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1. INTRODUCTION
The cornea is the first line of defense for camera-type eyes. While the corneal structure is similar
in most organisms across camera-type eye evolution, here the murine eye will be used for the study. Its
cornea is a dome shaped transparent layer of cells lying in front of lens. Stratified epithelium, stroma and
endothelium are the three major layers of mature cornea. All parts of the cornea (epithelium, stroma and
endothelium) are avascular. Only the mesenchyme below the limbus, a ring-shaped structure at the
periphery of the cornea, and serving as stem cell niche, contains some blood vessels. The corneal
epithelium is a 5-7 cells thick layer of non-keratinized, stratified squamous cells, which is separated from
the underlying stroma. The latter is formed of highly coordinated collagen fibers, secreted by few
keratocytes. Finally, the most internal layer is the endothelium, a single cell layer (Dhouailly et al., 2014).
The cells in both stroma and endothelium are derived from the neural crest cells, which migrate between
the lens and the forming corneal epithelium. My study focused on the chronology and maturation of
corneal epithelial layer in post-natal and young mice.
A member of the Polycomb repressive complex 1 (PRC1), Bmi1 is essential in various biological
processes such as embryonic development, organ formation, stem cell stabilization and differentiation
(Valiente-Alandi et al., 2015). In the crypt of the small intestine, there is a population of self-renewing
and multipotent adult stem cells, which is capable of supporting the regeneration of intestinal epithelium,
and Bmi1 is a molecular marker for that cell population (Yan et al., 2012). In human, Bmi1 is expressed
in the area where corneal stem cells were identified, which is called limbus (Barbaro et al., 2007).
Some studies showed that corneal epithelium stem cells (CESC) solely reside in the basal layer of
the limbal epithelium, a transitional zone attached with the conjunctiva (Collinson et al., 2002). While
some studies showed that CESCs, needed for the normal renewal of the epithelium, are scattered
throughout its basal layer and stem cells residing in limbal epithelium contribute only in case of wound
healing (Majo et al., 2008b). Stem cells present in the basal layer of the epithelium give rise to the
transient amplifying (TA) cells, which afterward differentiate into new daughter cells and they are pushed
into the suprabasal layers to replace the dead cells (Dhouailly et al., 2014). However, there are still
conflicting theories about the localization of stem cells required for the growth, renewal and maintenance
of the corneal epithelium. The main aim of this study is to know the localization and fate of Bmi1 and to
investigate the involvement of Bmi1+ cells in maturation and proliferation of corneal epithelium. The
9

literature review will first discuss about the stem cells and stemness of cell. Then it will provide insight
in known facts about maturation and maintenance of the corneal epithelium.
The result section will represent the chronology and maturation of corneal epithelium along with
the age of animal. The result also demonstrates the relation between growth in eye size and proliferation
of corneal epithelium. Importantly, the result section also has shown the localization and the fate of the
Bmi1+ in the corneal epithelium specially within the limbus by taking advantages of two different
genetically modified mouse model Bmi1CreERT/wt;R26R-LacZ and genetic fate mapping technique.
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2. LITERATURE REVIEW
2.1. Stem cells
Since 19th century in biological and medical science, it has been observed that the tissues have
diverge efficiency to regenerate and recognize tissues that can self-renew during the organism’s period
of living. The concept of existence of stem cells (SCs) were emerged from the self-renewal capacity of
the self-renewing tissues. By that time, the approach of SCs and tissue self-renewal has been thoroughly
studied together.
Stemness of a cell is defined as the ability of that cell to reconstruct a reliant tissue throughout the
life cycle of an organism. SCs are a subset of the undifferentiated cells that are present throughout the
life span from embryonic stage to adult stage. These group of cells have the unique capability to selfrenew and restock themselves and the potential to differentiate into different types of mature cells. These
are the major two characteristics of SCs; self-renewing and potency which play important role in
organogenesis in embryonic stage and tissue regeneration in adult stages. In many cases, the stem cell
does not divide itself, it remains in the niche while its sister cell leaves the niche and differentiates. In
some of the organs such as gut, epidermis, bone marrow, SCs regularly replace worn-out cells and repair
damaged tissues while in other organs such as heart and prostate, SCs divide only in response to stress
or when organ need to be repaired.
Based on the sources, SCs are divided into two major divisions that are embryonic SCs and adult
SCs. The cells which are derived from the inner cell mass of mammalian blastocysts are known as
Embryonic stem (ES) cells, these cells differentiate into cells of all three germ layers and also maintains
the pluripotency since these cells have the capability to nurture for forever (Martin, 1981). Once the
organs are matured, the SCs found in those are known as Adult SCs. These SCs usually involve in
replacing and repairing tissues of that particular organ and can form only a subset of cell types (Barker
et al., 2010).
Classification to SCs can be done according to their potency, resembling the range of lineages into
which they can differentiate. All cell lineages are derived from the totipotent SCs, these cells are most
undifferentiated cells which are found in the first stage of the development. The inner cell mass forms
the three primary germ layers (ectoderm, mesoderm, endoderm), this cell mass is present in the blastocyst
11

and the cells composing the inner cell mass are pluripotent SCs commonly known as embryonic SCs.
The expression of transcription factors such as NANOG, Sox2, Oct4 and Rex-1 show that the embryonic
stem cells are undifferentiated (Hambiliki et al., 2012)which can be expanded in vitro in specific culture
medium (Evans & Kaufman, 1981) (Williams et al., 1988). In adult tissues such as bone marrow stroma
and also in corneal stroma, there is presence of multipotent stem cells which have ability to differentiate
into multiple cell types within the tissue (Beltrami et al., 2003)(Friedenstein et al., 1976)(Polisetty,
Fatima, Madhira, Sangwan, & Vemuganti, 2008). When cultured in specific culture conditions, MSCs
adhere to the culture plate generating colonies which express specific markers such as CD73, CD90 and
CD105 (Dominici et al., 2006) and have ability to differentiate into osteogenic, chondrogenic and
adipogenic lineages (Hass et al., 2011). MSCs of the limbal stroma which express Krt3, Krt12 and Krt15
have ability to transdifferentiate into corneal epithelial cells (Katikireddy et al., 2014). In human ocular
surface, conjunctival keratinocytes and goblet cells are renewed from shared oligopotent progenitor cells
(Pellegrini et al., 1999). Similar studies showed that oligopotent keratinocytes were able to generate both
corneal and conjunctival colonies (Majo et al., 2008a).

2.2. Cornea
The cornea is the outer most transparent layer of the eye being our window to the world. It is
essential to maintain the transparency of corneal tissue for vision. Being the outer most layer, cornea is
also the first line of defence for our eye, protecting eye from being damaged by chemicals, radiations,
infection and other physical traumas. Since cornea is exposed to the outer world directly, it is more prone
to get damage thus needs continues maintenance throughout the lifetime. Like other epithelia, the
epithelium of the cornea is maintained by SCs.

2.2.1. Structure and function of cornea
Cornea is the front-line defence of the eye just lying in front of the lens (Figure 1A). The main
function of the cornea is to protect eye from the outer world’s hazard, and to transmit and refract light
providing to the lens. The matured cornea consists of an avascular, highly aligned collagenous stromal
tissue covered on top with a self-renewing stratified non-keratinizing epithelial cell layer, and at the
bottom with a single cell layered endothelium (Figure 1B). In human, approximately 10% of the total
thickness of the anterior cornea is composed of 5-7 layered, non-keratinized, squamous epithelium.
Corneal epithelium is separate out from other 90% of the cornea which contains dense keratocyte and
12

collagens yet transparent avascular stroma by Bowman’s layer (Figure 1B). In human, bowman’s layer
is prime which is thought to absorb major ultraviolet radiations. Cornea is linked to conjunctiva and then
to the palpebral skin through a transitional zone known as the limbus (Figure 1A and 1C) (Kolozsvári et
al., 2002). Descemet’s membrane is another basement membrane that partition stroma from endothelial
mono-cell layer (Haustein, 1983). This basement membrane helps to transport nutrients and water to and
from the stroma to prevent corneal oedema and maintain optimal hydration (Nick Di Girolamo, 2011).
Cornea is a transparent cells layer allowing light to pass through it to retina via lens. The evenly
association of collagen fibrils with extremely uniform diameters and interfibrillar distances in the central
cornea is one of the major factors for corneal transparency (Hay, 1980).
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Figure 1: Structure of cornea. (A): Schematic representation of anterior segment of cornea showing different
components of eyes; Lens, cornea, limbus, conjunctiva, retina. Photograph of immunofluorescent labelling of
adult mouse anterior segment of whole eye. (B): Schematic representation of corneal structure with five different
layers; corneal epithelium, Bowman’s membrane, stroma, Descemet’s membrane and endothelium. Photograph

of immunofluorescent labelling of adult mouse central cornea. (C): Schematic representation of limbal structure
showing thickening in cornea epithelium and presence of blood vessels (bv) in stroma. Photograph of
immunofluorescent labelling of adult mouse limbus. Figure modified form Dhouailly et al., 2014.
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2.2.2. Corneal organogenesis
Although the optical functions of lens and cornea are related to each other, in mammals their
development processes are separate from each other. During early embryonic development in different
stages, both the lens and cornea are derived from cranial ectoderm. (Figure 2). First, the neural crest is
formed by invagination of neuroectoderm, then a bulge is seen which will become the optic cup. This
optic cup spreads towards the interior part of the surface ectoderm, and the thickening of overlying cells
of surface ectoderm forms the lens placode. Then, a cavity like structure is formed due to invagination
of the lens placode which continuously invaginates until a hollow lens vesicle separates from the surface
ectoderm (Collomb et al., 2013)(Greiling & Clark, 2008). At the same time of forming lens placode, a
primitive epithelium is also forming side by side that is two cells in thickness and is contiguous with the
surface ectoderm.

Figure 2: Illustration of formation of lens and cornea in chick embryo. At Hamburger and Hamilton
(HH) stage 6/7 corneal ectoderm (CE) precursor is required at neural plate to form lens between HH
stages 13-14 and then only cornea is committed between embryonic days E5-E7. end, endothelium; ivp,
invaginating lens placode; le, lens; lv, lens vesicle; ncc, neural crest cells; nr, neural retina; oc, optic
cup; ov, optic vesicle; lp, lens placode; ppd, preplacodal domain; pr, pigmented retina; st, stroma. Figure
copied from Dhouailly et al., 2014.
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In the human embryo, this process is apparent at about five weeks, and for next one to two weeks
it stratifies to three to four cell layers thick. By that time, formed eyelids fuse to each other, and the
process of lens forming completes and disconnects from the ectoderm. Corneal endothelium and the
stromal keratocytes are formed by the migration of waves of neural crest cells into the space between the
lens and epithelium almost immediately after the separation of the lens from the corneal epithelium.
Migration of waves of the neural crest cells are species specific (Zieske, 2004). In rodents, cattle, rabbits
and cats, it has been observed that there is only one migration of this wave of cells forming both
endothelial cells and keratocytes, while in other species such as reptiles, birds, chicks, humans and other
primates, two waves are seen first forming endothelial cells and then keratocytes (Cintron et al., 1983).

2.2.3. Corneal epithelium
Corneal epithelium is a very dynamic, stratified, non-keratinizing squamous layer tissue
characterized by extreme uniformity from limbus to limbus. Corneal epithelial cells do not lose nucleus
and undergo extensive keratinization unlike other epidermis. Corneal epithelium is 5-10 cell layered thick
with three different types of cells. Basal cells are situated at the bottom of epithelium which are cuboidal
to columnar shape, above basal layer there is suprabasal cell layers and superior to suprabasal cells,
superficial cell layers are situated. During embryonic stages from E12.5 through E18 cornea starts to
differentiate into two different layers, basal cell layer remains undifferentiated and expresses keratin 14
(Krt14) while suprabasal cell layer starts to differentiate by E14.5 thus expressing the cornea-specific
epithelial differentiation marker Krt12 (Tanifuji-Terai et al., 2006). Krt12 and Krt3 are present only in
suprabasal limbal cell layers while basal cell layer expresses Krt5 and Krt14 pair. In adult suprabasal
layers the relative distribution of Krt3 and Krt12 varies from species to species. For example, in human
and guinea pig Krt12 were found more expressed in peripheral area than Krt3 (Dhouailly et al., 2014).
Within same corneal epithelium thickness varies such as thickness of a limbus varies from peripheral
cornea and central cornea. Corneal epithelium thickness differs between species as well like mouse has
thickest epithelium at central cornea while in peripheral cornea and limbus has few layers but in human
limbal epithelium is the thickest with about 8 - 10 cell layers while central corneal epithelium has 5 – 6
cell layers (Z. Chen et al., 2004).
Cornea in rodents are only one or two cell layers thick until seven days of age (P7), but just prior
to eyelids opening, which happens in twelve to fourteen days of age (P12 - P14), cornea undergoes for
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massive development and differentiation (Chung et al., 1992). By the time of eyelids opening, the
thickness of epithelium will be double the size (4 – 5 cell layers) compared to size at 1st week. Size of
corneal epithelium continues to grow and by the 3rd week it will be 5 – 6 cells layered thick and by 4th
week it reaches to adult stage that is 6 – 7 cells layered thick (Zieske, 2004).
During development of corneal epithelium, change in the fundamental shape of cells also happens
along with change in numbers. Shape of basal cells are generally cuboidal to columnar after third week
but before eyelid opening it shaped a rounded to cuboidal while before tenth day cells showed a flattened,
ovoid shape (Chung et al., 1992). This change in shape of cells happens only in the central cornea not in
limbus. Basal cells of the corneal epithelium start to co-express Krt12 and Krt14 only after 6 months of
birth when corneal epithelium only starts to become fully differentiated. The rate of expression of Krt12
in corneal epithelium in mouse and many basal epithelial cells of central cornea does not express Krt12
remaining undifferentiated which shows that cornea epithelium are not fully matured until 7 months after
birth (Tanifuji-Terai et al., 2006). During stratification, basal cell flattens, and forms intracellular
junctions known as desmosomes as they leave the basal cell layer. In mature cornea, at least three to four
layers of these flatten cells or wing cells are present. Superficial cell layers are formed as the basal cells
stratify upwards and become flatten (Rheinwald & Green, 1975).

2.3. Limbus
Limbus is the transitional zone that connects the central cornea to the opaque conjunctiva and
sclera. It also contains non-keratinizing multi layered stratified epithelium underlined with highly strong
and vascularized stroma. Limbal epithelium contains melanocytes, Langerhans cells and a network of
blood vessels. The conjunctiva attached to it consists of goblet cells whereas it lacks those kinds of cells.
In human, limbal epithelium is organised in radial fibro-vascular elevations known as the palisades of
Vogt but in mouse limbus they are absent, which alternate with epithelial rete ridges. Limbal basal
epithelial cells are least differentiated in comparison to the central corneal epithelial cells. These
undifferentiated cells are small in size and round in shape which contains less cytoplasm (H S Dua et al.,
1994). Different types of keratins are present in limbal epithelial cells, among these keratins most of them
are expressed in less differentiated cells. Although there have been yet no markers identified to label
limbal epithelial stem cells (LESC), by the help of the differential expression pattern of keratins we can
still differentiate the different types cell population within the corneal epithelium according to their level
17

of differentiation (Moll et al., 1982) . The 64 KD keratin Krt3 and Krt12 are expressed in the suprabasal
layer of limbus and entire corneal epithelium as well but are not found in the basal layer of limbus which
leads to the hypothesis that the limbal basal epithelium contains SCs which are least differentiated cells
of the epithelium (Kurpakus et al., 1990; Schermer et al., 1986)

2.4. Corneal epithelium and stem cells
In a lifespan of an organism, the surface epithelia are renewed continuously. Approximately every
single month human epidermis is exchanged, while it takes nearly about a year to renew the corneal
epithelium. SCs and transient amplifying cells are only the proliferative cells in every normal tissues thus
the corneal epithelium also rely on these SCs to be renewed (Pellegrini et al., 1999). Mann in 1944,
disclosed indirect evidence of SCs existence in the limbus when he detected the migration of pigmented
basal cells from the limbus towards the wounded central cornea in rabbits (Mann, 1944). In 1971,
Davanger and Evensen detected that the cells of the corneal epithelium endure strongly manifested
centripetal migration. In healed eccentric corneal epithelial defects, they observed that in highly
pigmented eyes pigment in the epithelium migrated in lines from the limbus to the central cornea. Thus,
proposed that the corneal epithelium get renewed from a pool of cells located at the limbus (Davanger &
Evensen, 1971). Later in 1989, Cotsarelis et al were the first to report the existence of subpopulation of
slow-cycling limbal epithelial basal cells located in the limbus of the murine cornea that retained tritiated
thymidine label for long time periods (Cotsarelis et al., 1989). Lately many other studies in animals have
questioned this fact that corneal epithelial stem cells (CESCs) solely reside in the limbal region of cornea,
rather the central cornea also possess similar proliferative potential as limbal cells (Majo et al., 2008a).

2.5. Limbal epithelial stem cells and its niche
Stem cell niche (SCN) is very special microenvironment consisting of the other cellular and extra
cellular components in the vicinity which regulates the self-renewal and fate decision of SCs. There are
lot of studies that suggest that CESCs are located at stem cell niche within the corneal limbus. The limbal
basal cells are relatively undifferentiating with compared to central corneal epithelium, this was shown
by Schermer et al., in their study where they studied the expression of Krt3 (a major differentiation
product of the corneal epithelium). Krt3 was expressed throughout the central corneal epithelium while
it was not expressed in limbal basal cells (Schermer et al., 1986). In several studies it has been illustrated
that in comparison to the central corneal epithelium limbal epithelial cells have a much higher
18

proliferative potential in vitro (Ebato et al., 1987, 1988; Lindberg et al., 1993; Wei et al., 1993). Buck in
1985 and Auran et al. in 1995, showed that centripetal migration of peripheral corneal cells takes place
toward the central cornea (Auran et al., 1995; Buck, 1985) aiding the evidence for supporting the limbal
location of CESCs. Similarly, in early 90s’ studies it was shown that there are catastrophic effects on the
integrity and wound healing capacity of central corneal epithelium if limbal basal cells are destructed (J.
J. Chen & Tseng, 1991; J. J. Y. Chen & Tseng, 1990; Huang & Tseng, 1991). Damaged corneal
epithelium was effectively repaired with restoration of the corneal transparency and sight by transplanted
limbal epithelium while there were failures with conjunctival epithelium (Kenyon & Tseng, 1989; Lehrer
et al., 1998; Tsai et al., 1990; Tseng & Tsai, 1991).
Several studies have illustrated that LESCs located at the basal cell layer of the limbus is
responsible to maintain the corneal epithelium. In animal experiment, trauma induced displacement and
migration of pigments from limbus to central cornea is seen (BUSCHKE, 1949; Mann, 1944). Similarly
there are several studies using genetic fate mapping have also suggested the centripetal renewal of the
corneal epithelium from limbus to the central cornea (Amitai-Lange et al., 2015; Collinson et al., 2002;
N. Di Girolamo et al., 2015; Dorà et al., 2015). Thus, in order to maintain the homeostasis of corneal
epithelium, LESCs need to divide asymmetrically maintaining the balance of self-renewal and
replacement. Therefore, one of the daughter cells should remain within the SC pool while another
migrates towards the central cornea as a differentiated transit amplifying cell (TAC). This TAC has high
but limited proliferative activity that migrates upward from basal layer to the superficial layer. After
reaching to the superficial layer, these cells after mitotic division becomes terminally differentiated cells
(TDCs) which gets removed from the ocular surface (Figure 3) (Beebe & Masters, 1996).

19

Z
(TDCs)

X

Y

Figure 3: Corneal epithelial cell maintenance by LESC. Limbal stem cells located in the limbus generates
TACs (X) which migrates centripetally (Y) to the central cornea which moves upward to superficial layer after
a discrete number of cell divisions and then finally sloughed from the surface (Z). Figure modified from Kayama
et al., 2007.

In Thoft and Friend’s model, the epithelial cell mass is maintained by three independent
phenomena in which X describes the proliferation of the basal epithelial cells, y is the centripetal
movement of the limbal cells and Z is the cells, sloughed from the surface (Figure 3). Thus according to
them rate at which corneal epithelium is self-renewed can be explained by the X, Y, Z hypothesis which
predicts that the equation X + Y = Z represents the balance between cell proliferation and cell loss (Thoft
et al., 1983).
Although till date, there is no single reliable LESC marker has been identified, few proteins appear
to be stated in the limbal basal epithelial layer where LESCs are supposed to be situated. Expression of
these proteins in those area possibly indicates that these proteins might be the putative LESC markers
(Table 1).
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Table 1: Expression of putative stem cell markers in central corneal epithelium and limbal epithelium.

ABCG2

Central Cornea

Limbus

-

+++

References
(Z. Chen et al., 2004)
(Budak et al., 2005)

p63

-

+++

Bmi1

-

+

Frz7

-

+++

(Mei et al., 2014)

ABCB5

-

+++

(Ksander et al., 2014)

N-cadherin

-

+

Notch-1

-

++

Cytokeratin 12

++

-
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Cytokeratin 19

+

+++

(Z. Chen et al., 2004)
(Yoshida et al., 2006)

+ + +: high expression, + +: moderate expression, +: weak expression, -: no expression
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2.6. Bmi1
Bmi1 is a polycomb ring finger oncogene that plays important roles in cell cycle regulation, cell
senescence, and cell immortalization. Bmi1 has been reported as stem cell marker in number of organs
where it is accountable for the maintenance of adult self-renewing haematopoietic cells and is vital for
the maintenance of neural stem cells (distinguishing their self-renewal from progenitor cell proliferation)
(Molofsky et al., 2003; Park et al., 2003). Defects in haematopoiesis, skeletal patterning and neurological
development have been seen in Bmi1-/- mice (Park et al., 2003). It is believed that amplified proliferation
of cells is promoted by Bmi1 but maintenance of the stem cell phenotype is highly correlated with high
expression of Bmi1 (Umemoto et al., 2006). In human limbus, Bmi1 expression was detected while in
the central cornea it is expressed extremely low level (Barbaro et al., 2007; Umemoto et al., 2006).
Expression of Bmi1 was also seen in cells lining of bioengineered limbal crypts (in vitro) (Levis &
Daniels, 2016) and also in holoclones isolated from the pig cornea (Majo et al., 2008a). Thus, Bmi1
expression in cornea identification makes easier to study the maintenance of homeostasis and tissue
renewal process of the corneal epithelium.
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3. AIMS OF THE STUDY
In this project, I aimed to address the development of the corneal epithelium using mouse as a
model organism. Specially, I am in the role of Bmi1 in development process and tissue homeostasis of
murine corneal epithelium. However, in this study, my aims were:
1. To study the chronology of maturation of mouse corneal epithelium. To do this I will be looking
for expressing pattern of Krt19 in different timepoint of animal’s age.
2. To correlate the growth of eye size with proliferation of corneal epithelial cells.
3. To know the fate of Bmi1+ cells and to investigate the involvement of these Bmi1+ cell
population in maturation and proliferation of corneal epithelium.
4. To validate these protein expressions of Bmi1 via RNA level expression.
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4. MATERIAL AND METHODS
4.1. Mouse lines
We used transgenic mice to conduct this study. For Bmi1 lineage tracing/fate mapping, we took
advantage previously reported mouse lines; Bmi1CreER and R26RLacZ. Bmi1CreER and R26RLacZ were
crossed with each other to create Bmi1CreER/wt; R26RLacZ/wt animals. NMRI (wild type) mice were used for
all other experiment performed in this study.

4.2. Genotyping by PCR
All the litters from Bmi1-Cre and ROSA-LacZ mice had to be genotyped to ensure that the
sequences for Cre and ROSA were in the same individuals and to separate the double positive animals
from other animals. The samples for genotyping were obtained from the tail or ear. These samples were
lysed by using tail lysis buffer (Annex) with Proteinase K (Roche, USA) at +55º C for 2-3 hrs with the
occasional vortex. The lysed samples were centrifuged (Eppendorf, Germany), the supernatant was
collected, and the equal volume of isopropanol was added to precipitate DNA from the solution. Next,
the mixture was centrifuged, the supernatant was discarded, and 70 % ethanol was added to the pellet.
Again, the supernatant was removed after centrifugation and the pellet containing the DNA was dried in
+ 58º C. The purified DNA was dissolved in 1 X TE buffer (Annex) to protect the DNA from degradation.
DNA was amplified with PCR (PTC-200 Peltier Thermal Cycler, Finnzymes, Finland). The mixtures
and PCR programs, as well as the primer sequences, are detailed in Annex of this report. Finally, the
amplified sequences were separated by agarose gel electrophoresis and visualized under ultraviolet light
(UV) (Bio-Rad Laboratories, USA).

4.3. Tissue preparations
Whole head was dissected from the embryos and their lower jaw and brain was discarded. Only
eyes were dissected from adult mice and for prenatal stages whole head samples were decalcified with
0.5 M EDTA (ethylene diamine tetraacetic acid) for two weeks. Those tissue samples were kept in
Dulbecco’s phosphate buffered saline solution to prevent them from drying. To preserve all possible
morphological features and to prevent them from decaying, tissues were fixed in 4 % PFA overnight.
Whole head tissues were decalcified in 0.5M EDTA pH 7.5 for about 8-14 days. EDTA was changed
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every second day. Decalcified head samples and eye samples were processed through Leica ASP 300
automatic vacuum tissue processor to remove excess water from the samples and to infiltrate paraffin
within the samples. Finally, samples were embedded in paraffin blocks (melted Histosec pastilles without
DMSO, Merck, Germany). The microtome was used to make the sagittal section (5µm) and then baked
on a +60º C heat plate to attach them on the adhesion slides. Some samples were stained with
hematoxylin-eosin (Merck, Germany) (J.T.Baker, Holland) (Annex 1). The stained slides were mounted
by Q path® coverquick2000 (VWR, USA). Remaining slides were stored in +4o C for other experiments
like immunohistochemistry and immunofluorescence.

4.4. Immunohistochemistry
Paraffin sections were dewaxed with xylene series and decreasing alcohol series (100%, 94%, 75%,
50% ethanol and RO-water). After that the sections were washed with 1X PBS at room temperature.
Antigen retrieval was carried out in the 10mM Na-citrate buffer, pH 6.0, at 121oC in pressure cooker
(Retriever 2100, Aptum Biologics) for 2hrs. After cooling down to room temperature, peroxidase
blockage was done with 3% hydrogen peroxide (Sigma-Aldrich) in methanol (Sigma-Aldrich). Using
permeabilization reagent (0.3% Triton-X in PBS) the sections were permeabilized, to prevent excess
binding of the antibody to other proteins, then antibody blockage was performed by blocking solution
(10% serum in 1% BSA (bovine serum albumin in PBS). Primary antibody for Bmi1 expression Bmi1
(Abcam, ab38295) in 1:200 concentration and for Krt19 Keratin 19 (Abcam, ab52625) in 1:100
concentration were used and incubated for overnight at +4oC, then, the sections were treated with antirabbit-horse radish peroxidase (ImmunoLogic) polymer at room temperature. Then sections were stained
with DAB solution (Vector laboratories, USA). Sections were dehydrated in an ascending alcohol series
(50%, 70%, 94% and 100% ethanol). After that they were counterstained with hematoxylin as explained.

4.5. Immunofluorescence
I did the deparaffinization as explained in the previous section. Dewaxed sections were blocked
with 3% H2O2 in methanol in room temperature for 20 minutes and washed with 0.3%PBST for 10 mins.
For antigen retrieval with heat induction, slides were place in 10Mm Na-citrate solution in milliQ water,
pH 6.0, at 121oC in pressure cooker for 2hrs and then I let the samples cool down to room temperature
for 10 mins in Na-citrate buffer. Next the samples were washed with 0.3% PBST for 10 mins and blocked
with 10% goat serum and 1% BSA in 0.3% PBST for 1 hour. After blocking samples were incubated
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with primary antibody (Ki67; Abcam, ab16667) in 1:200 ratio with blocking solution at +4 oC for
overnight. Next day, samples were washed 3 times with 0.3% PBST for 5 mins. Then samples were
blocked with a Alexa 488 conjugated secondary antibody in 1:400 concentration. I also added Hoescht
in 1:2000 for nuclear staining. Both substances were diluted in 5% BSA in 0.3% PBST for 2 hours at
room temperature. Then samples were washed once with 0.3% PBST, 2 times with 0.1% PBST and 2
times with PBS for 5 mins each. Finally, samples were mounted with Vectashield (Vector Laboratories).

4.6. Eye size measurements and quantification of Ki67+ corneal epithelial cells
Eye size was measured in two different groups; neonatal and postnatal mice. In neonatal, there
were four different time points i.e., E13.5, E14.5, E16.5 and E18.5. Measurement of eyes for this group
were done from processed eye tissue. Once the sections from these processed eyes were stained with
hematoxylin and eosin (as explained above), they were photographed under microscope (Zeiss Imager)
and measurement were done using ZEN software (blue edition, Carl Zeiss). Each time point had n=3 and
most possible the biggest eye section was taken to measure. Then each section was measured form three
different direction two as diagonally and one from top of the eye section to the bottom, then the average
of these measurements were used as the actual measurement of neonatal samples. For postnatal mice I
used four different time points i.e., P0, P7, P14 and P21. Measurements of eye size were done from fresh,
enucleated eyes (n=3). After immunostaining, quantification of Ki67+ cells were done manually by
counting 20 serial sections of 5µm thickness from 3 different individuals. For neonatal mice Ki67+ were
counted from whole corneal epithelium while counting of Ki67+ from the postnatal mice was done
separately for each compartment (limbus, peripheral cornea and central cornea) of corneal epithelium. I
divided the measured regions accordingly, limbal cornea 6.4% (2x), peripheral cornea 14.6% (2x) and
central cornea 58%. After counting the Ki67+ cells they were normalized to the area (A) of the respective
compartment by using formula Ki67+ cells/(Ax5x20).

4.7. Lineage tracing and X-Gal staining
The appearance of a vaginal plug was regarded as the start of embryonic development (E0) and
the day of birth was taken as the first postnatal day (P0). Lineage tracing experiment was performed to
know the origin and progeny of the Bmi1+ cells.
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Upon exposure to Tamoxifen (a synthetic estrogen), an inducible form of Cre, (CreER) fused with
a modiﬁed estrogen receptor followed by releasing the CreERT2 fusion protein from cytoplasmic
sequestration. This protein then translocated to the nucleus where it intervenes recombination which
remove a “stop sequence”. This removal of ‘stop sequence’ allow expression of LacZ, this mechanism
is only possible in double heterozygous (Bmi1CreER+; ROSALacZ+) mice. LacZ gene encodes the βgalactosidase enzyme that hydrolyses β-galactosides into monosaccharides. X-gal (5-bromo-4-chloro3indolyl-beta-D-galactopyranoside) is one of the β-galactosides which is used in this staining protocol.
X-gal is cleaved by β-galactosidase into galactose and 5-bromo-4-cloro-3-hydroxyindole, the later
compound is then oxidized into 5,5 ¢ -dibromo-4,4 ¢ -dichloro-indigo, is a blue color product which
represent LacZ activity in that cell/tissue of that double heterozygous (Bmi1CreER+; ROSALacZ+)
mice.
To detect lacZ activity in my samples, I used Xgal staining. Head or eye tissues were fixed with
2% PFA and 0.2% glutaraldehyde (GA) in PBS for 30 mins in +4oC. After 30 mins, tissues were rinsed
with PBS and washed 3 times with Xgal wash buffer for 30 mins each with gentle rocking. Washed
tissues were left overnight in Xgal staining solution at room temperature so that tissues will be stained
well. Next morning tissues were washed several times with PBS. Finally, tissues were post fixed with
4% PFA at +4oC for an hour and then washed several times with PBS before the tissues were being
processed to prepare paraffin blocks. Then, tissues were processed in tissue processing machine (Leica
ASP 300 automatic vacuum tissue processor). Later on, paraffin blocks were sectioned with microtome
and sections were counter stained with Nuclear Fast red. LacZ activity can be visualized under
microscope by the appearance of blue signal.
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Figure 4:We followed two different experimental setups to study the origin and progeny of the
Bmi1+ cells. Group A (Embryonic time point) consist three different pregnant mice (No: 1, No: 2, No: 3)
who were injected with tamoxifen twice for induction at different time (E11.5 & E12.5 for No: 1; E13.5

& E14.5 for No: 2; E15.5 & E16.5 for No: 3) of their pregnancy and their embryos were analysed at E18.5.
Group B (Postnatal time point) consist of three sets of pups (Set no: 1, Set no: 2, Set no:1) from three
different pregnant mice. Then all these pups were injected tamoxifen twice for induction at P4 and P5 but
they were analysed at different time points Set no: 1 was analysed at P7, Set no: 2 at P14 and Set no: 3 at
P21.

For this experiment, mice were divided into two groups; Group A (Embryonic time point) and
Group B (Post-natal time point). Three pregnant mice from group A were injected twice with i.p. 200 µl
tamoxifen (50mg per ml to corn oil, Sigma) at three different time point; first at E11.5/E12.5, second at
E13.5/E14.5 and third at E15.5/E16.5 and their pups were analysed at E18.5 (Figure 4). While for group
B (postnatal time points), all the pups from three different litters were injected with tamoxifen twice at
same time point P4/P5 but they were analysed at three different time points; first at P7, second at P14
and third at P21 (Figure 4). As a negative control, one of the mice which were not double heterozygous
was analysed for every time point.
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4.8. RNAscope
RNAscope is the newest method for in situ hybridization. The biggest advantage of this technique
is to detect single mRNA transcripts as well as to amplify the specific signals of target but not of
background signals. Thus, it is useful for labeling mRNA with high sensitivity and specificity.
In this study, this technique was used to detect mRNA transcripts of the Bmi1 gene. I used the kit
from ACDBio (Advanced Cell Diagnostics) to conduct the experiment. For this purpose, after
deparaffination of sections (as described in previous methods), section slides were incubated with
hydrogen peroxide for 10 mins in room temperature (RT). Then after washing, the section slides were
submerged into boiling target retrieval reagent for 17 mins maintaining temperature at around 98 - 102oC
by covering with aluminum foil. After a new wash with distilled water and then with 95% ethanol,
sections were left to air dry completely at RT. Then, the section slides were placed in a humidity chamber
and treated with protease for 20 mins. After washing with distilled water these sections were incubate
with a few drops of Bmi1 probes for 2 hrs. in the humidity chamber in the HybEZ oven. After washing
with 1X washing buffer (Annex 1), hybridization of AMP 1 - 4 were done; 30 mins incubation with
AMP 1, 15 mins with AMP 2, 30 mins with AMP 3, 15 mins with AMP 4 in oven in humidity chamber.
Washing with wash buffer was done between each AMP steps. Then sections were incubated with AMP
5 in humidity chamber in oven for 15 mins. After washing with 1X washing buffer, it was again
incubated with AMP 6 for 15 mins. Then, sections were washed twice with 1X washing buffer at RT
and incubated with detecting signal (Fast red A and B in 1:60 ratio) for 20 mins at RT in humidity
chamber. After washing with milliQ, sections were incubated in 50% hematoxylin for 2 min at RT and
again washed with distilled water and again repeated with fresh water until clear. Then, sections were
washed with ammonia water and again washed with distilled water. For dehydration, sections were
baked in 60oC for 45 mins on a hot plate on a hand towel, under a plastic cover. Once the slides were
cooled down to room temperature, they were mounted with VectaMount (Vectashield) mounting
medium and left to dry overnight. Olympus AX70 microscope was used for taking the photograph of the
sections.
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5. RESULTS
5.1. Krt19 is a reliable marker for the naive corneal territory
Expression pattern of Krt19 was examined first to evaluate the chronological events during the
maturation of the mouse cornea. For this, DAB immunohistochemistry was done with the anti-KRT19
antibody. I studied the expression pattern of Krt19 on mouse corneal epithelium from different stages of
embryonic and young mice. Krt19+ cells were detected throughout the corneal epithelium from limbus
to limbus and in conjunctiva leading to the inner layer of the eyelid. this is visualized in Figure 5 for the
embryonic mice and at P0 (Figure 5). Already by P7, there were gaps in the presence of the Krt19+ cells
on central cornea while in limbus every cell was still positive for Krt19. Once the corneal epithelium

EL

EL

Figure 5. The expression of Krt19 in corneal epithelial cells at different time points until birth. Brown marker
indicates the expression of Krt19 expression. All the corneal epithelial cells from limbus to limbus are Krt19
positive until birth. The expression of Krt19 continue to the inner layer of the eyelid (EL) via conjunctiva. Scale
bar is 100m.
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starts to stratify into multiple layers, there was a steady reduction in expression of Krt19 in the central
cornea and peripheral cornea. In the limbus Krt19 was still strongly expressed. By P21 the expression of
Krt19 was lost from the central and peripheral cornea and it was solely expressed in the limbus (Figure
6).

Figure 6: The expression of Krt19+ cells and its distribution on corneal epithelial cells at different

time points after birth. Brown marker indicates the expression of Krt19 expression. All the corneal
epithelial cells from limbus to limbus are Krt19 positive at P7. But already at P14 there were gaps in the
expression of Krt19 in central corneal epithelium. By P21, expression of Krt19 was restricted to limbus.
Scale bar is 100m.
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5.2. Growth and proliferation of the corneal epithelial cells of mouse eye
Here I have measured the diameter of eyes of different mice at different time points before and
after birth. This was done in order to understand the correlation between the molecular maturation of
cornea and the general eye growth. As shown in Figure 3, at prenatal stage from E13.5 to E18.5 the eyes
grow significantly in great pace compared to the postnatal stages. From E18.5 to P0 we can see that there
was increase in pace of growing eye but from P0 to P7 pace of growing eyeball increases and get the size
of eye almost as one of adults (Figure 7). Eyeballs keeps on growing in steady speed until week 3 (i.e.

Eye diameter (mm)

P21) but then after there was no significant growth in eye size.
3.5
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Figure 7: Growth of eye size with respect to the age. Graph shows growth of the eyeball is rapid before
birth which continues till 1st week after birth. After there was a kind of halt in speed of growing of eye.

Here measurement of eye for prenatal sample were done to processed tissues while for after birth sample
whole fresh tissues were measured. Error bars, SEM.
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Figure 8: Quantitative analysis of the Ki67+ cells in the corneal epithelium at different ages. (A): The

expression of Ki67 and its distribution in the corneal epithelium at 2 weeks of age. Ki67+ cells are in green (pointed
by red arrows). The corneal epithelium was divided to three different areas; for limbus: 6.4 % (2x), peripheral
cornea: 14.6 % (2x) and central cornea: 58 % as shown. Hoechst (pink) for nuclear staining. Scale bar is 100μm.
(B): Ki67+cells count per m3 is decreasing until P7. After the eyelid opening, there is a sudden increase in the

amount of Ki67+ cells. (C): Proliferation at each corneal compartment. Ki67+ in the limbus are marked with grey,
in the peripheral cornea with green and in the central cornea with red. The majority of the Ki67+ cells are located
in the limbus from P0 until P21. After that the central cornea harbors the highest number of Ki67+ cells. Error bars,
SEM.
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Ki67 is the known marker for proliferation, thus here I have analyzed the expression of Ki67 in
mouse corneal epithelium and quantified the amount of Ki67+ cells from E16.5 to 24 weeks of age. Ki67
expression was detected in limbus, peripheral and central cornea of mice at all studied ages (Figure 8A).
After quantifying the Ki67+ cells, I saw that there was a gradual decrease in the quantity of the Ki67+
cells until P14 from E14.5 (Figure 8B). To my surprise, there was a sudden increase of Ki67+ cells after
eyelid opening and epithelial stratification at P14. Until P21 limbus was more proliferative compared to
the central and peripheral cornea, while after P21 the central cornea became more proliferative almost
twice as that of limbus and peripheral cornea as shown in Figure 8C.

34

5.3. Localization of Bmi1 expression in the murine corneal epithelium
Expression of Bmi1, p63 and Keratin 15 (Krt15) have been established as limbal markers in the
adult human cornea by some the studies. Among these markers, p63 and Krt15 become remarkably
limited to the human limbus previously before birth. Hence here I am interested in studying Bmi1
expression, localization and their fate during cornea morphogenesis before and after the birth of mice.

Figure 9: Bmi1 is expressed throughout the corneal epithelium in prenatals. Bmi1 immunostaining is brown. (AD’’): Corneal epithelium is single layered, and every single cell expresses Bmi1. Black dotted line in D-D’’ separates
eyelid (EL) and corneal epithelium. Scale bar is 100 m.

Every single cell of corneal epithelium was Bmi1+ and the expression of Bmi1 was seen very notably
throughout the corneal epithelium from E13.5 until E18.5 (Figure 9).
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Figure 10: Bmi1 expression is abundant in basal layer of corneal epithelium. Bmi1 immunostaining is brown.
Red arrowhead shows the cells with absence of Bmi1 expression (blue cells). After stratification (P14), we can
see that maximum of Bmi1+ cells are present in basal layers and some are present in suprabasal. By the time of
3rd week (P21), we can see that most of the expression of Bmi1+ cells are located at limbus in comparison to

central corneal epithelium. Scale bar is 100 m

After the birth, from P0 we can see that there was presence some of cells on corneal epithelium
which has no Bmi1 expression. Before stratification, that is from P0 to P7 expression of Bmi1 was present
in basal and suprabasal epithelial layers and by the time of stratification (P14) and after that cells from
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all layers expresses Bmi1. However, by P21 presence of Bmi1+ cells were considerably limited to the
basal epithelium layer (Figure 10).

5.4. RNAscopes
Although there was not much difference in expression of Bmi1+ cells from E14.5 to P0, here I have
investigated the level of RNA just to confirm that protein expression is the true expression for Bmi1+
cells. To investigate expression of RNA highly sensitive RNA in-situ hybridization technique was used.
RNA expression pattern was exactly like protein expression on both E14.5 and P0. All the basal layer

Figure 11: Bmi1 expression level for protein and RNA are alike. Bmi1 protein immunostaining is brown
and Bmi1 RNA level was detected by using RNAscope technique (In-situ hybridization technique) in pink
color. For prenatal, all the cells express Bmi1 in protein level and in RNA level as well whereas in neonatal
there were presence of some negatively expressed cells for Bmi1 in both protein and RNA level. Scale bar is

100 m.
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showed Bmi1 RNA, which was like protein expression pattern for E14.5 while at P0 few Bmi1 negative
cells were present on both limbus and central cornea (Figure 11).

5.5. Genetic Fate Mapping of Bmi1+ cells
Here we tend to investigate the involvement of Bmi1+ cells in cornea renewal. For this we used
offspring of Bmi1CreERT/wt ; R26RLacZ/wt mouse model and studied the progeny of labelled cells that were
induced by using tamoxifen at different stages of age of animals. Labelled cells were induced by
tamoxifen in three different pre-natal animals in different age but were all studied in same age within 27 days (Figure 12A). After performing histological analysis of these pre-natal animals, we hardly
observed any Bmi1+ cells (Figure 12B).
Similar experiments were performed in post-natal, where tamoxifen was injected in same age for all three
different animals but then they were analysed in different age of time (Figure 13A). As similar to the
results of pre-natal animal experiment I did not observed any Bmi1+ cells after 1st week of induction.
Then, as we follow for longer lime of intervals of 2-3 weeks Bmi1+ clones were observed growing and
expanding centripetally from the basal layer (Figure 13B)
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Figure 12: Genetic fate mapping of Bmi1+ cells in pre-natal/embryonic stages. (A): Schematic drawing of
the genetic fate mapping experiment performed in embryonic stages. (B): The histological sections of eye stained
with X-gal staining. Bmi1+ cells are indicated by red arrowhead. Scale bars are 100 µm.
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B

Figure 13: Genetic fate mapping of Bmi1+ cells in post-natal stages. (A): Schematic drawing of the genetic
fate mapping experiment performed in embryonic stages. (B): The histological sections of eye stained with Xgal staining. Bmi1+ cells and their progeny in the central, peripheral and limbal cornea indicated by red
arrowhead. Scale bars are 100 µm.
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6. DISCUSSION
Isolation of mouse embryonic stem cells in early 80’s brought whole new revolution in study of
stem cell. In every living organism, tissue homeostasis is maintained by stem cells which resides in the
specific regulatory microenvironment, known as SCN. Similarly, each and every epithelia are maintained
by the stem cells residing within it, as cornea of the eye. To study epithelial stem cells, mouse cornea is
an excellent platform. Many scientific groups have proved that limbus possesses the corneal stem cells
which are responsible for renewable of corneal epithelium (Amitai-Lange et al., 2015; Collinson et al.,
2002; N. Di Girolamo et al., 2015; Dorà et al., 2015). Although until the age of 5 weeks corneal
epithelium is renewed locally and after that age limbal stem cells are activated for renewal purpose
(Collinson et al., 2002; Dorà et al., 2015). This study is solely focused on the corneal maturation and
involvement of Bmi1 expressing cells which are the progenitor cells of corneal epithelium.
Cytokeratins are cytoskeletal proteins, that are expressed in during epithelial development and
differentiation in distinct pattern. Krt3

and Krt12

are known as markers of corneal epithelial

differentiating cells (M Kasper et al., 1988; Liu et al., 1993; Rodrigues et al., 1987). Krt14+ cells were
found in the basal and suprabasal layers of the limbal epithelium while there were no expression in the
central epithelium (Wang et al., 2003). Similarly, few studies have shown that Krt19+ cells localized in
basal cells of the human and murine limbal epithelium (M Kasper et al., 1988; Michael Kasper, 1992;
Lauweryns et al., 1993). However, in our study I found that the localization of Krt19+ cells were on the
superficial cell layer of the limbus (Fig 1 and Fig 2) which suggest that already during maturation of the
murine cornea the limbal SCN is established. Therefore, I proposed that the superficial layer cells
expressing Krt19 is necessary for the maintenance of the stem cell niche. Thus, our results suggest that
already before or by the age of 4 weeks, the renewal of epithelium that are originating from the limbus
could start.
There are few studies conducted on a timeline for maturation of cornea at molecular level on murine
cornea. A study showed that in the epithelium of central cornea of murine, the expression Krt12 were
observed in the mature and differentiating corneal epithelial cells only after the age of 12 weeks
(Eghtedari et al., 2016). Apart from the result of this study (Eghtedari et al., 2016), there is another study
which showed much shorter timeline for maturation of cornea. This study, studied the distribution of
α9β1 integrin within the limbus of the mouse ocular surface where they found that at the age of 1 week
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entire ocular surface contains cells positive for α9 integrin and already by the age of 2 weeks localization
of α9 integrin begins to become regionally restricted (Pajoohesh-Ganji et al., 2004). In our study I used
Krt19 to study the chronology of limbal stem cell niche establishment where I observed that by the age
of 3 weeks the limbal territory of corneal epithelium is already marked. Interestingly our results also
correlate exactly to the expression pattern of α9β1 integrin+ domain. As similar to Pajoohesh-Ganji et
al. study, in our study I detected Krt19+ cells throughout the corneal epithelium before birth and until at
1 week of age after birth entire corneal epithelium were expressed with Krt19, but the postnatal
expression form altered gradually. At the age of 1st week, when corneal epithelium starts to stratify,
expression of Krt19 gradually decrease from the central and peripheral cornea which is followed at 2nd
week of age. And by the time of 3rd week after birth the central cornea was stained totally negative for
Krt19, but the protein was observed in the limbal region (Fig 1 and Fig 2). The expression pattern of
Krt19 is much shorter than that of Krt12 because the cell population labelled by the Krt19 mature more
faster than that of Krt12.
During our study I observed the eyelids of the mouse are closed during the time of birth and only
after two weeks (P14) of birth eyelid starts to open up, this finding is alike to several other studies (Zieske,
2004). Parallel to other studies, our study also showed the stratification of murine cornea is completed
by postnatal day 21 (P21) (Zieske, 2004). In our study I found that steady growth of eye size of the mouse
which has been correlated with the expression level of Ki67+ cells during maturation of mouse eye at all
ages. A study confirmed that in dry eyes Ki67+ cells were present in suprabasal areas as results of apical
cell surface damage to stimulate cells to cycle and proliferate through the entire epithelium (Fabiani et
al., 2009). Same study showed that Ki67+ cells were detected in basal cell layer in normal eyes (Fabiani
et al., 2009) which correlates to the result of this study, this suggests that basal layer in normal cornea
basal layer of epithelium is responsible for epithelial cell proliferation and maturation of corneal
epithelium. During gestational maturation, proliferating cells move from central cornea to limbus in
human cornea (Pispa et al., 2008) while this case was not seen in distribution of Ki67+ cells in maturation
of cornea in mouse in our study.
Over the decades there has been great advancement in technology and methods to understand
biology and mechanism of limbal stem cell, yet science has not progressed to identify dependable
markers that can differentiate stem cells from the early TACs. Due to which it is still unclear and
controversial about the exact location of the human LESC niche (Harminder S. Dua et al., 2005;
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Shanmuganathan et al., 2007; Shortt et al., 2007). Few study proposed p63, a nuclear transcription factor,
as a possible stem cell marker of limbal stem cells (Pellegrini et al., 2001) but within second year of this
claim, this was disproven by other study (Harminder S. Dua et al., 2003). Thus, till this date Krt14 is
only the known marker that has been used for genetic fate mapping of a restricted corneal cell population
(Amitai-Lange et al., 2015; N. Di Girolamo et al., 2015). In this study, I focused on the corneal maturation
and renewal pattern before and after birth, and genetic fate mapping is a powerful tool to study tissue
renewal. For this purpose I studied Bmi1, a member of the polycomb repressive complex 1 which the
most promising limbal stem cell marker in human that are localized in basal cell layer of limbus (Barbaro
et al., 2007). First, I studied the expression patter and localization of Bmi1 in the corneal epithelium
before and after the birth of mice. In our result I observed that Bmi1+ cells were mostly in passive state
but somehow after the time of eyelids opening which 2nd week after birth, Bmi1+ cells were active and
expressed more vigorously than before. This effect might have happened because of damaged due to UV
rays or any other physical/chemical means on cornea once it is out in open after eyelid opening process
which suggests that Bmi1+ cells might have some damage repairment capacity. I also observed the before
birth where epithelium is mostly single layered, every single cell was expressing positive for Bmi1. While
after birth, when epithelium start to stratify, I found Bmi1 negative cells, more in central cornea in
comparison to limbus (Fig 6 and Fig 7). To validate these results, I conducted experiment known as
RNAscopes (In Situ Hybridization Kits, Hybridization Assays | Manual Assays, acdbio.com), to
investigate RNA level of expression of Bmi1 in corneal epithelium which also showed similar pattern of
expression Bmi1 RNA in central cornea and limbus (Fig 8). This result is little bit contrasting to other
studies where Bmi1+ cells were localized only in limbus (Barbaro et al., 2007; Sartaj et al., 2017). And
for our genetic fate mapping and label retaining experiments I used two different genetically modified
mouse model Bmi1CreERT/wt; R26RLacZ/wt and studied the progeny after cross mating. In this
experiment I observed that Bmi1+ cells cluster seen in the cornea specially in the limbal region which
was spreading from the basal cell layer to suprabasal and then to superficial layer (Fig 8 and Fig 9).
However, X-gal staining does not work homogeneously throughout the cornea, possibly attributable to
low recombination homogeneous efficiency and stochastic silencing due to variegation of transgene
expression (Dobie et al., 1997). I also observed that corneal epithelium is renewed locally by Bmi1+ cells
in provisional way. I observed that irrespective of the age of the animal, the murine corneal epithelium
is locally renewed by Bmi1 expressing progenitor cells. Thus, I concluded that Bmi1+ sub-population
cells are progenitor cells which get replaced by the limbal renewal. But for further verification, I need to
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follow more age groups of the animal so that I can say that this result is repeated in older aged animals
not only in young infants.
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7. CONCLUSION
Our experiment suggests that the proliferating cells reside in the basal layer of cornea and the infant
mouse cornea contains immature cells. Our experiment also advises that the maturation of mouse cornea
is completed by the age of 2nd week at this timepoint eyelids of the mouse also open. Thus, our results
conclude that these immature cells found throughout the infant mouse cornea will finally end-up locating
at the limbus by final stage of corneal maturation. Our finding suggests that the Bmi1+ cells are expressed
all over the basal layer of cornea which locally renews the corneal epithelium concluding Bmi1+ cells
are the progenitor cells. Due one of our observation that expression of Bmi1+ cells were more after
eyelids opening time, it would be great to conduct experiment to study the effect of Bmi1 cells on
damaged cornea. I believe that detail study of genetic fate mapping of Bmi1+ cells should be done by
including more older age mice and follow the pattern of expression of Bmi1 to know the actual fate of
these cells. For future aspect I can study the colocalization of Krt19 or Ki67 and Bmi1 expression in order
to learn the relation between the expression of Bmi1 and proliferation and maturation of corneal
epithelium. Studying Bmi1 KO genotype mice can open up paths to acquire knowledge about the effect
of Bmi1 in maturation of corneal epithelium and its phenotype. Similarly, further analysis of Bmi1
positive and negative cells can convey light on the dynamic progression of epithelial renewal in the
cornea.
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9. ANNEX
Hematoxylin - eosin staining
Deparaffination
1. Xylene 4 minutes x 4
2. ABS ethanol 2 minutes x 3
3. 94 % ethanol 2 minutes x 2
4. 70 % ethanol 2 minutes
5. 50 % ethanol 2 minutes
6. RO - H2O2 minutes Staining
7. Hematoxylin 3 minutes
8. Running tap water 3 minutes
9. Eosin 2 minutes
Dehydration
10. 50 % ethanol 15 seconds
11. 70 % ethanol 15 seconds
12. 94 % ethanol 30 seconds x 3
13. ABS ethanol 1-minute x 2
14. ABS ethanol 2 minutes x 2
15. Xylene 2 minutes x 3
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Genotyping solutions
Tail lysis buffer
1 M Tris - HCl, pH 8.5
0.5 M EDTA
20 % SDS
5 M NaCl
MQ water
TE buffer
50 mM Tris - HCl, pH 8.0
5 mM EDTA

Cre/ER PCR mix
14,2 μl MQ water
2 μl 10 x Buffer
1,6 μl 2,5 mM dNTP
0,5 μl 10 µM Cre5' primer
0,5 μl 10 µM Cre3' primer
0,2 µl ents. Dynazyme
1 μl template
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R26R-LacZ PCR mix
14,1 μl MQ water
2 μl 10 x Buffer
1,6 μl 2,5 mM dNTP
0,5 μl 10 µM 883 primer
0,35 μl 10 µM 316 primer
0,25 μl 10 µM 315 primer
0,2 µl ents. Dynazyme
1 μl template
PCR programs
ROSA-LacZ program
1. 94º C 1 minutes
2. 94º C 30 seconds
3. 60º C 30 seconds
4. 72º C 30 seconds
5. go to step two 35 times
Cre/ER program
1. 95º C 1 minutes
2. 95º C 30 seconds
3. 55º C 1 minutes
4. 72º C 1 minutes
5. 75º C 30 seconds
6. go to step two 40 times
7. 15º C 5 minutes
8. 4º C 10 minutes

49

Xgal Solutions:
K3Fe(CN)6 (0,5M) → 1,65g/10ml H2O
K4Fe(CN)6 (0,5M) → 2,10g/10ml H2OFix: 5 ml 4% PFA
5 ml PBS
80 ml 25% GA

Xgal wash buffer:
2 mM MgCl2, 0.02% NP-40 in PBS
FOR 50ml:
▪

2mM MgCl2 (1M) → 0,1ml

▪

0,02% NP-40 (10%) → 0,1ml

▪

PBS → 49,8 ml
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X-gal staining solution:
1 mg/ml X-Gal
5 mM K3Fe(CN)6
5 mM K4Fe(CN)6, 2 mM MgCl2
0.02% NP-40 for up to E12 or explants
0.1% NP-40
0.2% sodium deoxycholate for E12.5 & older
FOR 10ml:
end c (stock c) → amount to pipet
▪

1mg/ml X-gal (50mg/ml) → 0,2 mL

▪

5mM K3Fe(CN)6 (0,5M) → 0,1ml

▪

5mM K4Fe(CN)6 (0,5M) → 0,1ml

▪

2mM MgCl2 (1M) → 0,02ml

▪

0,1% NP-40 (10%) → 0,1ml

▪

0,2% Sodium deoxy (10%) → 0,2ml

▪

Fill until 10ml with PBS → 9,28ml

Primer sequences
Cre 5'

AAT CTC CCA CCG TCA GTA CG

Cre 3'

CGT TTT CTG AGC ATA CCT GGA

R26F2 forward (883)

AAA GTC GCT CTG AGT TGT TAT

R1295 mut. reverse (315)

GCG AAG AGT TTG TCC TCA ACC

R523 wt. reverse (316)

GGA GCG GGA GAA ATG GAT ATG
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Abstract
The outermost layer of the eye, the cornea, is renewed continuously throughout life. Stem cells of the
corneal epithelium reside in the limbus at the corneal periphery. These stem cells replenish the cornea
from limbus towards the central cornea forming stripes. In young mice, the limbal stripes have not
formed yet, but the epithelium renews itself from the basal layer to the superficial layer. We studied
the transition from a newborn to an adult state in the aspects of growth and keratin 19 (Krt19)
expression, as a hallmark of corneal maturation. In addition, we sought for a novel marker of murine
corneal epithelial progenitor cells before, during and after maturation. We found that Bmi1 (polycomb
ring finger oncogene) is expressed in the basal epithelium of the central cornea and limbus.
Furthermore, we followed the Bmi1+ cells by genetic fate mapping and demonstrated that Bmi1+
cells participated in tissue replenishment in the central cornea. However, Bmi1+ cells did not maintain
the cornea for long-term and they did not contribute to the formation of limbal stripes. This data
suggests that they are progenitors, rather than stem cells. After an injury, Bmi1+ cells continued
homeostatic maintenance and wound healing occurred via epithelial reorganization. This study
introduces the role of Bmi1 in the mouse cornea and dissects the steps of corneal maturation in detail.
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Introduction
The cornea is the transparent layer that covers the surface of the eye. It serves as a barrier to pathogens
and water loss, and forms a refractive layer essential for vision. The outermost layer is formed by the
corneal epithelium, where cells are strictly adherent to each other and in contact with the physical
environment. Basal epithelial cells sit on the basement membrane. Suprabasal and superficial
epithelial cells make up the following 3-4 cell layers and the superficial layer faces the tear film; a
source of hydration and nutrients to the epithelium. In mice, cornea matures to its adult morphology
postnatally. Mice open their eyelids around postnatal day 14 (P14), concomitantly with the beginning
of epithelial stratification [1]. The epithelium is fully stratified by P21.
Corneal epithelium is renewed throughout life. Stem cells that fuel this renewal are situated in the
periphery of the cornea, in a ring-like structure called the limbus [2]. Early work identified label
retaining cells (LRCs) of the cornea in the limbus, suggesting that this is the stem cell niche of the
cornea [3,4]. Several studies have shown centripetal renewal of the corneal epithelium from the
limbus to the central cornea using genetic fate mapping [5–8]. However, renewal patterns exhibit
temporal and species-specific differences [9]. Collinson et al. first showed, that in mouse, limbal
renewal only begins at around 5 weeks of age [5]. Before that, the central corneal epithelial cells
renew locally [5], quite similar to epidermal proliferative units in skin [10]. Genetic fate mapping
showed that central corneal renewal is a temporary phenomenon; stripes originating from the limbus
replace the central corneal cell clusters by 10-14 weeks of age [5,6].
Several groups have proposed different markers for epithelial stem cells in the adult cornea. The
expression of a previously identified stem cell marker, Bmi1, was detected in the human limbus
together with C/EBPδ [11]. Bmi1 expression was later confirmed in an in vitro model on naïve human
limbal epithelial cells and limbal holoclones from pig [12,13]. Bmi1 is of particular interest because
it is expressed in stem cells of several organs, including the bone marrow, central and peripheral
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nervous systems, intestine and the tooth [14–18]. In these tissues, Bmi1 functions in stem cell selfrenewal [14–16] and regeneration after injury [19]. Studies on Bmi1 deficient mice have shown that
the absence of Bmi1 results in severe defects in skeletal patterning, intestinal development and
hematopoiesis [15,20,21]. These defects are likely a result of oxidative damage in Bmi1-/- cells [22].
Thus, the identification of Bmi1 expression in the cornea provides an intriguing avenue into studying
stem cells and renewal of the corneal epithelium.
As the ocular surface is an exposed tissue, it is regularly challenged by physical damage. Wound
healing studies have been combined with genetic fate mapping of epithelial cells, using Krt14 as a
driver for reporter expression [7]. This study employed a chemical wound and showed that the limbal
contribution in wound healing increases with the severity of the wound, whereas mild wounds do not
require limbal input for healing. In contrast, Majo et al., challenged the concept of limbal renewal
and showed that the central cornea houses cells that are able to repopulate the ocular surface upon
injury [13]. However, as genetic fate mapping from a defined stem cell population in homeostasis
and injury are still missing, it is difficult to dissect the identity of these cells. The difference between
corneal renewal pattern in mouse and other species might lie in the differential timing of corneal
maturation. It is not fully understood, where and when the limbal stem cells (LSCs) are first
established in the mouse, which could contribute to the differences in lineage tracing after injury.
Thus, it is important to consider the age of the mouse and the role of cornea and eye growth in this
process.
In this study, we identified a novel marker of murine corneal epithelial progenitor cells, Bmi1, and
we addressed the usability of this marker in studying cornea renewal. We studied cornea maturation
in detail and characterized Krt19 in the maturation process. Furthermore, we showed that Bmi1 is
expressed at similar levels throughout the animal’s life. We found that Bmi1 localized to the basal
epithelium in the central cornea and limbus. Together with the rest of basal epithelium, Bmi1+ cells
participated in tissue renewal in the central cornea. Interestingly, genetic fate mapping demonstrated
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that Bmi1+ cells were progenitor cells that were replaced after 6 to 8 weeks, and after injury, Bmi1+
cells were not involved in wound healing. Taken together, these observations showed that the central
cornea harbors cells that regularly act as progenitors, but have a limited life span.
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Materials and methods
Animals
If not otherwise indicated, we used outbred NMRI mice in our experiments. For the label retaining
experiment, we used outbred ICR mice. The generation and characterization of Bmi1 CreERT and
R26RLacZ mice have been described earlier [17,23]. Both lines were maintained in outbred NMRI
background, but crossed with each other to obtain Bmi1CreERT/wt;R26RLacZ/wt animals for genetic
inducible fate mapping. Vaginal plug day was counted as embryonic day (E) 0.5. Postnatal days are
numbered from the date of birth (P0). All animal experiments were approved by the national Animal
Experiment Board.
Histology and immunostaining
Mouse tissues (eyeballs or whole heads) were fixed in 4 % PFA (paraformaldehyde), dehydrated, and
embedded in paraffin. E18.5 head samples were decalcified with 0.5 M EDTA (ethylenediaminetetra
acetic acid) for two weeks before paraffin embedding. 5μm-thick paraffin sections were stained with
hematoxylin (Sigma-Aldrich) and eosin (Sigma-Aldrich). For immunofluorescence, sections were
pretreated for clearing and rehydration, followed by antigen retrieval for two hours in a pressure
cooker (Retriever 2100, Aptum Biologics), immersed in 10 mM sodium citrate buffer. Retrieval was
followed by preblocking with 3 % hydrogen peroxide (Sigma-Aldrich) in methanol (Sigma-Aldrich)
and tissue permeabilization with 0.3 % Triton-X in PBS. After antigen blocking with 10 % serum in
1 % BSA (bovine serum albumin) in PBS, sections were incubated overnight with a primary antibody
in the blocking solution. We used antibodies for Keratin 19 (Abcam, ab52625) and β-catenin (BD
Biosciences, 610154) in 1:100 and Ki67 (Abcam, ab16667) in 1:200 concentrations, followed by
Alexa 488 or 568 -conjugated secondary antibodies (Thermo Scientific, A11008 or A10042) and
Hoechst (Thermo Scientific) counterstaining. For immunostaining on Bmi1 (1:200, Cell Signaling,
6964S), we used abovementioned pretreatments, followed by preblocking; 1 % hydrogen peroxide in
methanol and tissue permeabilization as above. Samples were blocked using 3 % BSA, 20 mM
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MgCl2, 0.3 % Tween-20 (Sigma-Aldrich) and 5 % FBS (fetal bovine serum) (Hyclone, GE
Healthcare) in PBS. Primary antibody was incubated overnight in the blocking solution and
subsequently in an anti-rabbit HRP-conjugated secondary antibody (ImmunoLogic). We performed
a 3,3-diaminobenzidine staining (Vector Laboratories) and used 50% Gills Hematoxylin (SigmaAldrich) for counterstaining.
Eye size measurements and quantification of Ki67+ corneal epithelial cells
Eye sizes were measured from fresh, enucleated eyes (n=3-7/time point). Measurements were done
using the ZEN software (blue edition, 2009-2011, 1.0.0.0., Carl Zeiss). Growth categories were based
on statistical difference between age pairs as follows: intense (p≤0.05 between adjacent age pairs),
moderate (p≤0.05 between non-adjacent age pairs) or no growth (size differences between ages did
not differ statistically). Ki67+ cells were counted manually after immunostaining on 20 serial sections
(5μm intervals) from 3 different individuals. Each corneal epithelium was divided into two limbal,
two peripheral and one central compartment that encompass 6.4 % (2x), 14.6 % (2x) and 58 % of the
epithelium, respectively (Supporting Information Fig. S1A), using the ZEN software (blue edition,
2009-2011, 1.0.0.0., Carl Zeiss). Ki67+ cells were calculated separately for each compartment and
then normalized to the area (A) of the compartment by using the formula Ki67+ cells/(Ax5x20).
Coverage of the cornea was calculated with 𝜋 x ((√𝑐𝑜𝑟𝑛𝑒𝑎 𝑟) + ( √𝑐𝑜𝑟𝑛𝑒𝑎 ℎ𝑒𝑖𝑔ℎ𝑡))/4 x 𝜋 x
(√𝑒𝑦𝑒 𝑟).
In situ RNA hybridization
In situ RNA hybridization was performed using RNAscope technology (Advanced Cell Diagnostics),
following a manufacturer’s protocol. We used a mouse Bmi1 probe (target region 3096 – 3549 of
NM_007552.4) and a colorimetric revelation kit (Advanced Cells Diagnostics). Sections were
photographed using an Olympus AX70 microscope.
Genetic inducible fate mapping
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For genetic fate mapping of Bmi1+ cells in embryonic stages, pregnant females were injected (i.p.)
twice with tamoxifen (Sigma-Aldrich). At P4 and P5, mice were injected (i.p.) twice with tamoxifen
(Sigma-Aldrich) and from the age of 4 weeks onwards, tamoxifen administration route was oral (i.g.),
and given on two consecutive days. Tamoxifen was prepared at 50mg/ml in corn oil (Sigma-Aldrich)
and given at the daily dose of 10mg/30 g at all stages. X-Gal staining was performed as previously
described [24] and sections were counterstained with Nuclear FAST red (Fluka) supplemented with
thymol (Sigma-Aldrich). Sections were photographed with an Olympus AX70 microscope.
Labeling and detecting label retaining cells
We gave a single injection of 5-bromo-2’-deoxyuridine (BrdU, GE Healthcare) at 0,6 mg/animal to
label cycling cells. BrdU staining followed the abovementioned immunofluorescent staining
protocol, excluding methanol blocking. We used anti-BrdU antibody (1:400, GE Healthcare,
RPN202).
Cornea injury model
We used 4 weeks old mice for the initial cornea injury model. Injuries were performed in aenesthesia,
using ketamine-medetomidine, 75 mg/kg + 1 mg/kg (i.p.) (Orion Pharma, Intervet). First, we scraped
away a circular area of the central cornea with Algerbrush 2, BR2-5 0.5 mm (Alger Company). We
took care not to injure peripheral and limbal regions. After this, we stained the ocular surface with
0.1 % fluorescein (Sigma-Aldrich) and photographed it under cobalt blue light with a Nikon SLR
camera. We finished the experiment by administering the animals with analgesics; buprenorphine,
0.05-0.1 mg/kg, (i.p.) (Invidior), and an impulse; atipamezol 0.5 mg/kg, (i.p.) (Orion Pharma). We
gave experimental animals’ carprofen, 5 mg/kg (i.p.) (Norbrook) and eye ointment (Isathal) daily
until sacrifice. In addition, we used Bmi1CreERT/wt;R26RLacZ/wt animals for an experiment where cornea
injury was combined with genetic fate mapping experiment. Cre activation was induced as described
above at the age of 6 weeks. We performed the injury two weeks later, as described in this section.
Eyes were enucleated and processed for X-gal staining and then imaged with Zeiss Lumar
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stereomicroscope. The right eye was not scraped in neither case and thus served as a control. We
estimated the epithelial thickness after wounding from hematoxylin and eosin stained sections.
Thickness was measured from 3 wounded and 3 bilateral, unwounded eye sections using the ZEN
software (blue edition, 2009-2011, 1.0.0.0., Carl Zeiss). Measurements were always taken from the
largest possible region in the central cornea. Furthermore, we took measurements from wounded and
unwounded pairs from an area that corresponded to each other in distance to the limbus.
Statistics
Eye and cornea size measurements, Ki67+ cell quantification and epithelial thickness after injury was
tested statistically using SPSS Statistics 22 for ANOVA (analysis of variance), combined with Tukey
or Bonferroni post hoc tests and, when needed, with Kruskal-Wallis test with pairwise comparisons.
We used p ≤ 0.05 as significant.
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Results
The identity of the limbus is set before cornea reaches adult size
We hypothesized that the gradual switch in keratin expression pattern in mouse reflected the pace of
corneal maturation. Therefore, to evaluate the chronological events that lead to the formation of a
limbal stem cell niche, we investigated expression patterns of Krt19 in young and adult mouse cornea.
Krt19 expression was previously studied in the basal epithelium of the adult human and mouse limbus
[25–28]. We followed Krt19+ cells during cornea morphogenesis. While we detected Krt19
expression in the entire embryonic corneal epithelium, from E13.5 to E18.5 (data not shown), the
postnatal expression pattern changed progressively. Immediately after birth, Krt19 was
homogeneously expressed in the epithelium (Fig. 1A-A’’’). Already at P7, we detected regions in the
central cornea that were devoid of Krt19+ cells (Fig. 1B’), but all limbal cells still expressed it (Fig.
1B’’-B’’’). After P7, when corneal epithelial stratification begins, Krt19 expression gradually
decreased from the central and peripheral cornea (Fig. 1C-C’) until it was totally lost by P21 (Fig.
1D-D’). Thereafter, Krt19 expression pattern was similar to the one found in adult mice (Fig. 1EE’’’). Our results demonstrated the progressive, postnatal maturation of the cornea and the rapid
emergence of the limbus as the corneal stem cell niche after eyelid opening.
To understand if the process of corneal maturation was concomitant with a change in the eye
morphology, we analyzed the growth of the mouse eyeball and cornea. We assorted the growth
patterns to three categories; intense, moderate or no growth. As highlighted from the measurements,
the most intense period of growth occurred during the first postnatal week, but the eyeball continued
steady growing until the age of 4 weeks (Fig. 1F). After 4 weeks of age, the eyeball did not grow
significantly anymore. Additionally, our measurements pointed out that the area covered by the
cornea expanded as well. At birth, the mouse cornea covered 18 % of the eyeball. By one year of age,
the coverage increased up to 37 %. Interestingly, the mouse cornea growth pace was dissimilar to the
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one of the eyeball. The cornea underwent two waves of intense growth. The first one was
simultaneous with the intense growth period of the eyeball during the first week after birth. The
second period of intense growth happened after the eyelid opening and the stratification of the cornea,
between P21 and 4 weeks of age (Fig. 1G). Both waves were followed by a period of moderate growth
(Fig. 1G). The cornea reached adult size by 16 weeks of age (Fig. 1G), long after the eyeball had
stopped growing.
When we analyzed the input of proliferating cells on cornea growth, we quantified Ki67+ cells in the
mouse corneal epithelium from P0 to 24 weeks of age (Fig 1H). Ki67+ cells were detected in the
limbus, peripheral cornea and central cornea at all ages (Supporting Information Fig. S1B). The
quantity of Ki67+ cells/μm3 was maintained at a steady level relative to the size of the cornea,
increasing as the cornea grew larger (Fig. 1H). Our observations showed a constant rate of cell
proliferation; sustaining first the cornea growth, then stratification, and finally constant renewal.
Collectively, these results demonstrated the chronology of the stem cell niche formation, maturation
of the cornea, and constant proliferation sustaining tissue growth.
Bmi1 expression is found early in the developing murine cornea
Next, we wanted to look deeper into the developmental expression patterns of other interesting genes.
Previous studies had shown that the expression of Bmi1 followed that of known limbal markers, p63
and Keratin 15 (Krt15), in the adult human cornea [11,29]. Notably, p63 and Krt15 become restricted
to the human limbus already before birth [29]. Therefore, we investigated Bmi1 expression and the
fate of Bmi1+ cells during cornea morphogenesis. We detected prominent expression of Bmi1 from
E12.5 until E18.5 throughout the corneal epithelium (Supporting Information Fig. S2). As Bmi1
expression was previously reported to be limited to the limbus in adult human cornea [11], we
investigated if the differential timeline of cornea maturation in mice had an influence on Bmi1
expression pattern. We saw BMI1 in basal and suprabasal epithelial layers before epithelial
stratification (Fig. 2A-B’’’) and in all layers after stratification at P14 (Fig. 2C-C’’’). However,
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already at P14, some of the epithelial cells lost Bmi1 expression, and it became more restricted to the
basal epithelium by P21 (Fig. 2D-D’’’). We performed an inducible genetic fate mapping experiment
starting from P4 and observed the generation of epithelial clones and stripes from Bmi1+ cells after
over two weeks of chase (Supporting Information Fig. S3). Thus, Bmi1+ cells participated actively
in cornea growth during maturation.
Bmi1+ cells are corneal epithelial progenitor cells
As the expression of Bmi1 seemed broader than expected from a stem cell population, we investigated
Bmi1+ cells in the maturing and fully matured mouse cornea. We used immunostaining and highly
sensitive RNA in situ hybridization to visualize subtle changes in Bmi1 expression. Unexpectedly,
we did not detect any change of Bmi1 expression pattern at the protein or RNA levels over time (Fig.
3). Almost all basal epithelial cells were Bmi1+, while few suprabasal cells expressed Bmi1 (Fig. 3A,
A’, B, B’, C, C’, D, D’). Notably, we detected some Bmi1-negative cells scattered in the basal layer
of the central cornea (Fig. 3A, A’, A’’’, B’’, B’’’, C, C’’, D’’’).
Next, we analyzed participation of the Bmi1+ cells in cornea renewal. The inducible genetic fate
mapping revealed a peculiar pattern of corneal renewal (Fig. 4). First, we studied the progeny of
Bmi1+ cells in 1 month old animals, which have a recently matured cornea. The Bmi1+ cell progeny
arose in clusters, displaying a patchy pattern in central, peripheral and limbal cornea two weeks after
induction (Fig. 4B-B’). The cluster remained until 4 weeks of chase (Fig. 4C-C’), but disappeared at
8 weeks (Fig. 4D-D’). However, rare stripes from the peripheral cornea formed at 8 weeks and
withheld until 16 weeks of chase (Fig. 4F-F’). By 20 weeks of chase, we no longer detected the
progeny of the labelled Bmi1+ cells. (Fig. 4G-G’). Long-term follow up of corneal renewal did not
show persistent or new generation of epithelial cells from the originally labelled Bmi1+ cells (Fig.
4H-I). Histological analysis showed that the described clusters arose from single Bmi1+ cells (Fig.
4J-J’’). Bmi1+ clones grew larger with longer time intervals and expanded sideways, also in the basal
layer (Fig. 4K’). Then, to understand if these observations were age-dependent, we applied the same
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approach to older animals. We conducted the second part of the fate mapping experiment using 6
month old mice (Fig. 5A). In this experiment, we observed rare, small, Bmi1+ cell clusters after four
and eight weeks of chase (Fig. 5A-E). These clusters disappeared upon longer chase times. The
observation that Bmi1 is expressed throughout the basal layer but X-gal is not staining an even area
in the entire cornea, showing the Bmi1+ cells and their progeny, suggests that the recombination
efficiency is low, but within a normal range [30]. Our results are in line with the previous report on
mouse cornea; the epithelial renewal decreases upon aging [6]. The progressive loss of Bmi1+ cell
progeny in fate mapping led us to assess the distribution of Ki67+ cells and LRCs in the cornea. Our
results clearly indicated, that the Bmi1+ population contains also the proliferative cells of the central
cornea (Supporting Information Fig. 4A-B’’). In addition, we used BrdU incorporation to visualize
the proliferative cells in the central cornea and limbus (Supporting Information Fig. 4D-E’). These
observations reflected the brief maintenance of progenitors in the central cornea, where they are
responsible for local, corneal renewal.
Bmi1+ cells are not proliferating during wound healing
We next performed an injury repair assay and chose to use an in vivo epithelial scraping wound
instead of a chemical exposure. This approach removes only a selected region of the epithelium and
leaves the rest of the epithelium unaffected, as opposed to chemical exposure, which in our hands
affects most of the ocular surface, leaving no fully healthy regions for comparison. Importantly, we
did not observe corneal opacification, neovascularization or conjunctivalization even 1 week after
scraping (data not shown).
Repair after injury differs from homeostatic renewal in many organs. We assayed the role of Bmi1+
progenitor cells in corneal wound healing after scraping the epithelium. Bmi1 reporter expression was
induced two weeks prior to wounding (Fig. 6A). As described above, we observed Bmi1+ cell clusters
in the central cornea, excluding the scraped region, immediately after wounding (Fig. 6B-B’). An
epithelial wound was still visible 18 hours after injury (Fig. 6C), but genetic fate mapping of Bmi1+
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cells did not reveal a pattern that differed from homeostasis (Fig. 6C’). By 72 hours, the epithelial
wound had closed fully (Fig. 6D). This was confirmed by the genetic fate mapping; cell clusters
appeared in central, peripheral and limbal cornea, suggesting a full closure of the wound, followed
by a restoration of normal renewal (Fig. 6D’). Interestingly, we did not observe any modifications of
the Bmi1+ cell progeny patterning. In addition, we performed a similar epithelial wounding
experiment without the inducible genetic fate mapping (Supporting Information Fig. S5A). In line
with Fig. 6A, this assay indicated that injury did not induce accelerated cell proliferation (Supporting
Information Fig. S5B). In search for possible alternative wound healing mechanisms, we studied the
morphology of the epithelium in the proximity of the wound. We showed that 18 hours after injury
the epithelium was markedly thinner in a region that expanded from the healthy peripheral cornea to
the wound edge (Fig. S7A-B). This region only contained the basal and first suprabasal cells and
lacked the superficial cells. However, 72 hours after wounding the cornea was healed (Fig. S7D).
These observations hinted towards a possible cell intercalation and convergence extension as swift
mechanism to heal the cornea after epithelial scraping.
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Discussion
The mouse cornea is a fitted tool to study epithelial stem cells. Several groups showed that the corneal
stem cells reside in the limbus [5–8]. Postnatal corneal epithelium renews itself locally, apparently
without limbal input, until approximately 5 weeks of age [5,6]. In this study, we took a close focus
on corneal maturation and renewal pattern from birth to adulthood. We identified Bmi1 as a progenitor
marker, which is excluded from the corneal epithelial stem cells, but expressed in the proliferating
cells of the basal layer of the central cornea.
Like several other mammals, the mouse also has closed eyelids at the time of birth and the opening
happens at about P14. During this period, the eye continues to grow and mature. In our study, we
found evidence that the eyeball and cornea follow dissimilar patterns of growth; cornea grows
markedly longer than the eyeball. This difference in growth is largely explained by the fact that the
cornea covers only a small region of the ocular surface at birth, however by adulthood, it encapsulates
almost half of the eyeball. Unlike in the human cornea, where proliferative cells localize from all
corneal regions to limbus during a gestational maturation [26], we did not detect any changes in the
distribution of Ki67+ cells during the maturation process in mouse. Our analysis showed that the
amount of Ki67+ cells was always fitted to cornea size, so that tissue growth was coupled with a
steady increase of Ki67+ cells, but stayed in the same proportional level at all ages when adjusted to
the size.
Previous reports have shown a late timeline for corneal maturation in the molecular level. Krt14
expression progressively moves away from all epithelial layers to the basal cells of the central cornea
and limbus at P10 [31]. In addition, α9β1 integrin expression moves from the central cornea to limbus
by 8 weeks of age [32]. Thus, the limbal location of naïve epithelial cells is supported by the
expression of these markers. In addition, the differentiation marker KRT12 covers fully the central
cornea relatively late in mouse, by 12 weeks of age [31]. The mature and differentiated Krt12+ cells
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were present in the entire central corneal epithelium only by P90 [8]. Strikingly, the chronology we
obtained with Krt19 expression is much shorter. This differential timeline indicates that the
populations labelled by these Keratins are separate. Krt19+ cells are more naïve, and therefore Krt19
expression disappears during cell differentiation in the cornea. We propose that Krt12 expression
could represent the last step of differentiation. In the light of our work, we propose that the limbal
niche is defined before the terminal differentiation of the central cornea. Collectively, our results
demonstrate that cell proliferation and cornea growth mirrored the molecular maturation of the
cornea.
Genetic fate mapping provides a powerful tool to study tissue renewal. Up to date, no other marker
than Krt14 has been used to genetically fate map a restricted corneal cell population [7,8]. While
Bmi1 expression was demonstrated in the human limbus [11], the basal cell layer of the central mouse
cornea contains mainly Bmi1+ cells. Therefore, it is possible that the roles of Bmi1 are different in
human and mouse. Our genetic fate mapping and label retaining experiments show that the murine
Bmi1+ cells are not stem cells, but progenitors with a defined life-span. We analyzed the lifetime of
Bmi1+ cell clusters and illustrated that they maintained the central corneal epithelium for 4-8 weeks
after induction. This time reflects the maximum length of the central corneal turnover time that is
driven by the basal Bmi1+ cells. This is clearly longer than was postulated in an earlier study, where
progenitors exhibited a rapid turnover rate and long-living progenitors, like the Bmi1+ progenitors,
were not detected in the central cornea after 6 weeks [4]. However, our data is in line with a more
recent observation, where central corneal patches were detectable even after 8-10 weeks from
induction of a ubiquitous reporter expression [6]. When we analyzed 24 weeks old animals, we saw
a low incidence of Bmi1+ cell clusters compared to younger animals, indicating that tissue renewal
from the Bmi1+ cells had slowed down. One explanation is that at 24 weeks the central cornea is
fully dependent on limbal input for tissue homeostasis. However, proliferative cells were present in
the central cornea at 24 weeks, suggesting of regular cell divisions in the basal layer of the central
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cornea. Another possibility is that the recombination efficiency is lower at 24 weeks compared to 4
weeks. Bmi1 marks efficiently the central corneal progenitors cells in the young, but not in the mature
murine cornea.
We challenged the capacity of the Bmi1+ cells by inflicting an abrasion injury to the ocular surface.
Majo et al., showed that large areas of the cornea can heal without limbal input and this is supported
by evidence from LSC deficiency patients, who can maintain clear islets on the central cornea over a
very long follow-up period [13,33]. On the other hand, upon chemical burn injury the LSCs are
activated, but the extent of limbal input varies [4,7]. These results suggest that both central and limbal
epithelial cells are responsive to ocular surface injury, possibly exerting different roles in the process
of wound healing. After scraping the epithelium, the cornea healed fully within 72 hours, as reported
earlier [34], but we could not detect a change in the Bmi1+ cell progeny patterning. We detected a
change in epithelial thickness at 18 hours after injury that corresponds to the most active period of
healing. We propose that modifications in the organization of the epithelial layers, instead of
proliferation, is the mode of healing after scraping injury. After loss of all epithelial cells in a large
region of the cornea, only the basal (Bmi1+) and first suprabasal layers are constructed at first and
only after that stratification begins and leads to full repopulation of all the epithelial cell layers, as
our genetic fate mapping suggested. Interestingly, a similar mechanism, based on cell motility instead
of proliferation, leading to cellular intercalation and convergent extension was shown to be
responsible for the eyelid closure in embryonic mice [34]. Finally, our cell proliferation analysis rules
out an extensive LSC activity after epithelial scraping.
Collectively, our results reflected a non-stem cell oriented role for BMI1. Because of the constant
exposure of cornea to oxidative stress, and as Bmi1 was shown to be involved in the maintenance of
redox balance [35], we hypothesized that it could be an important function in the cornea as well. We
believe that a further analysis of Bmi1+ and negative cells can open up avenues to study the dynamic
process of epithelial renewal in cornea. Perhaps corneal cells maintain an intricate hierarchy between
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different stem cell and progenitor populations and these cells function in separate, but important
processes and might exhibit redundancy.
Conclusions
Our experiments support the existence of central corneal progenitor cells and reveals that these
progenitors maintain the corneal epithelium for a significant and limited time period, 4-8 weeks in
young mice. We introduce Bmi1 as a marker for these progenitor cells. Our analysis suggests as well,
that the cornea of a young mouse contains naïve cells that will locate to the limbus by the end of
corneal maturation. Epithelial scraping wounds showed that the Bmi1+ cells maintain central
turnover rate at a regular pace during wound healing via epithelial reorganization.
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Figure Legends

Figure 1.
Krt19 expression pattern correlates with cornea growth and maturation. Krt19 expressing cells are marked with magenta.
(A): At P0, all corneal epithelial cells were Krt19+. Boxes indicate the location of insets. At P7, the expression domain
excluded the basal cells in the central and limbal cornea. The border between epithelium and stroma is marked with a
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dashed line. By P14, the central corneal epithelial cells were almost all Krt19-negative (arrowhead), but the limbal
epithelial cells were Krt19+. At P21, we could not detect Krt19 expression in the central cornea anymore, in contrast to
noticeable expression in the limbus. After that the expression pattern remained constant; at 24 weeks of age the limbal
epithelial cells were Krt19+. However, signal from the central and peripheral cornea was completely lost. (B-C): Growth
rate is indicated with a color pattern: yellow for intensive growth, green for moderate growth and blue for no more growth.
(B): Eyeball diameter increased quickly from P0 until P7 (p=0.000), then with moderate pace from P7 until 4 weeks
(p=0.000); after that growth ceased (p ≥ 0.474). (C): Cornea diameter increased stepwise between P0 and P7 (P=0.000)
as well as between P21 and 4 weeks (p=0.005), with periods of moderate growth (p=0.000) after each quick growth phase.
Cornea diameter did not increase anymore after 16 weeks of age (p ≥ 0.193). (D): The amount proliferating, Ki67+ cells
were steadily maintained in an appropriate level at each age (p ≥ 0.125). Errors bars indicate 2 ± standard error. Hoechst
for nuclear staining (white). Eyelid (EL). Scale bars are 100 μm, 20 μm for insets.
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Figure 2.
Bmi1 expression is steady during cornea maturation. BMI1 immunostaining in brown. Bmi1 is expressed throughout both
epithelial layers before epithelial stratification begins (boxes show the location of insets). The border between corneal
epithelium and inner eyelid is marked with a dashed line. P14 marks the beginning of eyelid opening and epithelial
stratification. Bmi1 is mostly expressed in the basal epithelium, but visible also in the suprabasal epithelium. All layers
contain some Bmi1-negative cells (arrowheads). At P21 Bmi1 becomes more confined to the basal epithelium, however,
rare Bmi1-negative cells remain as well as some Bmi1+ in the suprabasal layer. Hematoxylin for nuclear staining (blue).
Scale bars are 100 μm, 25 μm for the insets.
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Figure 3.

Bmi1 expression pattern remains unchanged after cornea maturation. We assayed both BMI1 protein (in turquoise) and
Bmi1 RNA (in magenta). Young (4 weeks old) and adult mice (24 weeks old) displayed the same expression pattern.
Most of the epithelial basal cell layer of the cornea was composed of Bmi1+ cells. In both stages, we discovered few
Bmi1-negative cells in the basal layer (red arrowhead). Some suprabasal cells expressed Bmi1 in the adult cornea (yellow
or black arrowhead). Hoechst for nuclear staining (white) and hematoxylin for nuclear staining (blue). Scale bars are 100
μm, 50 μm for the insets.
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Figure 4.

Genetic fate mapping of Bmi1+ cells reveals progenitor-like dynamics. (A): Schematic drawing of the genetic fate
mapping experiment. The recombinase was induced at 4 weeks of age and eyeballs were regularly collected after 2 to 48
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weeks of chase. (B): Bmi1+ cells and their progeny are marked in blue due to LacZ expression. The bright ring on top of
the central cornea is a technical artefact from the camera. For each time point, we sacrificed 3 littermates and chose a
representative image to showcase. After 2 and 4 weeks post-induction, blue cell clusters emerged in the central, peripheral
and limbal cornea (arrowheads). Between 8 and 16 weeks of chase, these clusters gradually disappeared, leaving few
stripes visible (arrowheads). We did not note any progeny from 20 weeks onwards. (C): Insets of cornea after 2, 8 and 16
weeks of chase. (D): The histological sections confirmed that Bmi1+ cells and their progeny formed columnar clones
within the epithelium in the central, peripheral and limbal cornea after short chases. Nuclear FAST red for nuclear staining
(red). Scale bars are 1 mm (B-C) and 100 μm (D).
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Figure 5.

Genetic fate mapping of Bmi1+ cells shows short-lived clones in fully mature mice. (A): Schematic drawing of the genetic
fate mapping experiment. The recombinase was induced at 24 weeks of age and eyeballs were regularly collected after 2
to 24 weeks of chase. (B): We observed Bmi1+, rare clusters in the cornea after 2, 4 and 8 weeks of chase (arrowheads).
After 12 weeks of chase, Bmi1+ cells did not produce new progeny. Scale bars are 1 mm.
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Figure 6.

Corneal wounding reveals that Bmi1+ cells are not proliferative upon injury. (A): LacZ expression was induced at 6
weeks in Bmi1CreERT/wt;R26RLacZ/wt mice, followed by a scraping wound 2 weeks later on one eye/animal. We
collected both eyes immediately after wounding, 18 hours or 72 hours after. For each time point, we sacrificed 3
littermates and chose a representative image to showcase. (B): Fluorescein staining in green shows the wounded region
and an area devoid of cells, e.g. the wounded area, is marked with a dashed line in the lower panel. The wound is still
clear after 18 hours, but fate mapping shows a normal, patchy pattern outside the wounded region. By 72 hours after
wounding, the cornea is fully healed and central renewal pattern follows a regular pattern. Right panels show the bilateral,
unwounded control eye at each time point. Scale bar is 1 mm.
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Figure 7.

Epithelial thickness changes during wound healing. (A): Estimation of epithelial thickness 0, 18 and 72 hours post injury
in the center of the cornea (grey bars). Control samples (white bars) represent the thickness of the epithelium in the
bilateral, unwounded eyes in a similar location. The epithelium was significantly thinner in the cornea 0 hours (p=0.000)
and 18 hours (p=0.001) after injury. (B): Thickness of the epithelium in peripheral cornea after 0, 18 and 72 hours post
injury. The control epithelium was significantly thinner at 0 hours (p=0.002), which might reflect retraction of the
epithelium due to loosened mechanimal forces just after abrasion. At other time points, epithelium was not thinner in the
abrased cornea compared to the control. (C): The re-epithelializing zone 18 hours after injury consists of only two
epithelial cell layers. Epithelium has recovered at 72 hours. Unwounded control eyes. β-catenin (in white) shows cell
borders. Scale bar is 50 μm. Error bars indicate 2 ± standard error.
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