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Abstract
Within the epidermis and dermis of the skin, cells secrete and are surrounded by the extracellular matrix (ECM), which provides structural and biochemical support. The ECM of the epidermis is the basement membrane, and collagen and other dermal components constitute the ECM of the dermis. There is significant variation in the composition of the ECM of the epidermis and dermis, which can affect “cell to cell” and “cell to ECM” interactions. These interactions, in turn, can influence biological responses, aging, and wound healing; abnormal ECM signaling likely contributes to skin diseases. Thus, strategies for manipulating cell-ECM interactions are critical for treating wounds and a variety of skin diseases. Many of these strategies focus on epidermal stem cells, which reside in a unique niche in which the ECM is the most important component; interactions between the ECM and epidermal stem cells play a major role in regulating stem cell fate. As they constitute a major portion of the ECM, it is likely that integrins and type IV collagens are important in stem cell regulation and maintenance. In this review, we highlight recent research—including our previous work—exploring the role that the ECM and its associated components play in shaping the epidermal stem cell niche.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: Epidermal stem cells reside in a unique niche within the skin, which is shaped by interactions between stem cell-associated integrins and components of the extracellular matrix. Here, we review literature evaluating the role that integrins play in epidermal stem cell maintenance and proliferation, and highlight methods that have been used to enrich for epidermal stem cells. We stress that by understanding the epidermal stem cell niche, new regenerative medicine applications can be developed.
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INTRODUCTION
The skin has epithelial and mesenchymal components[1]. Normally, tissues consist of differentiated cells and a small number of stem cells localized to specific niches[2]. Stem cell niches are specific microenvironments that determine stem cell number and affect stem cell mobility[3]. Furthermore, the complex nature of stem cell niches allows for the formation of distinct structures specialized for different stem cell types[4]. Epidermis is multilayered and is continually renewed and replaced by new cells, a process that results from the action of stem cells. It is known that the extracellular matrix (ECM) is a key component of the stem cell niche in the skin, and biophysical properties of the ECM (such as stiffness) also can affect cell fate determination[4]. As epidermal stem cells express high levels of integrins, these cells are able to interact directly with the ECM[1,4]. Thus, the interaction between stem cell-associated integrins and the ECM may be important in shaping the epidermal stem cell niche. In addition to the ECM and integrins, growth factors or mechanobiological factors can also affect stem cell fate[4,5]. Furthermore, low oxygen tensions (hypoxia) are necessary to maintain undifferentiated stem cell phenotypes, and also influence proliferation and stem cell fate[6]. However, among all of these factors, the ECM seems to play the largest role in shaping stem cell niches and stem cell behavior, and may thus have a major underlying role in physiological and pathological conditions.

SKIN STRUCTURE: A BRIEF OVERVIEW
Skin is composed of the epidermis, dermis, and hypodermis (Figure 1). Multilayered epidermis serves as the outer layer of the skin. Additional structures such as hair follicles and sebaceous glands are also found within the skin. Stem cell proliferation and differentiation are vital for the maintenance of the epidermis, and different pools of skin stem cells are located in the hair follicle (the bulge) and the interfollicular epidermis[7,8]. Histologically, the lower layer of the epidermis is attached to the basement membrane (BM), which separates the epidermis from the underlying connective tissue layer known as the dermis.

THE BASEMENT MEMBRANE AND THE EPIDERMAL STEM CELL NICHE
The BM of the epidermis contains distinct subtypes of laminin, type IV collagen, nidogen, and perlecan (a heparan sulfate proteoglycan); immunohistochemical staining and gene expression studies have demonstrated that there is considerable regional variation in the BM[1]. The mechanical support provided by the BM is determined primarily by its type IV collagen scaffold; however, laminin is essential for the initial assembly of the BM in vivo[9]. Integrins also demonstrate variable expression in different regions of the epidermis[10], and these transmembrane proteins themselves have different kinds of combination (i.e., α2β1, α3β1, and α6β4). Integrins are the major receptors for ECM proteins, and interact with growth factors and cytokine receptors[4]. Growth factors and morphogens can also directly bind to the ECM; this suggests that the ECM might integrate different types of signals in biological microenvironments. As a result, clinical applications of stem cells have emphasized the relationship between epidermal stem cells and the ECM[4]. Recent research has sought to understand how the ECM and integrins cooperate with one another to form the architecture of the epidermal stem cell niche, and how they maintain the balance between stem cell renewal and differentiation[4]. It is possible that variations within the ECM may create distinct environments that can potentially affect the properties of different stem cell populations[1].

EPIDERMAL STEM CELLS: IDENTIFICATION, REGULATION, AND APPLICATIONS
Markers of epidermal stem cells and the epidermal stem cell niche
Stem cells are localized to “niches” - specific sites that regulate how stem cells participate in tissue maintenance and repair. In a niche, stem cell proliferation is regulated and these cells are protected from depletion[11]. Interestingly, evidence suggests that cancer - a common cause of death - is also a stem cell-based disease. Cancer stem cells (CSCs) are a subset of cancer cells that demonstrate stem cell-like abilities - abilities that may induce tumor growth and tumor recurrence. CSCs also require a special “CSC niche” to regulate their stemness and proliferation, and as with endogenous stem cells, this niche prevents CSCs from being depleted[12]. Thus, the stem cell niche is a key factor in the maintenance of stem cells. 
In the skin, an increased level of integrins expression is considered to be a marker of epidermal stem cells[13]. Although the expression levels of integrins in stem cells are only 2-3-fold higher than in stem cell progeny, this is sufficient to make stem cells more adhesive to ECM proteins[14]. Based on these findings, we developed a simple method to isolate epidermal stem cells based on integrin expression. As epidermal stem cells express high levels of integrins, type IV collagen is a good candidate to bind epidermal stem cells[14]. To purify epidermal stem cells, three keratinocyte populations were first characterized by their ability to bind type IV collagen: rapidly adhering (RA), slowly adhering (SA), and non-adhering (NA) cells. The expression levels of p63 and c-Myc were also compared between cells in these three populations. It was concluded that RA cells could be easily isolated from the epidermis, and that these cells were likely epidermal stem cells[15]. This research suggests that integrins may play an important role in the regulation of epidermal stem cells. Type IV collagen has not only been used to isolate epidermal stem cells, but has also been suggested to be directly involved in maintaining epidermal stem cells. Very recently, we reported that inhibition of miR135b could increase the proliferative potential of normal human keratinocytes[16]. Our data demonstrated that type IV collagen is a target of miR135b, and that the inhibition of miR135b may improve the epidermal stem cell microenvironment and increase the proliferative potential of basal cells (Figure 2). These findings suggest that restoration of type IV collagen to the basement membrane is important for stem cell maintenance in skin. Microarray analysis also revealed differences in the expression of ECM proteins between hair follicle stem cells and other epidermal stem cells[17]. These results suggest that integrins and type IV collagen are not the only proteins involved in determining the epidermal stem cell niche; ECM proteins are also important in shaping the niche within the interfollicular epidermis. Although no specific markers are available for the identification of epidermal stem cells, p63 is commonly regarded as a potential epidermal stem cell marker, as p63-/- mice fail to develop stratified squamous epithelia[18]. 

The stem cell niche in regenerative medicine
An effective response of the body to injury depends on regenerative processes that maintain proper cell numbers and replace damaged cells. This “reparative” potential is determined by the presence of stem and progenitor cells, which respond to exogenous cues such as tissue damage. Therapeutic applications of stem cells address the biological constraints of these cells, the stem cell niche, and the location to which these cells are summoned to respond. Understanding the role of the stem cell niche is essential for the application of stem cells in regenerative medicine[19]. 
A major concern in regenerative medicine is obtaining an adequate number of stem cells to treat an injury or disease. For practical applications, one of the most important problems is the small number of stem cells. In order to overcome this challenge, researchers often expand the number of stem cells by in vitro culture; however, most stem cells begin to lose their stem cell character during this process. In many cases, replicating the niche environment in culture is critical to maintain stem cell characteristics[20]. Similarly, “mimicking the native niche” has been shown to be important in tissue engineering of human corneal limbal crypts[21]. As wound healing is a critical process that re-establishes the epithelial barrier following disease or injury, poor wound healing increases infection risk, causes patient morbidity, and may lead to the scar formation. If there is a defect in the stem cell niche, wound repair could be delayed by the abnormal response of stem cells to injury[5]. Thus, understanding how to recreate the stem cell niche is key to regenerative medicine applications. 

Integrins and niche interactions
Integrins are a complicated group of proteins that function as transmembrane receptors; these proteins either connect cells to one another, or to the ECM. Such connections trigger signal transduction pathways, which result in biological responses such as cell proliferation or cell motility. Fibronectin, vitronectin, collagen, and laminin are all ligands for integrins. However, other proteins can mediate cell-cell or cell-ECM interactions; these include cadherins, the immunoglobulin superfamily of cell adhesion molecules, namely, selectins, and syndecans.
Stem cells, whether multipotent or tissue-specific, embryonic or adult, are controlled by intrinsic transcriptional regulation and extrinsic signals[22]. The extrinsic signals originate from the local microenvironment in which stem cells reside. It is well known that the ECM is an important component of the epidermal stem cell niche (see above). In the skin, high integrin levels can distinguish epidermal stem cells[14], and now integrin expression can be used to enrich for stem cells in mixed cell populations[23,24]. In our reports, on skin equivalents (SEs), addition of IGFBP-2 to culture media increased the expression levels of both α6 integrins and β1 integrins in cultured keratinocytes, which are associated with an increased number of epidermal stem cells (p63 positive cells)[25] (Figure 3). Furthermore, it has been reported that activation of β1 integrin decreases terminal differentiation[26]. Signaling studies have demonstrated that the Erk/MAP kinase pathway, which acts downstream of β1 integrins, provides a signal which inhibits differentiation[26,27]. Collectively, these findings are consistent with previous reports that integrins are related to stem cell maintenance.

Integrin regulation and stem cells
Few studies have dissected how epidermal integrin expression and ECM gene expression are regulated. In our previous study, we reported that when hair follicle dermal sheath cells were used to construct SEs, this resulted in increased epidermal thickness and increased expression of α6 integrins, compared to SEs generated from fibroblasts[28] (Figure 4). Building upon this study, it was found that IGFBP-2 is a major factor produced by dermal sheath cells, which regulates the regenerative capacity of the skin; IGFBP-2 plays an important role in maintaining stem cell characteristics in human epidermal keratinocytes[25]. These findings suggest that levels of integrins, which can be regulated by IGFBP-2, are vital for the maintenance of epidermal stem cell characteristics in the skin. 
As it is well known that fetal wounds heal rapidly, we also evaluated the regenerative potential of - and expression of integrins in - neonatal keratinocytes and fibroblasts. When neonatal keratinocytes were used for epidermis reconstruction, expression of p63 was increased compared to adult keratinocytes; levels of integrins were also increased in this model[28]. Recently, we also demonstrated that when neonatal fibroblasts were used to make a dermal substitute, both integrin and p63 expression increased (personal communication). Collectively, these results demonstrate that neonatal cells maintain a higher regenerative potential compared to adult cells. This may result from the fact that neonatal cells have the potential to express more integrins, which favors the environment of the epidermal stem cell niche. 

CONCLUSION
Many ECM genes are up regulated in epidermal stem cells. These proteins act as extrinsic signals that may affect stem cell fate. In this review, we have presented a general overview of ECM interactions, and discussed our previous reports demonstrating the important role that integrins and type IV collagen play in shaping the epidermal stem cell niche.
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Figure 1 Skin structure involves the epidermis, dermis and hypodermis.
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Figure 2 The inhibition of miR135b prolongs the stemness and proliferative potential of epidermal keratinocytes in skin equivalents models. A: Histology of skin equivalent (SE) models constructed with ib-mock-transfected or ib-miR135b-transfected keratinocytes, and immunohistochemical staining of these models for p63, proliferating cell nuclear antigen, type IV collagen, and integrin 1, and integrin 6. Expression levels of p63, PCNA, type IV collagen, integrin 1, and integrin 6 were increased in SEs generated from ib-miR135b-transfected cells; B: Fast-forward co-transfection of keratinocytes with ‘‘miRNA mimic’’ and ‘‘target protector’’. B-1: Negative control of miRNA mimic (10 nmol/L) and negative control of target protector (500 nmol/L); B-2: miRNA mimic (10 nmol/L) and negative control of target protector (500 nmol/L); B-3: miRNA mimic and target protector (500 nmol/L). The inhibition of miR135b increases proliferation of keratinocyte via targeting type IV collagen; C: Real-time PCR analysis of gene expression in co-transfected keratinocytes. The housekeeping gene glyceraldehyde-3-phosphate dehydrogenase was used as an endogenous control. The result was same as (B). H and E, hematoxylin and eosin.
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Figure 3 Effects of IGFBP-2 on skin equivalents reconstruction. Skin equivalents (SEs) were cultured with rapidly adhering (RA) cells (A-E) or slowly adhering (SA) cells (F-Y). Sections of SEs cultured under different treatments [media only (A-J) and 200 ng/mL IGFBP-2 (K-O)] and stained for hematoxylin and eosin (HE) (A, F, K), α6 integrin (B, G, L), 1 integrin (C, H, M), p63 (D, I, N), and proliferating cell nuclear antigen (PNCA) (E, J, O). Addition of IGFBP-2 to culture media increased the expression levels of α6 integrins, β1 integrins, p63, and PCNA in cultured keratinocytes. Original magnification 400 ×. Epidermal thickness was measured at 10 randomly selected locations using an Olysia Soft Imaging System (Olympus). Statistical analysis was performed using the Student’s t-test. aP < 0.01 vs SA + no cytokine model. Bar indicates 50 μm.
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Figure 4 Immunohistochemical staining for involucrin, filaggrin, keratin 1, and α6 integrin in skin equivalents generated from fibroblasts or dermal sheath cells. Sections of skin equivalents (SEs) produced using fibroblasts (A, B, E, F, I, J, M, and N) or dermal sheath cells (C, D, G, H, K, L, O, and P) were stained for involucrin (A-D), filaggrin (E-H), keratin 1 (I-L), and α6 integrin (M-P). SEs were cultured in complete medium in the presence (B, D, F, H, J, L, N, and P) or absence (A, C, E, G, I, K, M, and O) of ascorbic acid. Expression of involucrin, filaggrin, keratin 1, and α6 integrin was up-regulated in SEs of dermal sheath cells compared with SEs of fibroblasts. Original magnification: 400 × (A-P).
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