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Purpose: Extracellular matrix (ECM) is a key component of the stem cell local microenvironment. Our study aims to explore the periglandular distribution of major components of ECM in the Meibomian gland (MG).

Methods: Human eyelids and mouse eyelids were collected and processed for immunofluorescence staining.

Results: Human MG tissues stained positive for collagen IV α1, collagen IV α2, collagen IV α5, and collagen IV α6 around the acini and duct, but negative for collagen IV α3 and collagen IV α4. The mouse MG were stained positive for the same collagen IV subunits as early as postnatal day 15. Laminin α2, laminin β1 and perlecan stained the regions surrounding the acini and the acinar/ductal junction in the human MG, but not the region around the duct. Tenascin-C was found specifically located at the junctions between the acini and the central ducts. Neither agrin nor endostatin was found in the human MG tissues.

Conclusion: The ECM expresses specific components in different regions around the MG, which may play a role in MG stem cell regulation, renewal, and regeneration.
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Introduction

Meibomian glands (MG) are large holocrine glands located in the eyelids, which play an important role in the maintenance of ocular surface health (1–3). The tissue is composed of clusters of acini connected to a central duct via ductules, as grapes grow on a vine (1). Because of the nature of holocrine secretion, the meibomian gland (MG) continuously undergoes cell replacement, which relies on the dynamic activity of stem cells. If the stem cells are exhausted, new epithelial cells cannot be generated, which leads to gland atrophy and dropout (4). The loss of MG acini is frequently observed in meibomian gland dysfunction (MGD), which is the major cause of the dry eye that affects hundreds of millions of patients in the United States (1, 2, 5–7). Unfortunately, there is no known way to regenerate MG after dropout and no cure for MGD.

It is currently believed that the MG stem cells are located at the junction between ductal and acinar basal epithelia, and that they give rise to two distinct, unipotent populations of daughter progenitor cells, which generate ductal and acinar tissues (8–10). This hypothesis is consistent with our observation that the epithelial cells of acini and ducts express different biomarkers, and that the MG acinar epithelial progenitor cells can be identified by a specific marker (11). If an individual MG stem cell gives rise to distinct progenitors, there should be different signals driving them to produce either ductal or acinar daughter cells. However, the factors that regulate and determine the fate of the MG stem cells remain unknown.

In other tissues, one of the most important regulators of stem cell fate is the extracellular matrix (ECM) (12–14). The ECM is a key component of the stem cell local microenvironment (i.e., niche), and not only provides a scaffold for the tissue, but also plays a very important role in determining stem and progenitor cell fate (15). ECM closely regulates cell behaviors including proliferation, differentiation, migration, and apoptosis (16). A study found that hyaluronan, a major ECM, plays an essential role in MG and eyelid development, which indicates that ECM may be a key factor in modulating the progeny of MG stem cells, and driving them to produce either acinar or ductal epithelial cells (17). We hypothesize that the ECM surrounding the MG acini, ducts, and at the junctions between them are all different. To begin to test our hypothesis, we investigated the periglandular distribution of several major components of ECM, including collagen IV subtypes, laminins, tenascin-C, perlecan, agrin and endostatin (18–22).



Materials and methods


Human and mouse tissues

Discarded and deidentified human eyelid tissues were obtained within 12 h after eyelid surgeries (five women, three men; age range, 63–88 years). Preoperative examination, including subjective questionnaire, slit lamp examination, Schirmer I-test and meibomian gland expression evaluation, confirmed normal meibomian gland structure and excluded dry eye. The use of human tissues was approved by the Institutional Review Board of the Massachusetts Eye and Ear Infirmary and Schepens Eye Research Institute (SERI) and adhered to the tenets of the Declaration of Helsinki. Eyelids from C57BL/6J mice of different ages (postnatal day 2, postnatal day 15, 2 months and 15 months old) were obtained immediately after sacrifice. At least five mice in each age group were examined. All experiments with these mice were approved by the SERI Institutional Animal Care and Use Committee (IACUC) and adhere to the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research. Tissue samples were immediately frozen in optimal cutting temperature compound (OCT, Tissue-Tek, Sakura USA, Torrance, CA) and later sectioned (15 μm) with a cryostat for staining procedures.



Immunofluorescence staining

Eyelid sections were fixed with cold methanol for 15 minutes at −20°C. Following three phosphate-buffered saline (PBS) rinses for 5 min each, samples were blocked with 2% bovine serum albumin (BSA, Sigma-Aldrich Corp., St. Louis, MO) in PBS for 60 min, and then incubated overnight at 4°C in a moist chamber with primary antibodies specific for cytokeratin 14 (K14, ab181595, 1:500, Abcam), cytokeratin 6 (K6, ab18586, 1:500, Abcam) and extracellular matrix components (Table 1). Antibodies specific for collagen IV subtypes were generously provided by Dr. Yasuko Tomono and Dr. Yoshikazu Sado from Division of Molecular and Cell Biology, Shigei Medical Research Institute, Japan (Table 1). Isotype antibodies were applied as negative controls. After three additional PBS rinses, donkey anti-rabbit (ab150075, 1:200, Abcam) or donkey anti-mouse (2492098, 1:200, EMD Millipore, Temecula, CA) or goat anti-rat (31629, 1:200, Thermo-fisher) secondary antibodies were applied for 1 h at room temperature. C57BL/6J mouse kidney sections were used as positive controls for the collagen IV antibodies, and the mouse IgG1 control antibodies with the same concentration were used as negative controls. The slides were finally mounted using ProLong Gold antifade reagent with 4',6-diamidino-2-phenylindole (DAPI; Thermo Fisher Scientific, Waltham, MA) and observed with a confocal microscope (Leica TCS SP8, Leica Microsystems, Wetzlar, Germany).


TABLE 1 List of primary antibodies used in immunolocalization of acinar and ductal cell markers and extracellular matrix components in human meibomian gland.
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Results

The major components of ECM are multiple isoforms of collagen IV and different types of glycoproteins and proteoglycans (18). We used specific antibodies to identify these compositions in human meibomian gland sections. We also investigated the localization of collagen IV subtypes in the mouse meibomian gland.


Cytokeratins

In the human tissue sections, cytokeratin 14 (K14) and cytokeratin 6 (K6) show the morphology and structure of the MG tissue (11). In Figure 1, K14 shows the structure of both the acinar and the ductal epithelia, while K6 stains only the ductal cells. The inner layer of the luminal surface of the duct shows the most intense staining for K6.


[image: Figure 1]
FIGURE 1
 Identification of cytokeratin 14 (K14, green), cytokeratin 6 (K6, red), collagen IV α2 (COL4α2, blue), collagen IV α3 (COL4α3, blue) and collagen IV α6 (COL4α6, blue) in the human Meibomian gland (MG). K14 is present in both ductal and acinar epithelial cells, whereas K6 expression is restricted to ductal cells. Human MG tissues stain positive for COL4α2 (A) and COL4α6 (C), but negative for COL4α3 (B). Scale bar = 100 μM.




Collagen IV subtypes

Type IV collagen is the most abundant component of basement membrane (BM), which is the major component of ECM, and comprises up to six genetically distinct α-chains, designated α1 to α6 (19). In order to test whether there are any differences in the expression of collagen IV subtypes around the MG, we used specific antibodies against collagen IV α1 (COL4α1), collagen IV α2 (COL4α2), collagen IV α3 (COL4α3), collagen IV α4 (COL4α4), collagen IV α5 (COL4α5), and collagen IV α6 (COL4α6) in our study. The specificity of these antibodies has been tested in previous publications (23–26). These α-chains are arranged into three distinct heterotrimers: α1α1α2, α3α4α5, and α5α5α6 (19). The human tissue sections were stained with all six antibodies, and the results of the staining are summarized in Table 2. Our results show that the human MG tissues stain positive for COL4α1, COL4α2, COL4α5, and COL4α6, but negative for COL4α3 and COL4α4. Figure 1 shows the human tissue sections stained with COL4α2, COL4α3, and COL4α6. These three subunits represent the localization of the distinct heterotrimers.


TABLE 2 Expression pattern of extracellular matrix components in human meibomian gland.
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Tissue sections from mice at a range of ages were also stained with the six specific collagen IV subunit antibodies, as well as K14 (to indicate MG epithelial cells) (11) and DAPI (Figure 2). The results show that at postnatal day 2 (P2), when the eyelids are still fused, there is no apparent structure of MG acini or ducts. A solid cord of epithelial cells marked by K14 was visible in the eyelid but staining for all the collagen IV subtypes was negative. By postnatal day 15 (P15), the mature MG structure has developed, with morphology similar to that of adult mice. As in the human tissue sections, four of the six collagen IV subtypes were present around the mature MG; both COL4α3 and COL4α4 were absent. Figure 2 shows the results of staining tissue sections from mice of different ages with COL4α2, COL4α3, and COL4α5. When viewed in combination, these data represent the presence or absence of each of the distinct heterotrimers.


[image: Figure 2]
FIGURE 2
 Identification of cytokeratin 14 (K14, green), collagen IV α2 (COL4α2, red), collagen IV α3 (COL4α3, red) and collagen IV α5 (COL4α5, red) in the mouse Meibomian gland of different developmental stages. Nuclei were counterstained with 4', 6-Diamidino-2-phenylindole (DAPI) in blue. (A) postnatal day 2 (P2); (B) postnatal day 15 (P15); (C) 2 months old; and (D) 15 months old. Scale bar = 50 μM.




Glycoproteins
 
Laminins

Laminins are multidomain, heterotrimeric glycoproteins, composed of one each of five α, four β, and three γ chains (20). At least 16 different isoforms have been confirmed in the human body (20). In order to most efficiently identify multiple isoforms, we incubated human MG sections with antibodies specific for laminin α2 and laminin β1. The results show that both the regions surrounding the acini and the acinar/ductal junction, but not the region around the duct, stain positive for laminins (Figures 3A,B).


[image: Figure 3]
FIGURE 3
 Identification of K14 (green), glycoproteins (red) and proteoglycans (red) in the human Meibomian gland (MG). Nuclei were counterstained with 4', 6-Diamidino-2-phenylindole (DAPI) in blue. Laminin α2 (A), laminin β1 (B) and perlecan (D) stained positive surrounding the acini and the acinar/ductal junction, but not the region around the duct. Tenascin-C (C) was found specifically located at the junctions between the acini and the central duct (white arrows). The staining was negative for both agrin (E) and endostatin (F) in the human MG tissues. Scale bar = 100 μM.




Tenascin-C

Tenascin-C is a large glycoprotein in the ECM that exhibits a very restricted pattern of expression (21). It is an important functional component of various stem cell niches, and plays a major role in regulating stem cell fate (27, 28). Our results show that, in human MGs, tenascin-C is specifically located at the junctions between the acini and the central duct (Figure 3C).

Proteoglycans

Proteoglycans are a group of heavily glycosylated molecules found at the periphery of cells. In the BM, these proteoglycans include perlecan, agrin and endostatin (22). In human MG tissue, we observed perlecan around the acini, including at the junction with the duct (Figure 3D). We were unable to identify agrin or endostatin staining in the human tissue sections (Figures 3E,F).





Discussion

In this study, our data support our hypothesis that the components of ECM are different surrounding the MG acini, ducts and the junctions between them. We have shown that tenascin-C is junction-specific, and that the laminin α2 and β1 chains, as well as perlecan, are located around the acini and junctions. The same collagen IV subtypes are expressed around the entire MG.

A better understanding of the distribution of different ECM components throughout the MG is very important for MG stem cell research. Currently, no specific marker for MG stem cells has been identified. We have previously located MG progenitor cells at the basal layer of the acini (11). Compared to stem cells, progenitors are often unipotent and more specific (29). It is believed that the acinar and the ductal epithelia have distinct progenitor cells. The differences in ECM protein distribution may play a very important role in controlling the activation of MG stem cells to produce more specific progenitor cells. Within the epithelial stem cell niche, stem cells come into direct contact with the ECM, which plays an important role in their maintenance (16). Thus, identifying the major components of the ECM, and drawing a map of their distribution, will increase our understanding of MG physiology and function and, perhaps ultimately, allow us to localize the MG stem cells. Because the MG is a modified sebaceous gland, and there are many similarities between MGs and the sebaceous glands within the pilosebaceous unit (1), we chose to investigate some typical markers surrounding both the sebaceous gland and the hair follicle bulge.

The expression of tenascin-C at the junctions between the MG acini and ducts is very interesting, because it is consistent with the belief that the MG stem cells are located in this region. Our findings are consistent with Milz et al.'s results, which revealed that tenascin was unevenly distributed within the tarsal plate and periglandular areas were often weakly stained (30). The tenascin family is a group of glycoproteins in the ECM (31). While tenascin-C is widespread in embryonic tissues, its expression in adult tissues is restricted to specific sites (31), primarily within stem cell niches (e.g., in the corneal limbus) (28, 32). Tenascin-C has been shown to regulate stem/progenitor cell proliferation and differentiation during organ morphogenesis, turnover and regeneration (28, 33). As the interaction between ECM and stem cells is bidirectional, the splicing, glycosylation and assembly of tenascin-C are regulated by stem cells in the stem cell niche (21). Our observation of tenascin-C differs from findings in other sebaceous glands, possibly due to morphological differences between MGs and hair–associated skin sebaceous glands (28, 34). However, the staining we observed is similar to the localization of tenascin-C within the bulge region of hair follicles, in which the stem cells locate, increasing the likelihood that the MG stem cells will be found at the junctional sites between acini and ducts (34). This situation is also very similar to that of the salivary gland, in which the stem cells are located at the intercalated duct that connects the acinus with the proximal duct (35).

Another major difference in the composition of ECM around MGs is that the laminin α2 and β1 chains and perlecan are only found surrounding the acini and the junctional site. Laminins are the defining component for BM (36). In the epithelial niche, stem cells contact the BM directly, and laminins play a very important role in their maintenance. There are currently 16 different isoforms of laminin identified in the human body: laminins 111 (i.e. α1β1γ1), 121, 211, 213, 221, 311, 312, 321, 332, 411, 421, 422, 423, 511, 521, and 523 (20). Our result shows that at least eight different kinds of laminin may be present in the ECM around MG acini and junctional sites, including laminins 111, 211, 213, 221, 311, 312, 411, and 511. Among these isoforms, laminin 511 has been reported to play a very important role in hair follicle morphogenesis (37). It has also been reported that laminin 511 promotes self-renewal in mouse embryonic stem cells in vitro (38). Perlecan is a multifunctional heparan sulfate proteoglycan in the BM. Perlecan participates in a variety of biological activities, including modulating epithelial cell behavior, tissue morphogenesis and metabolism (39–41). It has been reported that perlecan is required for fibroblast growth factor receptor 2 signaling in the neural stem cell niche (42), which is important for meibomian gland homeostasis in the adult mouse (43). Both laminins and perlecan are associated with the regulation of cell quiescence (44, 45). Thus, the distribution of laminin α2 and β1 chains and perlecan may specify the localization of stem and progenitor cells. Combined with the tenascin-C results, we think the location of these markers indicates that the stem cells are located at the junction, while the basal acinar region is likely to be the location of acinar progenitor cells in the MG (8–11).

We did not identify a specific ECM marker located only around the duct. Interestingly, the luminal surface of the duct shows higher staining for K6 than any other part of the duct. In our previous study, we identified K6 as a specific marker for MG ducts (11). K6 has been found in some populations of the luminal ductal cells in other glands (46). A population of K6-positive cells in the prostate gland, which has a high potential for proliferation and differentiation, is a possible candidate for stem cells (47). The pronounced K6 staining in the MG may indicate that this subpopulation of cells comprises the progenitor ductal cells. Because of the similarities between stem and progenitor cells, this may indicate that the previously-suggested “stem cells” at the center of the duct are actually ductal progenitor cells (48, 49).

Collagen IV, a major ECM component, regulates stem cell renewal and tissue regeneration in vivo (50). We found that the ECM around the human MG expresses four of the six collagen IV α-chains. Because there are three distinct heterotrimers (α1α1α2, α3α4α5, and α5α5α6), our results indicate that collagen IV in human MG exists in the forms of α1α1α2 and α5α5α6 (19). This result is consistent with observations in the epidermis and sebaceous glands, in which the α3α4α5 chain is also absent (25). We did not observe significant differences in the distribution of the collagen IV subtypes around the MG. This result is similar to previous studies in the salivary gland (51). According to other researchers, the distribution of collagen IV subtypes could change in labial salivary glands under diseased conditions, such as Sjögren Syndrome (35). Because Sjögren Syndrome also impacts MGs and causes MGD (52), it is possible that similar changes could be observed in the MG in Sjögren Syndrome patients. Further studies in this area may help better understand the pathophysiology of MGD.

The results of the mouse tissue samples are also very interesting. The mice at P2 did not have any MG acini or ducts in their fused eyelids; by P15, they showed mature MG morphology. This morphological development process of mice in our study is consistent with the observations of other researchers (53). The mouse samples with mature MG morphology showed collagen IV subtype distribution similar to humans. It appears that the collagen IV does not deposit before the mature MG is formed. Because of the origins of the antibodies, the mouse samples showed high background staining with laminin, tenascin-C, perlecan, agrin and Endostatin antibodies. Thus, we did not draw any conclusion from those data. Future studies with mouse samples are needed. Besides ECM scaffold component, ECM-bound biomolecules are also key component responsible for regulating cells fate (54). Studies in hematopoietic stem cells reported signals from ECM, ECM-bound or diffusible biomolecules could trigger stem cell fate specification events (55, 56). While our study had focused on the scaffold component of ECM, such ECM-bound biomolecules may need future research to identify in the human MG.

In conclusion, our study draws a primary map for the distribution of different components of the ECM around MGs. The discovery of the differences in the ECM surrounding MG structures sheds light on locating the MG stem cells. Because of the close relationship between the ECM and cell fate and function, the identification of the key components in the MG ECM could help us understand the biology and pathophysiology of the tissue. It will also help us to develop in vitro culture conditions more closely linked to the in vivo state.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author/s.



Ethics statement

The studies involving human participants were reviewed and approved by Institutional Review Board of the Massachusetts Eye and Ear Infirmary and Schepens Eye Research Institute (SERI). The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by Institutional Review Board of the Massachusetts Eye and Ear Infirmary and Schepens Eye Research Institute (SERI).



Author contributions

DC, XC, H-TX, and YL carried out the study. DC drafted the manuscript. DC, XL, and YL conceived the study and its design, as well as revised the manuscript. MH and XL provided the clinical samples. XL and YL supervised and coordinated the study. All authors contributed to the article and approved the submitted version.



Funding

This research was supported by National Natural Science Foundation of China (Grant No. 82000863), National High Level Hospital Clinical Research Funding (Grant No. 2022-PUMCH-A-198), Young Scholarship Program of Peking Union Medical College Hospital (Grant No. Pumch201910845), NIH Grants (R21028653 and P30EY003790), the Margaret S. Sinon Scholar in Ocular Surface Research Fund, and the David A. Sullivan Laboratory Fund.



Acknowledgments

We would like to extend our sincere gratitude to David A. Sullivan, MS, PhD, FARVO and Wendy R. Kam for their support during the research, and we also would like to thank Dr. Yasuko Tomono and Dr. Yoshikazu Sado (Division of Molecular and Cell Biology, Shigei Medical Research Institute, Japan) for their generosity of sharing antibodies.



Conflict of interest

Author MH is employed by Ophthalmic Consultants of Boston.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Knop E, Knop N, Millar T, Obata H, Sullivan DA. The international workshop on meibomian gland dysfunction: report of the subcommittee on anatomy, physiology, and pathophysiology of the meibomian gland. Invest Ophthalmol Vis Sci. (2011) 52:1938–78. doi: 10.1167/iovs.10-6997c

 2. Willcox MDP, Argueso P, Georgiev GA, Holopainen JM, Laurie GW, Millar TJ, et al. TFOS DEWS II tear film report. Ocul Surf. (2017) 15:366–403. doi: 10.1016/j.jtos.2017.03.006

 3. Green-Church KB, Butovich I, Willcox M, Borchman D, Paulsen F, Barabino S, et al. The international workshop on meibomian gland dysfunction: report of the subcommittee on tear film lipids and lipid-protein interactions in health and disease. Invest Ophthalmol Vis Sci. (2011) 52:1979–93. doi: 10.1167/iovs.10-6997d

 4. Jester JV, Parfitt GJ, Brown DJ. Meibomian gland dysfunction: hyperkeratinization or atrophy? BMC Ophthalmol. (2015) 15 Suppl 1:156. doi: 10.1186/s12886-015-0132-x

 5. Chao W, Belmonte C, Benitez Del Castillo JM, Bron AJ, Dua HS, Nichols KK, et al. Report of the Inaugural Meeting of the TFOS i = initiating innovation Series: Targeting the Unmet Need for Dry Eye Treatment. Ocul Surf. (2016) 14:264–316. doi: 10.1016/j.jtos.2015.11.003

 6. Stapleton F, Alves M, Bunya VY, Jalbert I, Lekhanont K, Malet F, et al. TFOS DEWS II Epidemiology Report. Ocul Surf. (2017) 15:334–65. doi: 10.1016/j.jtos.2017.05.003

 7. Bron AJ, de Paiva CS, Chauhan SK, Bonini S, Gabison EE, Jain S, et al. TFOS DEWS II pathophysiology report. Ocul Surf. (2017) 15:438–510. doi: 10.1016/j.jtos.2017.05.011

 8. Parfitt GJ, Lewis PN, Young RD, Richardson A, Lyons JG, Di Girolamo N, et al. Renewal of the holocrine meibomian glands by label-retaining, unipotent epithelial progenitors. Stem Cell Reports. (2016) 7:399–410. doi: 10.1016/j.stemcr.2016.07.010

 9. Olami Y, Zajicek G, Cogan M, Gnessin H. Pe'er J. Turnover and migration of meibomian gland cells in rats' eyelids. Ophthalmic Res. (2001) 33:170–5. doi: 10.1159/000055665

 10. Hwang HS, Parfitt GJ, Brown DJ, Jester JV. Meibocyte differentiation and renewal: insights into novel mechanisms of meibomian gland dysfunction (MGD). Exp Eye Res. (2017) 163:37–45. doi: 10.1016/j.exer.2017.02.008

 11. Xie HT, Sullivan DA, Chen D, Hatton MP, Kam WR, Liu Y. Biomarkers for progenitor and differentiated epithelial cells in the human meibomian gland. Stem Cells Transl Med. (2018) 7:887–92. doi: 10.1002/sctm.18-0037

 12. Chermnykh E, Kalabusheva E, Vorotelyak E. Extracellular matrix as a regulator of epidermal stem cell fate. Int J Mol Sci. (2018) 19:1003. doi: 10.3390/ijms19041003

 13. Wang Y, Hu G, Hill RC, Dzieciatkowska M, Hansen KC, Zhang XB, et al. Matrix reverses immortalization-mediated stem cell fate determination. Biomaterials. (2021) 265:120387. doi: 10.1016/j.biomaterials.2020.120387

 14. Sanchez-Romero N, Sainz-Arnal P, Pla-Palacin I, Dachary PR, Almeida H, Pastor C, et al. The role of extracellular matrix on liver stem cell fate: a dynamic relationship in health and disease. Differentiation. (2019) 106:49–56. doi: 10.1016/j.diff.2019.03.001

 15. Gattazzo F, Urciuolo A, Bonaldo P. Extracellular matrix: a dynamic microenvironment for stem cell niche. Biochim Biophys Acta. (2014) 1840:2506–19. doi: 10.1016/j.bbagen.2014.01.010

 16. Ahmed M, Ffrench-Constant C. Extracellular matrix regulation of stem cell behavior. Curr Stem Cell Rep. (2016) 2:197–206. doi: 10.1007/s40778-016-0056-2

 17. Sun M, Puri S, Parfitt GJ, Mutoji N, Coulson-Thomas VJ. Hyaluronan regulates eyelid and meibomian gland morphogenesis. Invest Ophthalmol Vis Sci. (2018) 59:3713–27. doi: 10.1167/iovs.18-24292

 18. Yue B. Biology of the extracellular matrix: an overview. J Glaucoma. (2014) 23(8 Suppl 1):S20–3. doi: 10.1097/IJG.0000000000000108

 19. Khoshnoodi J, Pedchenko V, Hudson BG. Mammalian collagen IV. Microsc Res Tech. (2008) 71:357–70. doi: 10.1002/jemt.20564

 20. Yurchenco PD. Basement membranes: cell scaffoldings and signaling platforms. Cold Spring Harb Perspect Biol. (2011) 3:a004911. doi: 10.1101/cshperspect.a004911

 21. Giblin SP, Midwood KS. Tenascin-C: form vs. function. Cell Adh Migr. (2015) 9:48–82. doi: 10.4161/19336918.2014.987587

 22. Iozzo RV, Zoeller JJ, Nystrom A. Basement membrane proteoglycans: modulators par excellence of cancer growth and angiogenesis. Mol Cells. (2009) 27:503–13. doi: 10.1007/s10059-009-0069-0

 23. Saito K, Yonezawa T, Minaguchi J, Kurosaki M, Suetsugu S, Nakajima A, et al. Distribution of alpha(IV) collagen chains in the ocular anterior segments of adult mice. Connect Tissue Res. (2011) 52:147–56. doi: 10.3109/03008207.2010.492062

 24. Ninomiya Y, Kagawa M, Iyama K, Naito I, Kishiro Y, Seyer JM, et al. Differential expression of two basement membrane collagen genes, COL4A6 and COL4A5, demonstrated by immunofluorescence staining using peptide-specific monoclonal antibodies. J Cell Biol. (1995) 130:1219–29. doi: 10.1083/jcb.130.5.1219

 25. Hasegawa H, Naito I, Nakano K, Momota R, Nishida K, Taguchi T, et al. The distributions of type IV collagen alpha chains in basement membranes of human epidermis and skin appendages. Arch Histol Cytol. (2007) 70:255–65. doi: 10.1679/aohc.70.255

 26. Oka Y, Naito I, Manabe K, Sado Y, Matsushima H, Ninomiya Y, et al. Distribution of collagen type IV alpha1-6 chains in human normal colorectum and colorectal cancer demonstrated by immunofluorescence staining using chain-specific epitope-defined monoclonal antibodies. J Gastroenterol Hepatol. (2002) 17:980–6. doi: 10.1046/j.1440-1746.2002.02789.x

 27. Zhou S, Zhang W, Cai G, Ding Y, Wei C, Li S, et al. Myofiber necroptosis promotes muscle stem cell proliferation via releasing Tenascin-C during regeneration. Cell Res. (2020) 30:1063–77. doi: 10.1038/s41422-020-00393-6

 28. Chiquet-Ehrismann R, Orend G, Chiquet M, Tucker RP, Midwood KS. Tenascins in stem cell niches. Matrix Biol. (2014) 37:112–23. doi: 10.1016/j.matbio.2014.01.007

 29. Seaberg RM, van der Kooy D. Stem and progenitor cells: the premature desertion of rigorous definitions. Trends Neurosci. (2003) 26:125–31. doi: 10.1016/S0166-2236(03)00031-6

 30. Milz S, Neufang J, Higashiyama I, Putz R, Benjamin M. An immunohistochemical study of the extracellular matrix of the tarsal plate in the upper eyelid in human beings. J Anat. (2005) 206:37–45. doi: 10.1111/j.0021-8782.2005.00363.x

 31. Midwood KS, Chiquet M, Tucker RP, Orend G. Tenascin-C at a glance. J Cell Sci. (2016) 129:4321–7. doi: 10.1242/jcs.190546

 32. Maseruka H, Ridgway A, Tullo A, Bonshek R. Developmental changes in patterns of expression of tenascin-C variants in the human cornea. Invest Ophthalmol Vis Sci. (2000) 41:4101–7.

 33. Garwood J, Garcion E, Dobbertin A, Heck N, Calco V, ffrench-Constant C, et al. The extracellular matrix glycoprotein tenascin-C is expressed by oligodendrocyte precursor cells and required for the regulation of maturation rate, survival and responsiveness to platelet-derived growth factor. Eur J Neurosci. (2004) 20:2524–40. doi: 10.1111/j.1460-9568.2004.03727.x

 34. Kloepper JE, Tiede S, Brinckmann J, Reinhardt DP, Meyer W, Faessler R, et al. Immunophenotyping of the human bulge region: the quest to define useful in situ markers for human epithelial hair follicle stem cells and their niche. Exp Dermatol. (2008) 17:592–609. doi: 10.1111/j.1600-0625.2008.00720.x

 35. Poduval P, Sillat T, Virtanen I, Porola P, Konttinen YT. Abnormal basement membrane type IV collagen alpha-chain composition in labial salivary glands in Sjogren's syndrome. Arthritis Rheum. (2009) 60:938–45. doi: 10.1002/art.24388

 36. Hohenester E, Yurchenco PD. Laminins in basement membrane assembly. Cell Adh Migr. (2013) 7:56–63. doi: 10.4161/cam.21831

 37. Li J, Tzu J, Chen Y, Zhang YP, Nguyen NT, Gao J, et al. Laminin-10 is crucial for hair morphogenesis. EMBO J. (2003) 22:2400–10. doi: 10.1093/emboj/cdg239

 38. Domogatskaya A, Rodin S, Boutaud A, Tryggvason K. Laminin-511 but not−332,−111, or−411 enables mouse embryonic stem cell self-renewal in vitro. Stem Cells. (2008) 26:2800–9. doi: 10.1634/stemcells.2007-0389

 39. Sher I, Zisman-Rozen S, Eliahu L, Whitelock JM, Maas-Szabowski N, Yamada Y, et al. Targeting perlecan in human keratinocytes reveals novel roles for perlecan in epidermal formation. J Biol Chem. (2006) 281:5178–87. doi: 10.1074/jbc.M509500200

 40. Mongiat M, Fu J, Oldershaw R, Greenhalgh R, Gown AM, Iozzo RV. Perlecan protein core interacts with extracellular matrix protein 1 (ECM1), a glycoprotein involved in bone formation and angiogenesis. J Biol Chem. (2003) 278:17491–9. doi: 10.1074/jbc.M210529200

 41. Ida-Yonemochi H, Ohshiro K, Swelam W, Metwaly H, Saku T. Perlecan, a basement membrane-type heparan sulfate proteoglycan, in the enamel organ: its intraepithelial localization in the stellate reticulum. J Histochem Cytochem. (2005) 53:763–72. doi: 10.1369/jhc.4A6479.2005

 42. Kerever A, Mercier F, Nonaka R, de Vega S, Oda Y, Zalc B, et al. Perlecan is required for FGF-2 signaling in the neural stem cell niche. Stem Cell Res. (2014) 12:492–505. doi: 10.1016/j.scr.2013.12.009

 43. Reneker LW, Wang L, Irlmeier RT, Huang AJW. Fibroblast growth factor receptor 2 (FGFR2) is required for meibomian gland homeostasis in the adult mouse. Invest Ophthalmol Vis Sci. (2017) 58:2638–46. doi: 10.1167/iovs.16-21204

 44. Voigt A, Pflanz R, Schafer U, Jackle H. Perlecan participates in proliferation activation of quiescent drosophila neuroblasts. Dev Dyn. (2002) 224:403–12. doi: 10.1002/dvdy.10120

 45. Fiore A, Spencer VA, Mori H, Carvalho HF, Bissell MJ, Bruni-Cardoso A. Laminin-111 and the level of nuclear actin regulate epithelial quiescence via exportin-6. Cell Rep. (2017) 19:2102–15. doi: 10.1016/j.celrep.2017.05.050

 46. Grimm SL, Bu W, Longley MA, Roop DR Li Y, Rosen JM. Keratin 6 is not essential for mammary gland development. Breast Cancer Res. (2006) 8:R29. doi: 10.1186/bcr1504

 47. Schmelz M, Moll R, Hesse U, Prasad AR, Gandolfi JA, Hasan SR, et al. Identification of a stem cell candidate in the normal human prostate gland. Eur J Cell Biol. (2005) 84:341–54. doi: 10.1016/j.ejcb.2004.12.019

 48. Lavker RM, Treet J, Sun T. Label-retaining cells (LRCs) are preferentially located in the ductal epithelium of the meibomian gland: implications on the mucocutaneous junctional (MCJ) epithelium of the eyelid. Invest Ophthalmol Vis Sci. (2003)44:3781.

 49. Tektas OY, Yadav A, Garreis F, Schlotzer-Schrehardt U, Schicht M, Hampel U, et al. Characterization of the mucocutaneous junction of the human eyelid margin and meibomian glands with different biomarkers. Ann Anat. (2012) 194:436–45. doi: 10.1016/j.aanat.2012.07.004

 50. Urciuolo A, Quarta M, Morbidoni V, Gattazzo F, Molon S, Grumati P, et al. Collagen VI regulates satellite cell self-renewal and muscle regeneration. Nat Commun. (2013) 4:1964. doi: 10.1038/ncomms2964

 51. Kishi T, Takao T, Fujita K, Taniguchi H. Clonal proliferation of multipotent stem/progenitor cells in the neonatal and adult salivary glands. Biochem Biophys Res Commun. (2006) 340:544–52. doi: 10.1016/j.bbrc.2005.12.031

 52. Sullivan DA, Dana R, Sullivan RM, Krenzer KL, Sahin A, Arica B, et al. Meibomian gland dysfunction in primary and secondary Sjogren Syndrome. Ophthalmic Res. (2018) 59:193–205. doi: 10.1159/000487487

 53. Nien CJ, Massei S, Lin G, Liu H, Paugh JR, Liu CY, et al. The development of meibomian glands in mice. Mol Vis. (2010) 16:1132–40.

 54. Mahadik BP, Bharadwaj NA, Ewoldt RH, Harley BA. Regulating dynamic signaling between hematopoietic stem cells and niche cells via a hydrogel matrix. Biomaterials. (2017) 125:54–64. doi: 10.1016/j.biomaterials.2017.02.013

 55. Csaszar E, Wang W, Usenko T, Qiao W, Delaney C, Bernstein ID, et al. Blood stem cell fate regulation by Delta-1-mediated rewiring of IL-6 paracrine signaling. Blood. (2014) 123:650–8. doi: 10.1182/blood-2013-08-520445

 56. Isern J, Mendez-Ferrer S. Stem cell interactions in a bone marrow niche. Curr Osteoporos Rep. (2011) 9:210–8. doi: 10.1007/s11914-011-0075-y





OPS/images/fmed-09-981610-t002.jpg
ECM component
1.Collagens

ype IV collagen
al(IV) chain
«2(1V) chain
a3(1V) chain
ad(IV) chain
a5(IV) chain
a6(1V) chain

2. Glycoproteins

02 chain
B1 chain

Tenascin-C

Lam

Lami

3. Proteoglycans
Perlecan
Agrin

Endostatin

Acinar

Ductal

Junctional





OPS/images/fmed-09-981610-g003.gif





OPS/images/fmed-09-981610-t001.jpg
Primary antibody

CK14
CK6
COLdal
COLda2
COL4o3
COL4od
COL4a5
COL406
SOX-9
Perlecan
Laminin o2
Laminin p1
Agrin
Endostati

Ig class

1gG1
1561

1362
IgG2a
IgG2a
18G2b
1562
IgG2a
IgG2a
IgG2a
15G1

1gG1

IgMk
IgGk

Dilution

1:1,000

1:50
15
15
15
15
15

1:50
1:50
1:50
1:50
1:50

Origin/vendor

Abcam
Abcam
Sado lab
Sado lab
Sado lab
Sado lab
Sado lab
Sado lab
Santa Cruz
Santa Cruz
Santa Cruz
Santa Cruz
Santa Cruz

Santa Cruz

Secondary detection
system

oys
oy

FITC
FITC
FITC
FITC
FITC
FITC
oy

FITC
FITC
FITC
oy3

cy3





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Expression of extracellular matrix components in the meibomian gland



		Introduction



		Materials and methods



		Human and mouse tissues



		Immunofluorescence staining







		Results



		Cytokeratins



		Collagen IV subtypes



		Glycoproteins



		Laminins



		Tenascin-C













		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Medicine

Expression of extracellular
matrix components in the
meibomian gland





OPS/images/fmed-09-981610-g001.gif





OPS/images/fmed-09-981610-g002.gif









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Medicine





