co-repressor Complex. Dev. Dyn. 2009, 238, 572–580. [Google Scholar] [CrossRef] [PubMed]

	



Anderson, D.M.; George, R.; Noyes, M.B.; Rowton, M.; Liu, W.; Jiang, R.; Wolfe, S.A.; Wilson-Rawls, J.; Rawls, A. Characterization of the DNA-Binding Properties of the Mohawk Homeobox Transcription Factor. J. Biol. Chem. 2012, 287, 35351–35359. [Google Scholar] [CrossRef] [PubMed]

	



Liu, W.; Watson, S.S.; Lan, Y.; Keene, D.R.; Ovitt, C.E.; Liu, H.; Schweitzer, R.; Jiang, R. The Atypical Homeodomain Transcription Factor Mohawk Controls Tendon Morphogenesis. Mol. Cell Biol. 2010, 30, 4797–4807. [Google Scholar] [CrossRef]

	



Liu, H.; Liu, W.; Maltby, K.M.; Lan, Y.; Jiang, R. Identification and Developmental Expression Analysis of a Novel Homeobox Gene Closely Linked to the Mouse Twirler Mutation. Gene Expr. Patterns 2006, 6, 632–636. [Google Scholar] [CrossRef]

	



Ito, Y.; Toriuchi, N.; Yoshitaka, T.; Ueno-Kudoh, H.; Sato, T.; Yokoyama, S.; Nishida, K.; Akimoto, T.; Takahashi, M.; Miyaki, S.; et al. The Mohawk Homeobox Gene Is a Critical Regulator of Tendon Differentiation. Proc. Natl. Acad. Sci. USA 2010, 107, 10538–10542. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, H.; Ito, Y.; Shinohara, M.; Yamashita, S.; Ichinose, S.; Kishida, A.; Oyaizu, T.; Kayama, T.; Nakamichi, R.; Koda, N.; et al. Gene Targeting of the Transcription Factor Mohawk in Rats Causes Heterotopic Ossification of Achilles Tendon via Failed Tenogenesis. Proc. Natl. Acad. Sci. USA 2016, 113, 7840–7845. [Google Scholar] [CrossRef] [PubMed]

	



Berthet, E.; Chen, C.; Butcher, K.; Schneider, R.A.; Alliston, T.; Amirtharajah, M. Smad3 Binds Scleraxis and Mohawk and Regulates Tendon Matrix Organization. J. Orthop. Res. 2013, 31, 1475–1483. [Google Scholar] [CrossRef] [PubMed]

	



Liu, H.; Zhang, C.; Zhu, S.; Lu, P.; Zhu, T.; Gong, X.; Zhang, Z.; Hu, J.; Yin, Z.; Heng, B.C.; et al. Mohawk Promotes the Tenogenesis of Mesenchymal Stem Cells Through Activation of the TGFβ Signaling Pathway. Stem Cells 2015, 33, 443–455. [Google Scholar] [CrossRef] [PubMed]

	



Otabe, K.; Nakahara, H.; Hasegawa, A.; Matsukawa, T.; Ayabe, F.; Onizuka, N.; Inui, M.; Takada, S.; Ito, Y.; Sekiya, I.; et al. Transcription Factor Mohawk Controls Tenogenic Differentiation of Bone Marrow Mesenchymal Stem Cells in Vitro and in Vivo. J. Orthop. Res. 2015, 33, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Nakamichi, R.; Ito, Y.; Inui, M.; Onizuka, N.; Kayama, T.; Kataoka, K.; Suzuki, H.; Mori, M.; Inagawa, M.; Ichinose, S.; et al. Mohawk Promotes the Maintenance and Regeneration of the Outer Annulus Fibrosus of Intervertebral Discs. Nat. Commun. 2016, 7, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Mechakra, A.; Lin, J.; Yang, Y.; Du, X.; Zhang, J.; Ewetse, P.M.; Zhou, F.; Alakpa, E. Mohawk Impedes Angiofibrosis by Preventing the Differentiation of Tendon Stem/Progenitor Cells into Myofibroblasts. Sci. Rep. 2022, 12, 20003. [Google Scholar] [CrossRef] [PubMed]

	



de Graaf, C.A.; Choi, J.; Baldwin, T.M.; Bolden, J.E.; Fairfax, K.A.; Robinson, A.J.; Biben, C.; Morgan, C.; Ramsay, K.; Ng, A.P.; et al. Haemopedia: An Expression Atlas of Murine Hematopoietic Cells. Stem Cell Rep. 2016, 7, 571–582. [Google Scholar] [CrossRef] [PubMed]

	



Saclier, M.; Theret, M.; Mounier, R.; Chazaud, B. Effects of Macrophage Conditioned-Medium on Murine and Human Muscle Cells: Analysis of Proliferation, Differentiation, and Fusion. Methods Mol. Biol. 2017, 1556, 317–327. [Google Scholar] [CrossRef]

	



Benoit, M.; Desnues, B.; Mege, J.-L. Macrophage Polarization in Bacterial Infections. J. Immunol. 2008, 181, 3733–3739. [Google Scholar] [CrossRef]

	



Palade, J.; Pal, A.; Rawls, A.; Stabenfeldt, S.; Wilson-Rawls, J. Molecular Analysis of Muscle Progenitor Cells on Extracellular Matrix Coatings and Hydrogels. Acta Biomater. 2019, 97, 296–309. [Google Scholar] [CrossRef] [PubMed]

	



Broz, P.; Ohlson, M.B.; Monack, D.M. Innate Immune Response to Salmonella Typhimurium, a Model Enteric Pathogen. Gut Microbes 2012, 3, 62–70. [Google Scholar] [CrossRef] [PubMed]

	



Heredia, J.E.; Mukundan, L.; Chen, F.M.; Mueller, A.A.; Deo, R.C.; Locksley, R.M.; Rando, T.A.; Chawla, A. Type 2 Innate Signals Stimulate Fibro/Adipogenic Progenitors to Facilitate Muscle Regeneration. Cell 2013, 153, 376–388. [Google Scholar] [CrossRef] [PubMed]

	



Hardy, D.; Besnard, A.; Latil, M.; Jouvion, G.; Briand, D.; Thépenier, C.; Pascal, Q.; Guguin, A.; Gayraud-Morel, B.; Cavaillon, J.-M.; et al. Comparative Study of Injury Models for Studying Muscle Regeneration in Mice. PLoS ONE 2016, 11, e0147198. [Google Scholar] [CrossRef] [PubMed]

	



Hamer, P.W.; McGeachie, J.M.; Davies, M.J.; Grounds, M.D. Evans Blue Dye as an in vivo marker of myofibre damage: Optimising parameters for detecting initial myofibre membrane permeability. J. Anat. 2002, 200, 69–79. [Google Scholar] [CrossRef] [PubMed]

	



Manzanero, S. Generation of mouse bone marrow-derived macrophages. Methods Mol. Biol. 2012, 844, 177–181. [Google Scholar] [CrossRef] [PubMed]

	



Goncalves, R.; Mosser, D.M. The Isolation and Characterization of Murine Macrophages. Curr. Protoc. Immunol. 2015, 111, 1416. [Google Scholar] [CrossRef]

	



Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 2001, 25, 402–408. [Google Scholar] [CrossRef] [PubMed]

	



Cossarizza, A.; Hyun-Dong, C.; Radbruch, A.; Acs, A.; Adam, D.; Adam-Klages, S.; Agace, W.W.; Aghaeepour, N.; Akdis, M.; Allez, M.; et al. Guidelines for the use of flow cytometry and cell sorting in immunological studies. Eur. J. Immunol. 2019, 49, 1457–1973. [Google Scholar] [CrossRef]

	



Reed, L.J.; Muench, H.A. Simple method of estimating fifty per cent endpoints. Am. J. Epidemiol. 1938, 27, 493–497. [Google Scholar] [CrossRef]








[image: Ijms 25 05019 g001] 





Figure 1. Delayed muscle regeneration in Mkx−/− mice following Cardiotoxin-induced damage. (A) Hematoxylin and eosin stained transverse sections at 10 days post injury in WT and (B) Mkx−/− quadriceps. Black arrowheads denote necrotic fibers. (C) Hematoxylin and eosin stained transverse sections at 21 days post-injury in WT and (D) Mkx−/− quadriceps. (E) Masson’s trichrome stained transverse sections at 10 days post-injury of WT and (F) Mkx−/− quadriceps. Black arrowheads denote necrotic fibers and blue arrowheads denote collagen deposition. (G) Distribution of fiber diameters in regenerating WT and Mkx−/− muscle at 10 days post-injury and (H) 21 days post injury. Fiber measurements are displayed in pixel units. Data are the mean ± SD of 5 replicates/genotype/timepoint, * p ≤ 0.05 and *** p ≤ 0.001. Photomicrographs are 10× magnification. 
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Figure 2. Comparison of proliferation and differentiation of Mkx−/− and WT satellite cells. (A) MTT assays were done using 6 × 104 cells/well on Cultrex-coated 24-well plates in growth medium. Data are average absorbance at 570 nm +/− s.d. of three biological replicates analyzed in triplicate. Significance was assessed by ANOVA, * p < 0.05. (B) Differentiation assays—1 × 105 satellite cells were seeded into Cultrex-coated 35 mm plates. At 24 h differentiation medium was added, cells were fixed at days 1–3, and nuclei stained with DAPI. Myotubes with a minimum of 3 nuclei were counted in 10 random 10× magnification fields/plate. Data are average myotubes/field +/− s.d. of 5 experiments. (C) Size distribution of myotubes based on number of nuclei. Data were analyzed by ANOVA, *** p < 0.001, NS = not significant. 
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Figure 3. Deficit of M1 macrophages in Mkx−/− muscle after injury. M1 macrophages were significantly reduced in Mkx−/− muscle post-cardiotoxin injury. (A) Gating strategy for FACS analysis of macrophage and eosinophil populations in muscle. (B) Quantification of M1 macrophages, (C) M2 macrophages, and (D) eosinophils at 2 days post-injury in Mkx−/− and WT muscle. Data are the mean ± SD of 5 experiments, each experiment done with 5 mice, * p ≤ 0.05, ns—not significant. (E) Representative 10× magnification photomicrographs of anti-F4/80 I HC staining of injured WT and Mkx−/− muscle at 3 days post-injury. 
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Figure 4. Mkx−/− mice have increased susceptibility to bacterial infection. Mkx−/− and WT mice, n = 5 mice/dose/genotype, were inoculated with 102, 103, 105, and 107 CFU of S. enterica and Kaplan–Meier survival curves were generated. Mkx−/− mice demonstrated increased susceptibility to lower doses of bacteria. 
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Figure 5. Proficient polarization of Mkx−/− bone marrow-derived macrophages. MKX-deficient cells demonstrate no lack of polarization to the Gr1+ M1 subtype. Representative FACS analysis of F4/80 and Gr1 surface expression from WT and Mkx−/− bone marrow-derived cells +/− 10 ng/mL IFNγ. Grey histogram peaks denote WT bone marrow-derived cells and blue histogram peaks denote Mkx−/− bone marrow-derived cells, n = 3. 
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Figure 6. Delayed proliferation of Mkx−/− bone marrow-derived macrophages. Proliferation of WT and Mkx−/− bone marrow-derived cells over 14 days in culture was determined using Trypan blue exclusion counting. Data are mean ± SD from 3 experiments done in triplicate, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 
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Figure 7. Altered inflammatory response in Mkx−/− muscle following cardiotoxin-induced injury. Mkx-deficient muscle demonstrated reduced expression of the pro-inflammatory genes, Ccl2, Ifnγ, and Tnfα. Total muscle RNA was isolated from Mkx−/− and WT cardiotoxin-injured quads and transcription levels were analyzed by RT-qPCR using ΔΔCt analysis. All samples (n = 5 at day 1, n = 9 at day 2, n = 4 at day 3, n = 3 at day 5) were normalized to WT uninjured contralateral muscle. Data are the mean ± SD of each timepoint, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 
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