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A supramolecular look at microenvironmental regulation of limbal epithelial stem cells 
and the differentiation of their progeny
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ABSTRACT
Various approaches have been taken to improve our knowledge of the mi-
croenvironmental regulation of limbal epithelial stem cells. Researchers have 
extensively investigated the roles of growth factors, survival factors, cytokines, 
enzymes, and permeable molecules secreted by the limbal cells. However, recent 
evidence suggests that stem cell fate (i.e., self-renewal or differentiation) can 
also be influenced by biophysical and mechanical cues related to the supramo-
lecular organization and the liquid crystalline (mesophase) nature of the stromal 
extracellular matrix. These cues can be sensed by stem cells and transduced 
into intracellular biochemical and functional responses, a process known as 
mechanotransduction. The objective of this review is to offer perspectives on 
the supramolecular microenvironmental regulation of limbal epithelial stem 
cells and the differentiation of their progeny.
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RESUMO
Muitas abordagens têm sido utilizadas para ampliar entendimentos sobre a regulação 
microambiental das células tronco epiteliais limbais. Neste contexto, pesquisadores têm 
exaustivamente investigado a participação de fatores de crescimento, fatores de sobrevida, 
citocinas, enzimas e moléculas permeáveis secretadas pelas células limbais. Entretanto, 
evidências recentes sugerem que o destino (ie. autorrenovação ou recrutamento para a 
via de diferenciação) das células tronco também sofre influência de estímulos biofísicos ou 
mecânicos relacionados à organização supramolecular e à natureza liquido-cristalina (me-
sofases) da matriz extracelular estromal. Esses estímulos podem ser percebidos e traduzidos 
pelas células tronco em sinais bioquímicos que geram respostas funcionais, através de um 
processo designado de mecanotransdução. Objetiva-se, com a presente revisão, oferecer ao 
leitor perspectivas supramoleculares sobre a regulação microambiental das células tronco 
epiteliais limbais e a diferenciação de sua progênie. 

Descritores: Córnea; Limbo da córnea; Matriz extracelular; Cristais líquidos; Epitélio anterior; 
Mecanotransdução celular; Nicho de células tronco

INTRODUCTION
The homeostasis of adult structures and tissues that undergo cons

tant turnover depends on the supply of regenerating cells(1,2). For the 
corneal epithelium, the healing process involves the proliferation of 
transient amplifying cells (TACs) derived from the differentiation of 
stem cells (SCs) located in the limbal basal epithelium(3-9) (Figure 1). 

Destruction of the SC and TAC populations (i.e., the progenitor 
cells) results in limbal deficiency, which has many consequences for 
the morphofunctionality of the ocular surface(10,11). Limbal deficiency 
is difficult to manage, especially when it affects both eyes and/or 
more than half of the cornea(10-12). The most commonly used approaches 
for treating these cases are based on replacing the lost SCs and 
restoring the stromal microenvironment(10). These approaches can 
involve the transplantation of limbal grafts, non-limbal epithelial 
SCs, intact or denuded amniotic membrane, free-carrier corneal epi
thelial sheets, or tissue-engineered grafts constructed in vitro from 
limbal epithelial stem or progenitor cells and matrices or substrates, 
such as the amniotic membrane or fibrin(13-20). 

The transplantation of substrates colonized by cultured limbal 
epithelial cells has gained scientific and media popularity in recent 
years. However, several longstanding problems associated with the 
development of limbal epithelial SC-based tissue grafts for corneal 

surface reconstruction, and deriving the benefits from these, remain 
to be solved. For example, there is limited understanding of the 
biological and technical variables that influence the survival and 
viability of limbal cells and grafted tissue and matrix; the success 
rate of procedures varies considerably between studies, with  
long-term outcomes poorly defined; and the therapeutic effecti-
veness of bioengineered corneal surface grafts is dependent on 
the causal agent of limbal deficiency and has yet to be extensively 
evaluated by large-cohort studies and meta-analysis. 

The clinical applications of bioengineered corneal surface grafts 
go beyond our understanding of the stimuli and mechanisms invol-
ved in the modulation of limbal epithelial SCs and TACs. Some re
searchers have pointed out that the lack of a specific immunomarker 
hampers the in situ investigation of SCs and their interaction with the 
niche. In our opinion, the progression of knowledge on limbal epithe-
lial progenitor cells has been also stifled by the constant repetition of 
hypotheses and methods employed in laboratory research.

In 2007, Li et al.(21) published a notable review that summarized 
the latest findings at that time related to niche regulation of limbal 
epithelial SCs. However, the articles they reviewed, and most reports 
published since, have only poorly explored the regulation of limbal 
epithelial SCs and TACs by biophysical or mechanical cues related to 
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the supramolecular organization of extracellular matrix (ECM) com-
ponents. Biophysical cues occur in all body tissues (both adult and 
embryonic) and are essential to maintaining normal development 
and function(22-28). 

The objective of this review is to offer new supramolecular and 
biophysics perspectives on the niche regulation of limbal epithelial 
SCs and the differentiation of their progeny. Our aim has not been 
to provide a comprehensive and conclusive review; rather, because 
data on many of the concepts presented here are currently insuffi-
cient, our intention is to explore the issues and to encourage future 
research. 

The limbal epithelial stem cell extracellular niche:  
evidence of liquid crystalline supramolecular organization 

The human limbal epithelial SCs reside in a three-dimensional 
microenvironment, referred to as a niche, located at the limbal pali-
sades of Vogt, an area which is dark pigmented, vascularized, inner-
vated, and infiltrated with suppressor T-lymphocytes and Langerhans 
cells(22,29-35). The basement membrane (BM) of the limbal palisades of 
Vogt has a unique structure, which results from the expression of 
molecules that are absent in the corneal BM such as integrin alpha-9(36), 
N-cadherin without connexin(37), and laminin α2β2 chains(38). In con-
trast to the cornea, the limbal BM is undulating, with pegs of stroma 
that extend upward and are fenestrated(22,29-35). Because of this unique 
structure, many excellent papers have suggested a close interaction 
between limbal stroma and basal epithelium(22,29-39). 

It is widely accepted that the microenvironmental regulation of 
limbal epithelial SCs involves bi-directional interaction (i.e., biocyber-
netic regulation) of the cells with the BM and stroma, and is closely 
related to stemness, differentiation, and the proliferation of TACs(22). 
Conversely, a recent study(40) showed that corneal epithelial cells are 
able to self-organize in a cohesive centripetal growth pattern in the 
absence of external regulation. It should be noted, however, that 
three requirements are needed for this: SCs located circumferentially, 
a limited number of cell divisions, and cell mobility in response to 
population pressure(40). 

Several authors(22,29-35,41) have suggested that the limbal epithelial 
SCs and their progeny are modulated differently in the presence 
or absence of limbal stroma and BM. Experiments that combined 
isolated limbal and corneal epithelial sheets with either limbal or 
corneal stroma showed that intrastromal invasion of limbal epithelial 
progenitor cells occurred only in the limbal region and not in the 
corneal region(42). It appears that the limbal stroma is capable of  
downregulating the expression of cytokeratin 3 (considered a corneal 

epithelial-specific marker) and connexin 43 (considered a putative 
negative marker of SCs), and of causing the de-differentiation of the 
corneal epithelial cells into cells with nearly all features of SCs(42). In 
addition, confocal microscopy evaluations of keratoconus corneas 
showed that the epithelial cells were affected by changes in BM 
and the stroma(43,44). There is evidence that corneal wounding may 
modulate the differentiation of corneal epithelial cells due to a dis-
rupted BM, resulting in the de-differentiation of corneal cells(41). Thus, 
it is possible that changes in the BM provide an altered niche that 
enables the central corneal basal epithelium to assume a phenotype 
resembling that of limbal epithelial SCs and TACs(41). In addition, the 
etiologic association of limbal deficiency with many diseases that 
cause stromal dysfunction(10,11), such as aniridia, neurotrophic kera-
topathy, keratitis associated with multiple endocrine deficiencies, 
chronic limbitis, and congenital erythrokeratodermia, supports the 
concept that the limbal epithelial SCs are modulated (at least in part) 
by the stroma and the BM. 

The mechanisms by which the components of limbal stroma 
and BM can affect the limbal epithelium are not fully understood, 
and many approaches have been taken to extend knowledge in this 
field (Figure 2). Studies of the limbal epithelial SC niche have used 
transgenic mice null for the expression of various genes (such as Dkk2 
and Pax6) that govern oculogenesis(45,46). In addition, there has been 
extensive study of various signaling pathways involved with the de-
velopment, healing, and tumorigenesis of several tissues, including 
the PI3K/Akt, Wnt/β-catenin, Notch, Sonic hedgehog, TGF-β/BMP, 
and Ras/MAPK pathways(22,47-50). Limbal epithelial SC-related adhesion 
molecules have been investigated using quantitative real-time 
polymerase chain reaction arrays(51). Much attention also has been 
focused on the heterogeneity and regulatory function of growth 
and survival factors, cytokines, enzymes, and the small permeable 
molecules thought to be secreted by the limbal stromal cells, as well 
as on the biochemical interactions of limbal epithelial SCs with other 
niche cells and with oligomers of ECM components(52). More recently, 
it has been suggested that the HC-HA/PTX3 complex, formed from 
hyaluronan, heavy chain 1 of the inter-α-trypsin inhibitor, and pen-
traxin 3, could be related to the quiescence of limbal epithelial SCs(53). 

One important aspect related to limbal integrity that has received 
surprisingly little consideration when evaluating the niche regulation 
of limbal epithelial SCs, or the migration of early TACs from the limbus 
to the cornea, is the supramolecular nature of the BM and stroma. Both 
the BM and the stroma are supramolecular organizations (or supraor
ganizations) of ECM; this means that their structural components 

Figure 1. Schematic illustration of the limbus and surrounding epithelium region. Limbal 
stem cells are located in the limbal basal epithelium, with other cell types, such as the 
transient amplifying cells, found in the vicinity of this epithelial layer. 

Figure 2. The microenvironmental stimuli that regulate stem cell fate. The stimuli are 
dictated by the niche, which provides biochemical cues (growth factors, cytokines, 
survival factors, and permeable small molecules) and biophysical and mechanical cues 
(strain, stress, and elasticity) related to the extracellular matrix. 
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only play a role in biological processes after forming macromole
cular complexes such as microfibrils, fibrils, fibers, lamellae, and  
networks(54). Supraorganization occurs through self-recognition and 
the genetically encoded self-assembly of biological particles at va-
rious structural scales, such as from molecule to macromolecule and 
from macromolecule to supramolecular structure(54).

Supramolecular organizations of ECM are not inert solids (because 
they can undergo remodeling), and clearly they are not gases(54,55). 
We recently proposed that the limbal epithelial SC extracellular niche 
should be considered a physiologically and optically active liquid 
crystalline superstructure(54). The concept of biological liquid crystals 
has already been applied to supraorganized structures and tissues, 
such as the cornea(56), chordae tendineae(55), bone(57,58), and tendon(59). 
Support for the concept comes from the observation that structural 
elements from the ECM possess mesophase characteristics(58,60). For 
example, after acidic extraction and in vitro precipitation, fibrillar type 
I collagen, a major component of corneal and limbal stroma, forms a 
twisted liquid crystal-like supramolecular gel(58,61,62). In addition, sections of 
corneal and limbal tissues observed between two crossed-polarizers 
behave as multilayer cholesteric crystals(54,56). Furthermore, excised 
cornea illuminated with polarized light displays dark cross-shaped 
figures with peripheral concentric colored bands(63,64); these are iden-
tical to the isogyres observed in uniaxial liquid crystals. 

The functional dynamicity of a liquid crystalline and supramole
cular biological organization is governed by the reversibility and 
lability of its covalent and hydrogen bonds and the hydrophobic and 
electrostatic interactions that connect its components(65-68). Supraor
ganizations of ECM are therefore able to respond with nanoscale 
macromolecular reorganization to a series of demands or agents, 
including an external force (such as strain or compression), piezo- and 
pyroelectricity, protein binding (e.g., growth factors), enzymatic 
activity (e.g., metalloproteases), and interaction with mesenchymal, 
epithelial, and inflammatory cells(55,65-68). In this respect, it is widely 
accepted that corneal and limbal supraorganized ECMs undergo 
continuous readjustments to their functions of metabolism, turnover, 
wound healing, and other functional demands. Such readjustments 
could allow the basal epithelial cells and the epithelial crypts to 
receive a combination of multiple stimuli and/or sensations within a 
spatiotemporal context. 

Biophysical cues from the supramolecular extracellular matrix

Our sensation of space and movement is routinely predicated on 
varying physical environment features (such as the clarity of air) that 
help dictate our behavior in a particular situation. In an analogous 
manner, evidence suggests that cell responses to microenvironmen-
tal stimuli are processed in accordance with transient biophysical 
cues related to the dynamic supraorganization, topography and 
movement of ECM(22-27). 

Biophysical and mechanical cues (or features) from the supramo
lecular ECM can be contextualized mainly in terms of compression, 
pressure, shear, stiffness, force, stress, tension, compliance, rigidity, and 
elasticity(69) (Table 1). It appears that distinct cellular responses may be 
obtained only by altering one or more of these parameters(22-27). 

Some local modifications in biophysical cues from supramolecu-
lar ECM during tissue remodeling are caused principally by the addition 
or removal of cells and by changes in the biosynthesis of macromo-
lecules(70). Thus, SCs and TACs are constantly subjected to fluctuating 
external forces from their niches(70). Experimental evidence has clearly 
shown that changes in biophysical cues can elicit intracellular progra-
ms that regulate the fate of SCs through integrin-mediated adhesions 
and the force balance carried across the mechanical continuum of 
the ECM-integrin-actin cytoskeleton(70). Biophysical features of ECM 
have been shown to regulate the intracellular architecture and to pro-
vide information for cell activity(22-27). For example, evidence suggests 
that the differentiation and migration of TACs involved in corneal 
epithelium homeostasis could result from the minimization of global 

tension in response to forces exerted by readjustments of stromal 
ECM(54). Studies have demonstrated that cultured corneal limbal epi-
thelial cells can reorganize the cytoskeletal architecture in response 
to different biophysical features of ECM-like polymeric materials(71-73). 
In addition, it has also been demonstrated that spatial readjustments 
of ECM induce an anisotropic distribution of mechanical constraints 
in epithelial cells, which, in response, change their spatial positions 
to minimize both intra- and intercellular forces(74). 

Supraorganization creates signaling sites for cell-ECM interac-
tions(54). These can either enhance or inhibit the differentiation signs 
induced by growth factors, cytokines, and other soluble molecules 
in the vicinity of a cell or adjacent tissue, and can exert direct effects 
on the cell nucleus through mechanosensors such as ion channels, 
G-proteins, and integrins (Figure 3)(70,75-77). Integrins are the primary 
mechanosensors involved in mechanotransductive processes. In 
these processes, stimuli from supramolecular ECM are translated into 
biochemical signs that result in changes in the mechanical stretching 
of cytoplasmic proteins and in the expression of genes related to cell 
proliferation and migration, or to apoptosis(70,75-77). 

Although the molecular mechanisms by which biophysical cues 
are translated into biochemical signs remain unclear, it is known that 

Figure 3. Schematic illustration showing how biophysical cues can stimulate cells 
through the activation of mechanosensors and integrins. The integrins and sensors 
activate the intracellular signaling pathways, which in turn activate transcriptional 
factors and modulate gene expression.

Table 1. Description of the terminology of the biophysical and mechanical 
cues related to supramolecular organization of extracellular matrix(69)

Tension, compression, pressure and shear

These terms refer to distinct types of forces and stresses. A cell can attempt to 
contract using myosin motor, however, be unable to do so because it is attached to 
an inflexible substrate. In this case, the cell is in tension. In contrast, a compressive 
force would act to decrease the length of the cell. Pressure is a three-dimensional 
compressive stress but, unlike other forms of stress, is isotropic. Shear-forces refer to 
those that act in-plane to the local experiencing the force (as opposed to tension 
and/or compression, which acts perpendicular to that plane). 

Force and stress

Force is a vector defined with accelerating a mass and, in researchs with cells, is 
either applied to elicit a response or is quantified to evaluate a mechanical reaction 
from cells. Stress, by contrast, speaks of a force per unit area.

Stiffness, compliance, rigidity and elasticity  

Stiffness describes material stiffness, which is an inherent property of the material 
itself. Compliance is the inverse of stiffness. Rigidity is used synonymously with 
stiffness, although it traditionally refers to a spring (geometry-specific) stiffness. 
Elasticity is used synonymously with compliance, although its strict usage refers 
to the degree to which a material is energy storing vs. dissipating. 
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the mechanical stretching of cytoplasmic proteins induces confor-
mational changes in the mechanosensors to activate the binding of 
other intracellular molecules and to bring about changes in calcium 
(Ca2+) cellular influx(75-77). Calcium has the effect of inhibiting the 
proliferation and triggering the differentiation of mouse corneal 
epithelial cells(78). 

The clinical relevance of knowledge about the supramolecular 
organization of the extracellular matrix and biophysical cues 

The supramolecular organization of ECM and the biophysical 
regulation of limbal epithelial SCs may hold the key to engineering 
stemness and opening up new possibilities for treating the limbal 
deficiency because they reflect nanoscale morphofunctional cha-
racteristics of BM and stromal tissues(54). It was with the advent of 
nanomedicine that the supraorganizations of ECM first the down to 
be considered among the full set of hierarchic levels that researchers 
must master to create artificial tissues or membranes(54). In bioma
terial sciences, the term “supramolecular organization” is used to 
refer to the arrangement of biopolymer (ECM components) that 
confers a structure’s macroscopic and biomechanical attributes(54). In 
ophthalmology, three-dimensional printing technology now allows 
a supraorganization to be evaluated and subsequently reproduced 
in a laboratory. Research on supraorganization can involve, for exam-
ple, nanografting, or nanopost and nanopit arrays, with the aim of 
reproducing the ECM from the nanometer to the micrometer scale. 

Understanding the physical cues of a local SC microenvironment 
is a fundamental step toward understanding the SC itself. The ability 
of SCs to respond to spatiotemporal changes in the supramolecular 
arrangement of ECM as well as to distinct mechanical and biophysical 
cues within their surroundings is gaining increased recognition and 
will continue to be elucidated in the years to come. An apprecia
tion of the supramolecular ECM in the niche can support the de
velopment of new biomimetic substrates for the reconstruction 
of ocular surfaces. In addition, basic knowledge about biophysical 
and mechanical cues related to supramolecular ECM may enable 
the therapeutic modulation of endogenous SCs via changes in the 
microenvironment, as well as provide opportunities to create more 
effective large-scale artificial culture substrates and bioreactors to 
expand and differentiate limbal epithelial SCs. 

REFERENCES
	 1.	 Pellettieri J, Sanchez Alvarado AS. Cell turnover and adult tissue homeostasis: from 

humans to planarians. Annu Rev Genet. 2007;41(1):83-105. 
	 2.	 Biteau B, Hochmuth C, Jasper H. Maintaining tissue homeostasis: dynamic control of 

somatic stem cell activity. Cell Stem Cell. 2011;9(5):402-11. 
	 3.	 Sun TT, Tseng SC, Lavker RM. Location of corneal epithelial stem cells. Nature. 2010; 

463(7284):E10-1; discussion E11. Comment in: Nature. 2008;456(7219):250-4.
	 4.	 Kruse FE. Stem cells and corneal epithelial regeneration. Eye (Lond). 1994;8(2):170-83. 
	 5.	 Sun TT, Lavker RM. Corneal epithelial stem cells: past, present, and future. J Investig 

Dermatology Symp Proc. 2004;9(3):202-7. 
	 6.	 Mort RL, Douvaras P, Morley SD, Dora N, Hill RE, Collinson JM, et al. Stem cells and 

corneal epithelial maintenance: insights from the mouse and other animal models. 
Results Probl Cell Differ. 2012;55:357-94. 

	 7.	 Yoon JJ, Ismail S, Sherwin T. Limbal stem cells: central concepts of corneal epithelial 
homeostasis. World J Stem Cells. 2014;6(4):391-403. 

	 8.	 Cotsarelis G, Cheng SZ, Dong G, Sun TT, Lavker RM. Existence of slow-cycling limbal 
epithelial basal cells that can be preferentially stimulated to proliferate: implications 
on epithelial stem cells. Cell. 1989;57(2):201-9. 

	 9.	 Pellegrini G, Golisano O, Paterna P, Lambiasi A, Bonini M, Rama P, et al. Location and 
clonal analysis of stem cells and their differentiated progeny in the human ocular sur
face. J Cell Biol. 1999;145(4):769-82.

	10.	 Dua HS, Saini JS, Azuara-Blanco A, Gupta P. Limbal stem cell deficiency: concept, 
aetiology, clinical presentation, diagnosis and management. Indian J Ophthalmol. 2000; 
48(2):83-92. Comment in: Indian J Ophthalmol. 2000;48(2):79-81.

	11.	 Zaidi FH, Bloom PA, Corbett MC. Limbal stem cell deficiency: a clinical chameleon. 
Eye (Lond). 2003;17(7):837-9. 

	12.	 Ahmad S. Concise review: limbal stem cell deficiency, dysfunction, and distress. Stem 
Cells Transl Med. 2012;1(2):110-5. 

	13.	 Sejpal K, Bakhtiari P, Deng SX. Presentation, diagnosis and management of limbal 
stem cell deficiency. Middle East Afr J Ophthalmol. 2013;20(1):5-10. 

	14.	 Kocaba V, Damour O, Auxenfans C, Burillon C. Traitement du déficit en cellules sou-
ches limbiques. Revue de la littérature. J Fr Ophtalmol. 2016;39(9):791-803. 

	15.	 Utheim TP. Concise Review: transplantation of cultured oral mucosal epithelial cells 
for treating limbal stem cell deficiency-current status and future perspectives. Stem 
Cells. 2015;33(6):1685-95. 

	16.	 Eslani M, Baradaran-Rafii A, Ahmad S. Cultivated limbal and oral mucosal epithelial 
transplantation. Semin Ophthalmol. 2012;27(3-4):80-93. 

	17.	 Sabater AL, Perez VL. Amniotic membrane use for management of corneal limbal 
stem cell deficiency. Curr Opin Ophthalmol. 2017;28(4):363-9. 

	18.	 Tseng SC, Prabhasawat P, Barton K, Gray T, Meller D. Amniotic membrane transplan-
tation with or without limbal allografts for corneal surface reconstruction in patients 
with limbal stem cell deficiency. Arch Ophthalmol. 1998;116(4):431-41. 

	19.	 Anderson DF, Ellies P, Pires RT, Tseng SC. Amniotic membrane transplantation for partial 
limbal stem cell deficiency. Br J Ophthalmol. 2001;85(5):567-75. 

	20.	 Bakhtiari P, Djalilian A. Update on limbal stem cell transplantation. Middle East Afr J 
Ophthalmol. 2010;17(1):9-14. 

	21.	 Li W, Hayashida Y, Chen YT, Tseng SCG. Niche regulation of corneal epithelial stem 
cells at the limbus. Cell Res. 2007;17(1):26-36. 

	22.	 Li D, Zhou J, Chowdhury F, Cheng J, Wang N, Wang F. Role of mechanical factors in 
fate decisions of stem cells. Regen Med. 2011;6(2):229-40.

	23.	 Eyckmans J, Lin GL, Chen CS. Adhesive and mechanical regulation of mesenchymal 
stem cell differentiation in human bone marrow and periosteum-derived progenitor 
cells. Biol Open. 2012;1(11):1058-68. 

	24.	 Sthanam LK, Barai A, Rastogi A, Mistari VK, Maria A, Kauthale R, et al. Biophysical re-
gulation of mouse embryonic stem cell fate and genomic integrity by feeder derived 
matrices. Biomaterials. 2017;119:9-22. 

	25.	 Blau HM, Cosgrove BD, Ho AT. The central role of muscle stem cells in regenerative failure 
with aging. Nat Med. 2015;21(8):854-62. 

	26.	 Wong SY, Soto J, Li S. Biophysical regulation of cell reprogramming. Curr Opin Chem 
Eng. 2017;15:95-101. 

	27.	 Conway A, Schaffer DV. Biophysical regulation of stem cell behavior within the niche. 
Stem Cell Res Ther. 2012;3(6):50. 

	28.	 Gerecht-Nir S, Radisic M, Park H, Cannizzaro C, Boublik J, Langer R, et al. Biophysical 
regulation during cardiac development and application to tissue engineering. Int J 
Dev Biol. 2006;50(2-3):233-43. 

	29.	 Shortt AJ, Secker GA, Munro PM, Khaw PT, Tuft SJ, Daniels JT. Characterization of the 
limbal epithelial stem cell niche: novel imaging techniques permit in vivo observa-
tion and targeted biopsy of limbal epithelial stem cells. Stem Cells. 2007;25(6):1402-9. 

	30.	 Dua HS, Shanmuganathan VA, Powell-Richards AO, Tighe PJ, Joseph A. Limbal epi-
thelial crypts: a novel anatomical structure and a putative limbal stem cell niche. Br J 
Ophthalmol. 2005;89(5):529-32. 

	31.	 Van Buskirk EM. The anatomy of the limbus. Eye (Lond). 1989;3 (Pt 2):101-8. 
	32.	 Goldberg MF, Bron AJ. Limbal palisades of Vogt. Trans Am Ophthalmol Soc. 1982;80: 

155-71. 
	33.	 Grieve K, Ghoubay D, Georgeon C, Thouvenin O, Bouherauoa N, Paues M, et al. 

Three-dimensional structure of the mammalian limbal stem cell niche. Exp Eye Res. 
2015;140:75-84. 

	34.	 Li Y, Inoue T, Takamatsu F, Kobayashi T, Shiraishi A, Maeda N, et al. Differences between 
niche cells and limbal stromal cells in maintenance of corneal limbal stem cells. Invest 
Opthalmol Vis Sci. 2014;55(3):1453-62. 

	35.	 Ordonez P, Di Girolamo N. Limbal epithelial stem cells: role of the niche microenvi-
ronment. Stem Cells. 2012;30(2):100-7. 

	36.	 Stepp MA, Zhu L, Sheppard D, Cranfill RL. Localized distribution of alpha 9 integrin in 
the cornea and changes in expression during corneal epithelial cell differentiation. J 
Histochem Cytochem. 1995;43(4):353-62. 

	37.	 Hayashi R, Yamato M, Sugiyama H, Sumide T, Yang J, Okano T, et al. N-cadherin is 
expressed by putative stem/progenitor cells and melanocytes in the human limbal 
epithelial stem cell niche. Stem Cells. 2007;25(2):289-96. 

	38.	 Matic M, Petrov IN, Chen S, Wang C, Wolosin JM, Dimitrijevich SD. Stem cells of the corneal 
epithelium lack connexins and metabolite transfer capacity. Differentiation. 1997;61(4): 
251-60. 

	39.	 Goldstein AS. A symbiotic relationship between epithelial and stromal stem cells. Proc 
Natl Acad Sci U S A. 2013;110(51):20356-7. 

	40.	 Lobo EP, Delic NC, Richardson A, Raviraj J, Halliday GM, Di Girolamo N, et al. Self-organized 
centripetal movement of corneal epithelium in the absence of external cues. Nat 
Commun. 2016;7:12388. 

	41.	 Wang IJ, Tsai RJ, Yeh LK, Tsai RY, Hu FR, Kao WW. Changes in corneal basal epithelial 
phenotypes in an altered basement membrane. PLoS One. 2011;6(1):e14537. 

	42.	 Kawakita T, Espana EM, He H, Li W, Liu CY, Tseng SC. Intrastromal invasion by limbal 
epithelial cells is mediated by epithelial-mesenchymal transition activated by air 
exposure. Am J Pathol. 2005;167(2):381-93. 

	43.	 Sherwin T, Brookes NH. Morphological changes in keratoconus: pathology or patho-
genesis. Clin Exp Ophthalmol. 2004;32(2):211-7. 

	44.	 Hollingsworth JG, Efron N, Tullo AB. In vivo corneal confocal microscopy in keratoco-
nus. Ophthalmic Physiol Opt. 2005;25(3):254-60. 

	45.	 Gage PJ, Qian M, Wu D, Rosenberg KI. The canonical Wnt signaling antagonist DKK2 
is an essential effector of PITX2 function during normal eye development. Dev Biol. 
2008;317(1):310-24. 



A supramolecular look at microenvironmental regulation of limbal epithelial stem cells and the differentiation of their progeny

272 Arq Bras Oftalmol. 2017;80(4):268-72

	46.	 Mukhopadhyay M, Gorivodsky M, Shtrom S, Grinberg A, Niehrs C, Morasso MI, et al. 
Dkk2 plays an essential role in the corneal fate of the ocular surface epithelium. Develop-
ment. 2006;133(11):2149-54. Erratum in: Development 2006;133(13):2595; Development. 
2006;133(12):2447.

	47.	 Nakatsu MN, Ding Z, Ng MY, Truong TT, Yu F, Deng SX. Wnt/β-catenin signaling regula-
tes proliferation of human cornea epithelial stem/progenitor cells. Invest Ophthalmol 
Vis Sci. 2011;52(7):4734-41. 

	48.	 Wang L, González S, Dai W, Deng S, Lu L. Effect of hypoxia-regulated polo-like kinase 3 
(plk3) on human limbal stem cell differentiation. J Biol Chem. 2016;291(32):16519-29. 

	49.	 Notara M, Shortt AJ, Galatowicz G, Calder V, Daniels JT. IL6 and the human limbal stem 
cell niche: A mediator of epithelial stromal interaction. Stem Cell Res. 2010;5(3):188-200.

	50.	 Ma A, Boulton M, Zhao B, Connon C, Cai J, Albon J. A role for notch signaling in hu
man corneal epithelial cell differentiation and proliferation. Invest Opthalmol Vis Sci. 
2007;48(8):3576-85. 

	51.	 Polisetti N, Zenkel M, Menzel-Severing J, Kruse FE, Schlötzer-Schrehardt U. Cell adhesion 
molecules and stem cell-niche-interactions in the limbal stem cell niche. Stem Cells. 
2016;34(1):203-19. 

	52.	 Mei H, Gonzalez S, Deng SX. Extracellular matrix is an important component of limbal 
stem cell niche. J Funct Biomater. 2012;3(4):879-94. 

	53.	 Tseng SC. HC-HA/PTX3 purified from amniotic membrane as novel regenerative matrix: 
insight into relationship between inflammation and regeneration. Invest Opthalmol Vis 
Sci. 2016;57(5):ORSFh1-8. 

	54.	 Valdetaro GP, Aldrovani M, Padua IR, Cristovam PC, Gomes JA, Laus JL. Supra-or
ganization and optical anisotropies of the extracellular matrix in the amniotic 
membrane and limbal stroma before and after explant culture. Biomed Opt Express. 2016; 
7(12):4982-94. 

	55.	 de Campos Vidal B, Mello MLS. Structural organization of collagen fibers in chordae 
tendineae as assessed by optical anisotropic properties and Fast Fourier transform. J 
Struct Biol. 2009;167(2):166-75. 

	56.	 Aldrovani M, Guaraldo AM, Vidal BC. Optical anisotropies in corneal stroma collagen 
fibers from diabetic spontaneous mice. Vision Res. 2007;47(26):3229-37. 

	57.	 Giraud Guille MM, Mosser G, Helary C, Eglin D. Bone matrix like assemblies of collagen: 
From liquid crystals to gels and biomimetic materials. Micron. 2005;36(7-8):602-8. 

	58.	 Giraud-Guille M-M, Besseau L, Martin R. Liquid crystalline assemblies of collagen in 
bone and in vitro systems. J Biomech. 2003;36(10):1571-9. 

	59.	 Vidal B de C, Mello ML. Chirality and helicity of poly-benzyl-L-glutamate in liquid 
crystals and a wave structure that mimics collagen helicity in crimp. Mater Res. 2001; 
4(3):169-73. 

	60.	 Price JC, Roach P, El Haj AJ. Liquid crystalline ordered collagen substrates for appli-
cations in tissue engineering. ACS Biomater Sci Eng. 2016;2(4):625-33. 

	61.	 Kirkwood JE, Fuller GG. Liquid crystalline collagen: a self-assembled morphology for 
the orientation of mammalian cells. Langmuir. 2009;25(5):3200-6. 

	62.	 Giraud-Guille MM. Liquid crystalline phases of sonicated type I collagen. Biol Cell. 
1989;67(1):97-101. 

	63.	 Mastropasqua R, Nubile M, Salgari N, Lanzini M, Calienno R, Mattei P, et al. Interference 
figures of polarimetric interferometry analysis of the human corneal stroma. PLoS 
One. 2017;12(6):e0178397.

	64.	 Misson GP, Timmerman BH, Bryanston-cross PJ. Human corneal stromal lamellar orga-
nisation: a polarised light study in pseudophakic eyes. J Mod Opt. 2008;55(4-5):625-37. 
doi:10.1080/09500340701467801.

	65.	 Rey AD, Herrera-Valencia EE, Murugesan YK. Structure and dynamics of biological liquid 
crystals. Liq Cryst. 2014;41(3):430-51. http://dx.doi.org/10.1080/02678292.2013.845698 

	66.	 Stewart GT. Liquid crystals in biology II. Origins and processes of life. Liq Cryst. 2004; 
31(4):443-71. http://dx.doi.org/10.1080/02678290410001666066 

	67.	 Stewart GT. Liquid crystals in biology I. Historical, biological and medical aspects. Liq 
Cryst. 2003;30(5):541-57. 

	68.	 Stewart GT. Liquid crystals in biological systems. Mol Cryst. 1966;1(4):563-80. 
	69.	 Chen CS, Tan J, Tien J. Mechanotransduction at cell-matrix and cell-cell contacts. 

Annu Rev Biomed Eng. 2004;6(1):275-302. 
	70.	 Sun Y, Chen CS, Fu J. Forcing stem cells to behave: a biophysical perspective of the 

cellular microenvironment. Annu Rev Biophys. 2012;41:519-42. 
	71.	 de Araujo AL, Gomes JÁ. Corneal stem cells and tissue engineering: Current advan-

ces and future perspectives. World J Stem Cells. 2015;7(5):806-14. doi:10.4252/wjsc.
v7.i5.806.

	72.	 Wright B, Mi S, Connon CJ. Towards the use of hydrogels in the treatment of limbal 
stem cell deficiency. Drug Discov Today. 2013;18(1-2):79-86. 

	73.	 Yanez-Soto B, Liliensiek SJ, Gasiorowski JZ, Murphy CJ, Nealey PF. The influence of 
substrate topography on the migration of corneal epithelial wound borders. Bioma-
terials. 2013;34(37):9244-51. 

	74.	 Sugimura K, Ishihara S. The mechanical anisotropy in a tissue promotes ordering in 
hexagonal cell packing. Development. 2013;140(19):4091-101. 

	75.	 D’Angelo F, Tiribuzi R, Armentano I, Kenny JM, Martino S, Orlacchio A. Mechanotrans-
duction: tuning stem cells fate. J Funct Biomater. 2011;2(2):67-87. 

	76.	 Paluch EK, Nelson CM, Biais N, Fabry B, Moeller J, Pruitt BL, et al. Mechanotransduction: 
use the force(s). BMC Biol. 2015;13:47. 

	77.	 Schwartz MA. Integrins and extracellular matrix in mechanotransduction. Cold Spring 
Harb Perspect Biol. 2010;2(12):a005066. 

	78.	 Ma XL, Liu HQ. Effect of calcium on the proliferation and differentiation of murine 
corneal epithelial cells in vitro. Int J Ophthalmol. 2011;4(3):247-9. 


