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Abstract

We previously showed that selective suppression of CD44 in the corneal epithelium leads
to structural abnormalities in the mouse cornea. Our comparative studies of young and
aged ocular biopsies revealed that CD44 expression is downregulated in aged corneas,
while leucine-rich repeats and immunoglobulin-like domain 1 (Lrigl+) stem cells remain
preserved in the peripheral limbus. These findings suggest an age-related shift in the
corneal stem cell compartmentalization, characterized by impaired CD44 expression in
the central cornea and preservation of Lrigl+ stem cells in the limbus, which become
the main stem cells in the senescent cornea. To investigate this further, we performed
topical tamoxifen-inducible, diphtheria toxin-mediated ablation of Lrigl+ stem cells in
mouse corneas. We then assessed both activated and non-activated beta-catenin expression
in wild-type (WT) and CD44 knockout (CD44KO) mice, given that CD44 modulates the
Wingless-related integration site (Wnt) pathway. Our results indicate that two distinct
stem cell populations operate in the mouse cornea: Lrigl-derived stem cells and Wnt-
activity /CD44-dependent stem cells. The Lrigl-derived cells act as a reservoir of quiescent
stem cells that regenerate the cornea upon injury, whereas under homeostatic conditions,
the Wnt-activity /CD44-dependent stem cells are primarily responsible for corneal renewal.
In the aged cornea, the loss of CD44 expression leads to reduced Wnt signaling, making the
tissue increasingly dependent on Lrigl+ stem cells for regeneration. In mice, Lrigl+ stem
cells are capable of sustaining permanent corneal renewal, even in the absence of CD44.

Keywords: Lrigl; CD44; Wnt; cornea; tamoxifen; ablation; stem cell

1. Introduction

We have shown that selective in vivo suppression of CD44 in keratinocytes resulted
in abnormalities in the corneal epithelium in mice and in a skin phenotype reminiscent
of dermatoporosis [1,2]. We explored the heterogeneity of epidermal stem cells located in
the basal layer of human epidermis and whether this heterogeneity was modified during
aging [3]. According to our data, two types of stem cells, the Epidermal Growth Factor
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Receptor (EGFR)+CD44+ and the EGFR inhibitor Lrigl+ (EGFR-CD44-) stem cells, showed
important changes in the aged epidermis. Located in the basal layer of epidermis, the
EGFR+CD44+ cells play an important role in skin biology by maintaining skin home-
ostasis, contributing to wound healing and in the maintenance of stem cells. In contrast,
the Lrigl+ cells, located in the interfollicular and follicular zones in human skin, would
rather be activated in wounding of the epithelium. In case of injury, they maintain the
skin homeostasis and prevent the excessive proliferation of cells and as a result the tu-
morigenesis [4-6]. The Lrigl+ stem cells were shown to be the only ones able to renew
all compartments of the epidermis (interfollicular epidermis, sebaceous gland and the
hair follicle) [7-9]. In homeostatic conditions, the Lrigl+ stem cells remain quiescent, and
are believed to have more stemness properties than other epidermal cells located in the
basal layer [10].

In addition, our data also underlined that in senescent human atrophic epidermis, the
EGFR+CD44+ cells tend to disappear together with a loss of Wnt signaling activity, while
the Lrigl+ stem cells are preserved. The hallmark of aged epidermis is characterized by a
reduced expression of CD44, reduced Wnt signaling and a cluster of Lrigl+ stem cells left
as the last cluster of stem cells for renewing the epidermis. We have also confirmed this
phenotype in a CD44KO murine model of senescent human atrophic epidermis.

Given the structural and functional similarities between epidermis and the corneal
epithelium, as both of them are stratified and self-renewing epithelial tissues, we hypoth-
esized that a similar compartmentalization may also occur in cornea. In more detail, the
cornea is composed of proliferating epithelial cells in the basal layer and differentiating
to form vertical rows of cells stacked together. In the eye, some stem cells have been
identified such as Lrigl+ cells which are present in retina and they are characterized as
retinal progenitor cells with regenerative potential [5,11,12]. They can proliferate and
differentiate into various retinal cell types. Moreover, Lrigl+ cells are present in the corneal
epithelium where they are involved in the maintenance and regeneration of the corneal
epithelium [11]. They play an important role in maintaining the integrity and function
of the corneal surface. Lrigl+ cells are also found in the lens, where they are probably
involved in local tissue maintenance and repair. Furthermore, as in other tissues, these cells
protect against excessive tissue proliferation and prevent the growth of tumors [5,11]. Apart
from Lrigl+, other types of stem cells are also present in the eye such as limbal epithelial
stem cells (LESCs), which are important for regeneration of corneal surface or corneal
stromal stem cells (CSSCs) that contribute to the regeneration of corneal stroma [13,14].

Recent studies have identified markers that are expressed in stem cells in the corneal
epithelium, such as p63, ATP-binding cassette sub-family G member 2 (ABCG2), cytoker-
atin 15 and Notch signaling-related markers [15,16]. Li et al. found that the cells which
express these markers are localized in the basal layer of the corneal epithelium in a murine
model [17]. However, there are no markers that are exclusively expressed in corneal
stem cells and further studies are required to identify potential markers specific for the
corneal epithelium.

As the cornea surface is exposed to sunlight, the regulation of the corneal homeostsasis
can be expected to be partially regulated similarly to the epidermal homeostasis. Descrip-
tion of slow-cycling epithelial basal cells in the limbus of the mouse cornea suggested
that the limbus is the niche for the corneal stem cells [17]. However, this observation was
challenged by the presence of oligopotent stem cells, such as corneal limbal stem cells and
conjunctival stem cells, on the entire ocular surface, including the cornea [18].

As mentioned above, the presence of different stem cell populations in the corneal
epithelium is already known, but the specific roles of Lrigl+ cells and CD44-dependent
stem cells and their role during aging remains poorly understood. It is also unclear whether
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there is a decline in the expression levels of CD44 and to what extent Lrigl+ stem cells
can compensate for this loss. With the hypothesis that corneal renewal is partially similar
to skin renewal, we demonstrate, in the current study, a downregulation of CD44 in the
center of aged cornea with a reduction in Wnt pathway activity. Our results also highlight
an increased activity of Lrgl+ stem cells in aged cornea. The findings of our study are
significant because they reveal that Lrigl+ stem cells may serve as a regenerative reservoir
during aging or in CD44-deficient tissues.

2. Results

To identify if the presence of CD44 and Lrigl+ cells is altered during age, young and
aged ocular biopsies were used. These results demonstrated in aged cornea a downreg-
ulation of CD44 at the center of the cornea with an increased peripheral and paracentral
expression of Lrigl.

We then performed Lrigl+ ablation in transgenic mice in order to investigate the origin
of cells that are present in the cornea and are able to renew it (Figure 1).
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Figure 1. (A) In young human cornea, CD44 is highly expressed in the basal layer of the central cornea
(red fluorescence) (48 + 5 cells) and Lrigl in the limbus (green fluorescence) (43 + 5 cells). (B) In old
human cornea, CD44 expression is decreased in the center (25 £ 5 cells, p = 0.005, Student’s ¢ test) and
Lrigl-positive cells extend from limbus to the central cornea (30 cells, original magnification). The
quantification of CD44+ and Lrigl+ cells for each group was performed at 3 high magnification fields
per subject. (C) Topical tamoxifen inducible diphtheria toxin (DTA)-mediated ablation of Lrigl+ stem
cells in mouse cornea. Tomato red fluorescent protein (Tom) fluorescence in red 2 weeks after the
ablation. Control = 100% of cells are red (Lrigl-derived cells) (left panel). Control = 50% of cells are
red (Lrigl-derived cells), and 50% are non-red (right panel). (D) Transgene construct and the protocol
of Lrigl in vivo ablation and cell lineage tracing (e 4-OHT topical application; © tamoxifen injection;
J cornea sample analysis). Scale bars = 87 um.

To further examine if the decline in CD44 expression during aging has an effect in the
expression of Wnt signaling pathway, samples from WT and CD44KO mice were used and
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the expression of the activated form of beta-catenin was detected. Moreover, cell lineage
tracing experiments were performed to detect if the Lrigl+ cells are present in CD44KO

mice (Figure 2).
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Figure 2. (A) Beta-catenin (green fluorescence) and non-phospho beta-catenin (red fluorescence)
staining in the cornea of WT versus CD44KO mice. Wnt pathway seems to be downregulated in
the absence of CD44. (B) Lrigl (green fluorescence) is still expressed in CD44KO mouse cornea
(upper panel). (C) Cell lineage tracing experiments in WT versus CD44KO mice. Red = Tomato
was activated in Lrigl+ cells upon tamoxifen treatment (lower panel). Note that 100% of cells are
red (Lrigl-derived cells) in WT animals already after 3 days, however in CD44KO animals only
70% of cells are red (Lrigl-derived cells) after 3 days, and 100% red after 7 days (Lrigl-derived
compartment is in blue). No difference was observed after 14 days. WT and CD44KO transgenic mice
expressing an inducible form of the Cre recombinase under the control of the Lrigl promoter and a
Cre reporter transgene coding for the tomato fluorescent protein were injected twice with 2 mg of
tamoxifen in the first 24 h in order to induce the recombinase activity and to remove the codon stop
that prevents the constitutive expression of the tomato protein in Lrigl expressing corneal epithelial
cells. Animals were killed at each timepoint after the tamoxifen injections. Eyes were fixed overnight
in formalin and then included in Tissue-Tek OCT compound, Sakura Finetek Europe Alphen aan
den Rijn, The Netherlands, and stored frozen. Cornea sections were further prepared with a cryostat
(=20 °C), dried, and mounted on histological slides with the DAPI fluoromount -G© (Southern-
Biotech, Birmingham, AL, USA). Scale bars = 87 um.

3. Discussion

Our preliminary studies in a group of young versus aged ocular biopsies showed
that CD44 expression is downregulated in aged cornea, while the Lrigl+ stem cells are
preserved in the peripheral limbus and extended to the central cornea. The modifications
of the cornea stem cell compartmentalization in aged cornea seem to implicate an impaired
expression of CD44 in the center of the cornea, as well as an expansion of Lrigl+ stem
cells from the limbus to the corneal center, which are becoming the predominant stem cell
population responsible for corneal renewal in the aged tissue (Figure 1).

To further explore the functional roles of these populations, we performed ablation
experiments of Lrigl+ cells in mice. We observed that following the ablation of Lrigl+ stem
cells in the cornea, there is a mixture of Tomato+ and Tomato- cells. This observation leads
to the conclusion that a part of the cornea is composed of Lrigl-derived cells (cells deriving
from Lrigl+ cells having survived the ablation, Tomato+ cells) and of non-Lrigl-derived
cells (Tomato- cells). In contrast, in the control mice, all cornea cells appeared to be Lrigl-
derived as all were Tomato+ (Figure 1). These findings suggest that two kinds of stem
cells seem to be able to renew the cornea: the Lrigl+ cells and Lrigl-, but probably also
EGFR+CD44+ cells.
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Expanding upon a previous study that demonstrated the role of CD44 in modulating
the Wnt signaling pathway, our current results show that the activity of the Wnt pathway
is reduced in the corneas of CD44KO mice [3]. However, the corneal homeostasis is
maintained in CD44KO models. For this reason, we hypothesize that Lrigl+ stem cells
probably compensate for the reduced Wnt activity, as Lrigl+ stem cells are still present in
the CD44KO mice. This was further supported by cell lineage tracing experiments showing
that Lrigl-lineage cells continued to feed the cornea, with however a possible little delay
when compared with the wild-type animals (Figure 2).

Together, our findings demonstrate that, as in epidermis, two kinds of stem cells seem
to operate in the cornea: the Lrigl-derived and the Wnt activity /CD44-dependent stem
cells. The Lrigl-derived cells, by analogy with the epidermis, may rather constitute a
reservoir of quiescent stem cells, which play an important role in regenerating the cornea,
in case of injury, and in homeostasis. Moreover, the Wnt activity /CD44-dependent stem
cells are another cell type that may renew the cornea in homeostatic conditions. In aged
corneas, the loss of CD44 expression may induce a reduced Wnt activity with an increased
dependency on Lrigl+ stem cells for renewal. Our experiments in mice showed that Lrigl+
stem cells permanently renew the cornea, which is not affected by CD44 loss.

Conversely, suppression of Lrigl+ stem cells in the in vivo ablation experiments also
shows that the cornea is able to self-renew without Lrigl+ stem cells, indicating that
CD44-dependent cells or other progenitor cells can also sustain epithelial regeneration.
This suggests a flexible regenerative system in which Wnt signaling in the basal layer of
the cornea continues to support corneal homeostasis. It is important to mention that our
study relies on murine models, which may not fully capture the complexity of human
corneal biology. Further studies should be performed in order to investigate other epithelial
cell types, which may be present in the cornea under various conditions, as well as the
interactions between already known markers and stem cells with Lrigl+ stem cells and
CD44-dependent stem cells.

In conclusion, our findings indicate two stem cell populations in the corneal
epithelium—Lrigl-derived and Wnt/CD44-dependent stem cells—and offer new perspec-
tives on corneal stem cell compartmentalization during aging. Lrigl has been previously
described as a marker of quiescent stem cells in various epithelial tissues, including the skin
and the eye, where it contributes to tissue maintenance and injury response [19,20]. On the
other hand, CD44 is involved in epidermal homeostasis and Wnt pathway modulation [3].
Our results confirm and extend these observations by showing that CD44-dependent stem
cells are active under homeostatic conditions and are associated with Wnt signaling, while
Lrigl+ stem cells serve as a quiescent reservoir, predominantly located in the limbus, but
they are becoming the primary source of corneal regeneration in aged or CD44-deficient
tissues. Additionally, we proved that there is a balance between active and reserve stem
cell populations, and this ensures tissue integrity and adaptability.

4. Methods

For the human studies, a group of young (5 years old, n = 20) versus aged
(>60 years old, n = 20) ocular biopsies were used, and immunofluorescence (IF) was
performed to detect the presence of CD44 and Lrigl+ stem cells. Human histological
slides were prepared from formalin-fixed paraffin-embedded sections. Slides were treated
with citric acid (10 mM, pH 6) for antigen retrieval. Antibodies used: anti-Lrigl (human)
(courtesy of Dr. Satoshi Itami, Osaka University, Osaka, Japan) and anti-CD44 (human)
(Bender MedSystems, Vienna, Austria).

A transgenic mouse model was developed in order to perform a topical tamoxifen
inducible diphtheria toxin-mediated ablation of Lrigl+ stem cells in the cornea. Transgenic
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B6.12956(Cg)Lrigltm1.1(cre/ERT2)*R26DTA /TOM mice (bearing the Lrigl::CreERT2 and
R26:DTA transgenes; Jackson Laboratory, Bar Harbor, ME, USA) and non-transgenic
control mice were used in this study. In more detail, the mice that were used in the
current study were heterozygotes with a wild-type gene and another one with the Cre-ER
(tamoxifen-dependent recombinase) inserted in the Lrigl exon, right in front of the Lrigl
promoter (small arrow). As for the Rosa26 locus, it had a constitutively activated promoter.
Downstream of this promoter, some animals had either the Tomato (TOM) transgene
inserted, or DTA (Diptheria toxin fragment A). The expression of both genes was prevented
by a stop codon flanked by 2 lox-sequences (target of the CRE). After the application
of the 4-hydroxytamoxifen (4-OHT) (Sigma, Saint Louis, MI, USA) (arrow), the 4-OHT
bound to the Cre (which is expressed only in cells expressing Lrigl) and so translocated
to the nucleus. Once in the nucleus, the Cre removed the stop codon of Tomato/DTA
(dashed arrows and x), so these proteins could be expressed. Cells then became red and
started expressing the DTA. The latter was toxic and induced the apoptosis of the given
cell (Figure 1).

By using the abovementioned conditional gene modification technology [21], we in-
duced a selective suppression of epidermal cells expressing the Lrigl gene in the adult mice
bearing the Lrigl::CreERT2 and R26::DTA transgenes following topical application of 5uM
4-OHT dissolved in ethanol for 14 days (a total of 10 applications). Immunofluorescence
was performed in order to detect the presence of Tomato+ cells in samples from control
mice and from mice in which Lrigl+ cells were eliminated.

The activation of Wnt signaling pathway, was investigated in WT versus CD44KO
mice, by staining the normal beta-catenin (D10A8 XP, rabbit monoclonal antibody, Cell
Signaling, Danvers, MA, USA) and the activated form (non-phosphorylated form) of beta-
catenin (D13A1, rabbit monoclonal antibody, Cell Signaling, Danvers, MA, USA) in the
cornea of WT and CD44KO mice. Finally, cell lineage tracing experiments were performed
to detect the role of Lrigl-lineage cells in the samples of WT and CD44KO mice. For these
experiments, mice were injected with tamoxifen and corneas were recovered after the
sacrifice of the animals at 24 h and 3, 7, and 14 days after tamoxifen injection (Figure 2).
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