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Caveolin (CAV) 1 and 2 are integral membrane proteins that constitute major components of small 
membrane pouches termed caveolae. While several functions have been described in other tissues, 
the roles of CAV1 and CAV2 in the ocular surface have remained unknown. In the current study, we 
investigated the expression and function of CAV1 and CAV2 in the human cornea. We found CAV1 and 
CAV2 to be preferentially expressed by proliferative Basal Cell Adhesion Molecule (BCAM)-positive 
progenitor cells along the entire limbal and corneal basal epithelial layer. Functional gene knockdown 
studies reveal that BCAM, BCAM co-expressed Laminin α5 (LAMA5) and Laminin α3 (LAMA3) regulate 
expression of CAV2. Mechanistically, we demonstrate that CAV1 and CAV2 contribute to enhanced 
BCAM-positive cell proliferation through regulation of Fibroblast Growth Factor Receptor 2 (FGFR2) 
cell surface expression. In aggregate, our study identifies specific expression of CAV1 and CAV2 in 
BCAM-positive corneal basal epithelial cells and uncovers a novel CAV1/CAV2-dependent mechanism 
of corneal progenitor cell proliferation, with potential implications for therapeutic enhancement of 
corneal regeneration.
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The cornea is a critical component in the ocular system, serving as the primary barrier against environmental 
damage and contributing to the majority of the eye’s focusing power. Its maintenance and repair rely on a specific 
group of cells known as corneal progenitors that include limbal stem cells (LSCs) and transit amplifying cells 
(TACs) located in the basal epithetial layer of limbus and central cornea1. These cells play a crucial role in corneal 
homeostasis, wound healing, and regeneration, thereby contributing to the maintenance of clear vision.

ATP-binding cassette (ABC) superfamily member ABCB5 has been identified as the molecular marker for 
prospective isolation of LSCs capable of long-term corneal regeneration2–9. Our recent single-cell (sc) RNA-seq 
analyses of ABCB5-positive LSCs identified a subpopulation of cells with high proliferative capacity expressing 
the basal cell adhesion molecule (BCAM)10,11. Immunohistochemical studies revealed that in addition to LSCs, 
BCAM was expressed by the TACs located in the basal epithelial layer of the limbus and central cornea10. 
scRNA-seq analyses also revealed that the BCAM-positive cell cluster within ABCB5-positive LSCs exhibited 
higher levels of CAV1 and CAV2 mRNAs compared to ABCB5-positive BCAM-negative cells10. Observation of 
the high CAV1 and CAV2 expression levels in the BCAM-positive LSC subpopulation led us to hypothesize that 
these molecules might contribute to the enhanced proliferative capacity of BCAM-positive cells not only among 
the LSCs but also the TACs.

Caveolins are a family of integral membrane proteins, which form the principal components of caveolae12,13, 
flask-shaped vesicular invaginations of the plasma membrane with multiple cellular roles, including vesicular 
transport, signal transduction regulation and cholesterol transport12,14–16. Among the Caveolin family, CAV1, 
which is expressed in diverse tissues, has been shown to interact with various signal proteins, including 
G-proteins, epidermal growth factor receptor (EGFR), Src-like kinases, H-Ras, and endothelial nitric oxide 
synthase17–22. CAV2 is closely associated with CAV1, forming stable hetero-oligomeric complexes within the 
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caveolae, and requires CAV1 for accurate localization within the plasma membrane23–25. The co-expression of 
CAV1 and CAV2 results in the formation of deeper caveolae compared to the expression of CAV1 alone26. 
Within the cornea, CAV1 expression has been detected in both the endothelium and the basal epithelial layer17. 
Further studies have indicated a correlation between aging and increased CAV1 expression levels27. However, 
the precise roles of CAV1 and CAV2 in the corneal epithelium remain to be elucidated.

In the current study, we demonstrate that CAV1 and CAV2 expressed in BCAM-positive progenitors along 
the corneal basal epithelial layer are essential for retaining the critical regulator of corneal differentiation 
Fibroblast Growth Factor Receptor 2 (FGFR2) on the cellular surface and for maintaining their proliferative 
capacity pointing to a novel role of CAV1 and CAV2 in human cornea.

Results
CAV1 and CAV2 are Expressed in BCAM-positive Basal Epithelial Cells in the Human Limbus 
and Cornea
Based on our previous scRNA-seq studies demonstrating high levels of CAV1  and CAV2 in BCAM-positive 
cells within ABCB5-positive LSCs10, we hypothesized that CAV1  and CAV2 might also be enriched in BCAM-
positive basal epithelial cells outside the LSC niche. RT-PCR analyses of sorted BCAM-positive and BCAM-
negative cells isolated from the limbus and cornea revealed significantly lower CAV1 and CAV2 mRNA levels 
in BCAM-negative cells (Fig.  1a). In the limbus, CAV1 expression was 36.6 ± 43.5% lower (p = 0.0492, n = 8) 
and CAV2 expression 40.5 ± 29.3% lower (p = 0.0058, n = 8) in BCAM-negative cells. In the cornea, BCAM-
negative cells expressed 52.2 ± 12.3% lower levels of CAV1 and 28.1 ± 5.7% lower levels of CAV2 (Fig.  1b). 
Immunofluorescent analyses of sequential corneal sections confirmed CAV1 and CAV2 co-expression with 
BCAM on the cell membrane of the basal epithelial cells from the limbus to the cornea (Fig. 1c). Of note, in some 
samples, nuclear, likely non-specific, staining of CAV2 was observed in both basal and suprabasal cells (Fig. 1c). 
As previously reported, Laminin α5, a ligand of BCAM28,29, was detected by immunostaining specifically in the 
limbal basement membrane in close proximity to BCAM-expressing basal epithelial cells (Fig. 1d)10. Another 
major basement membrane component, Laminin α3 30,31, was detected in the proximity of the BCAM-expressing 
cells along the entire basal epithelial layer (Fig. 1d).

Fig. 1.  Evaluation of CAV1 and CAV2 expression in human limbus and cornea. Comparative analyses of CAV1 
and CAV2 mRNA expression in BCAM-positive and BCAM-negative cells in the limbus (a) (n = 8) and cornea 
(b) (n = 3) (*p < 0.05, **p < 0.01) (c) Representative immunostaining analyses of CAV1 (green), CAV2 (yellow) 
and BCAM (red) co-expression in the limbus and cornea. Sequential sections were used to illustrate BCAM 
and CAV1 co-expression since both antibodies were raised in rabbits. Nuclei are visualized with Hoechst 33342 
(blue). n = 3. Scale bar, 50 μm. (d) Representative immunostaining analyses of CAV1 (green), CAV2 (yellow) 
and Laminin α5 (red) co-expression (top panels) and CAV1 (green), CAV2 (yellow) and Laminin α3 (red) 
(bottom panels) in the limbus and the cornea. Nuclei are visualized with Hoechst 33342 (blue). n = 3. Scale bar, 
50 μm.
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Regulation of CAV1 and CAV2 expression in Limbal epithelial cells
Based on the CAV1, CAV2 and BCAM co-expression with Laminin α5 in the limbus and the established role 
of Laminin α5 as a specific BCAM ligand28,29, we hypothesized that CAV1 and CAV2 expression might be 
dependent on BCAM/Laminin α5 signaling. To test whether BCAM and Laminin α5 contribute to maintaining 
CAV1 and CAV2 expression in the limbus, we performed siRNA-induced BCAM and LAMA5 knockdown (KD) 
experiments in human limbal epithelial cells. Both BCAM and LAMA5 KD reduced the expression of CAV2, to 
70.9 ± 11.3%, p = 0.0232 (BCAM KD#1) or 65.8 ± 17.1%, p = 0.0457 (BCAM KD#2) (n = 4), and to 62.2 ± 16.6%, 
p = 0.0007 (LAMA5 KD#1) or 39.3 ± 17.2%, p < 0.0001 (LAMA5 KD#2) (n = 8), respectively, while no significant 
difference in CAV1 expression was observed (Fig. 2a and b). Based on the Laminin α3, CAV1 and CAV2 co-
expression in the basal epithelial layer of the limbus and cornea (Fig. 1d), we also examined whether Laminin 
α3 played a role in regulating CAV1 and CAV2 expression. SiRNA-induced LAMA3 KD decreased expression 
of CAV1 to 89.7 ± 21.1%, p = 0.5397 (LAMA3 KD#1), 70.8 ± 20.8%, p = 0.0428 (LAMA3 KD# 2), or 63.1 ± 17.0%, 
p = 0.0075 (LAMA3 KD#3) (n = 6), and the expression of CAV2, to 71.5 ± 17.0%, p = 0.0217 (LAMA3 KD#1), 
53.6 ± 23.8%, p = 0.0119 (LAMA3 KD#2), or 53.4 ± 27.2%, p = 0.0201 (LAMA3 KD#3) (n = 6) (Fig. 2c).

CAV1 and CAV2 Contribute to High Proliferative Capacity of BCAM-positive limbal epithelial 
cells
BCAM-positive limbal epithelial cells are characterized by high proliferative capacity manifested by enhanced 
colony-forming efficiency (CFE) compared to BCAM-negative cell populations10. To test whether CAV1 and 
CAV2 contribute to enhanced cell proliferation, we examined the CFE of CAV1 and CAV2 siRNA KD BCAM-
expressing limbal epithelial cell cultures. Western blot analyses confirmed the reduction of CAV1 and CAV2 
protein expression in their respective knockdown cells (Fig. 3a and b). Notably, in addition to the loss of CAV1 
expression, reduced CAV2 levels were also detected in CAV1 KD cells (Fig. 3a). Similarly, in CAV2 KD cells, we 
observed, in addition to the loss of CAV2, reduced expression of CAV1 (Fig. 3b). Both CAV1 KD and CAV2 KD 
cells demonstrated reduced CFE compared to negative controls, to 33.4 ± 16.8%, p = 0.0002 (CAV1 KD#1) or 

Fig. 2.  Regulation of CAV1 and CAV2 expression in limbal epithelial cells. (a) Left, western blot analysis 
of CAV1, CAV2 and BCAM expression in BCAM KD limbal epithelial cells. Right, bar graph depicts the 
quantitative analyses of CAV1 and CAV2 protein expression. Bottom, representative flow cytometry analysis of 
BCAM expression in BCAM KD limbal epithelial cells. n = 4, *p < 0.05, KD, knockdown. (b) Left, western blot 
analyses of CAV1, CAV2 and laminin α5 expression in LAMA5 KD limbal epithelial cells. Right, the bar graphs 
represent the quantitative analyses of CAV1 and CAV2 protein expression. n = 8, ***p < 0.001, ****p < 0.0001. 
(c) Left, Western blot analyses of CAV1, CAV2 and laminin α3 expression in control and LAMA3 KD limbal 
epithelial cells. Right, the bar graphs represent the quantitative analyses of CAV1 and CAV2 protein expression. 
n = 6, *p < 0.05, **p < 0.01.
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63.2 ± 21.4%, p = 0.0118 (CAV1 KD#2), and to 27.6 ± 13.2%, p < 0.0001 (CAV2 KD#1) or 65.2 ± 14.7%, p = 0.0024 
(CAV2 KD#2) (n = 7) (Fig. 3c). These findings point to a functional role of CAV1 and CAV2 in cell proliferation.

CAV1 and CAV2 contribute to the maintenance of FGFR2 cell surface expression
Fibroblast growth factor receptors (FGFRs) are abundantly expressed in the caveolae32,33. Among them, FGFR2 
plays a critical role in the limbus and cornea by contributing to the maintenance of the epithelial phenotype 
through interaction with its ligand, Fibroblast growth factor 7 (FGF7), also known as keratinocyte growth factor 
(KGF)34–36. Immunohistochemistry of human corneas revealed that FGFR2 was predominantly co-expressed 
with CAV1 and CAV2 in basal limbal epithelial cells (Fig. 4a). While CAV1 KD and CAV2 KD did not affect the 
FGFR2 mRNA expression and total FGFR2 protein amount (Fig. 4b and c), flow cytometry analyses showed that 
CAV1KD and CAV2 KD led to a decrease of cell surface FGFR2 expression when compared to control KD, to 
42.8 ± 16.7%, p = 0.0044 (CAV1 KD#1) or 60.8 ± 16.2%, p = 0.0155 (CAV1 KD#2), and to 50.1 ± 16.6%, p = 0.0070 
(CAV2 KD#1) or 65.5 ± 16.2%, p = 0.0244 (CAV2 KD#2) (n = 5) (Fig. 4d). These results point to a role of CAV1 
and CAV2 in the maintenance of FGFR2 expression on the cell surface.

Discussion
In the current study, we investigated the functional role of CAV1 and CAV2 in the human cornea. We found 
that CAV1 and CAV2 contribute to the proliferative capacity of BCAM-positive corneal epithelial progenitors at 
various stages of differentiation10. These progenitors form the basal layer of both the limbus and central cornea 
and are known to be early (KRT12-negative in the limbus) and late (KRT12-positive in the central cornea) TACs. 

Fig. 3.  Contribution of CAV1 and CAV2 to colony-forming efficiency. (a) Left, western blot analyses of CAV1 
expression in CAV1 and CAV2 KD limbal epithelial cells. Right, the bar graph depicts quantitative analyses of 
CAV1 protein expression. n = 9. *p < 0.05, ****p < 0.0001, KD, knockdown. (b) Left, western blot analyses of 
CAV2 expression in CAV1 and CAV2 KD limbal epithelial cells. Right, the bar graph illustrates quantitative 
analyses of CAV2 protein expression. n = 9. **p < 0.01, ****p < 0.0001. (c) Left, representative macroscopic 
images of the colonies formed by CAV1 and CAV2 KD cells compared to the control siRNA transfected cells. 
Right, the bar graph represents comparative analyses of colony-forming efficiency (CFE). n = 7. *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001.
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Mechanistically, this could be attributed at least in part to the function of CAV1 and CAV2 in the maintenance 
of the cell surface expression of the critical regulator of corneal proliferation, FGFR2.

Laminins are a family of extracellular matrix glycoproteins that play a crucial role in the structural scaffolding 
of basement membranes. Composed of three different chains (α, β and γ), laminins are involved in various 
biological processes, including cell adhesion, differentiation, migration, and signal transduction37–40. In the 
cornea, Laminin-511 (α5β1γ1) and Laminin-332 (α3β3γ2) are particularly important for the adhesion and 
migration of corneal epithelial cells and basement membrane integrity30,31. Laminins α3 and α5 are distinct 
subunits of laminin proteins with structural differences in the laminin G-like (LG) domains, which are responsible 
for the variations in binding affinities for cell surface receptors, such as integrins, dystroglycan, and syndecans41. 
Our immunohistochemical analyses of human corneas revealed that CAV1 and CAV2 were co-expressed with 
the corneal progenitor marker BCAM10 along the basal corneal epithelial layer adjacent to the Laminin α5 and 
α3-positive basement membrane in the limbus and the Laminin α3-positive basement membrane in the cornea 
suggesting the potential functional connection. SiRNA-induced BCAM, LAMA5 and LAMA3 KD resulted in 
reduced expression of CAV2 and LAMA3 KD reduced the expression of CAV1. These findings suggest that 
CAV1 and CAV2 in basal epithelial cells are maintained by specific microenvironmental cues dependent on 
the intact BCAM, Laminin α5 and α3 signaling axis. Numerous mechanisms of transcriptional regulation of 
CAV1 expression have been identified to date42. Among them, the mitogen-activated protein kinase pathway 
extracellular signal-regulated kinase (ERK) has been shown to control CAV1 expression42,43. Laminin-332 was 
shown to induce cell proliferation through phosphorylation of the β4 integrin subunit and subsequent activation 
of ERK44. Thus, it is conceivable that Laminin α3 might regulate CAV1 expression through the phosphorylation 

Fig. 4.  Maintenance of cell surface FGFR2 expression by CAV1 and CAV2. (a) Representative immunostaining 
analyses of CAV1 (green), CAV2 (yellow) and FGFR2 (red) expression in the limbus and cornea. Nuclei are 
visualized with Hoechst 33342 (blue). n = 3. Scale bar, 50 μm. (b) Gene expression of FGFR2 in control and 
CAV1 and CAV2 siRNA-treated limbal epithelial cells. n = 5. *p < 0.05, **p < 0.01, KD, knockdown. (c) Left, 
western blot analyses of FGFR2 expression in CAV1 and CAV2 KD limbal epithelial cells. Right, bar graph 
illustrates quantitative analyses of FGFR2 protein expression. n = 4. *p < 0.05. (d) Left, representative flow 
cytometry analyses of FGFR2 expression in CAV1 and CAV2 KD limbal epithelial cells. Right, the bar graphs 
represent the quantitative analyses of FGFR2 expression. n = 5, *p < 0.05, **p < 0.01, KD, knockdown, FSC, 
forward scatter; A, area.
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of ERK. The transcriptional regulation of CAV2 is far less studied. In pancreatic cancer, it has been shown 
to be controlled by BRD4 and to contribute to cell growth45. Another study showed that CAV2 requires co-
expression with CAV1 for the formation of a hetero-oligomeric complex between them to be transported from 
the Golgi to the plasma membrane24. This functional dependency might explain our observation of reduced 
CAV2 expression in the setting of CAV1 KD.

Our finding of reduced CFE in CAV1 and CAV2 KD cultures suggests that CAV1 and CAV2 contribute to 
cell proliferation. We found that CAV1 and CAV2 maintain FGFR2 expression on the cell surface. FGFR2 is a 
critical regulator of corneal epithelial proliferation and differentiation, which is triggered by FGFR2 binding 
to its ligand, FGF7. Furthermore, FGF7 secreted by limbal fibroblasts binds with high affinity to FGFR2 and 
is reported to be essential for proliferation34,35,46 and maintenance of corneal epithelium36,47–49. Our results, 
therefore, suggest that CAV1 and CAV2 contribute to maintaining the proliferative corneal epithelial phenotype 
in basal epithelial cells through their role in regulating FGFR2 signaling.

In conclusion, our study reveals novel functional roles of CAV1 and CAV2 expressed by BCAM-positive 
corneal progenitors. Specifically, CAV1 and CAV2 are essential for the corneal progenitor proliferation as a 
result of their contribution to the maintenance of cell surface FGFR2 expression.

Materials and methods
Human cell source
Human whole eye globes and corneas were obtained from consented donors according to Institutional Review 
Board (IRB)-approved protocols through the Saving Sight (Kansas City, MO) and CorneaGen (Seattle, WA) eye 
banks. 

All experimental protocols were approved by the Brigham and Women’s Hospital Institutional Review Board 
committee. The whole eye globes were used for immunostaining. The corneas were used for limbal epithelial cell 
isolation. Limbal epithelial cells were harvested from the corneas as reported previously11,50. Briefly, the central 
corneas were collected by making circular cuts using an 8 mm disposable biopsy punch (Integra LifeSciences, 
Plainsboro, NJ), and the corneal endothelium was removed mechanically. Limbal epithelial cells were isolated 
after 1-hour incubation with PluriSTEM Dispase II Solution (MilliporeSigma, Burlington, MA) at 37 °C and 
dissociated by TrypLE Express Enzyme (Thermo Fisher Scientific, Waltham, MA) at 37 °C for 30 min. The cells 
were cultured in DMEM/F12 medium (Thermo Fisher Scientific) supplemented with 10 ng/ml keratinocyte 
growth factor (KGF) (PeproTech, Rocky Hill, NJ), 10 µM Y-27,632 (Tocris Bioscience, Bristol, UK) and B-27 
Supplement (Thermo Fisher Scientific)47.

Rodent Cell source
For colony-forming assay, 3T3-J2 cell line (Kerafast, Boston, MA) was maintained in DMEM (Thermo Fisher 
Scientific) supplemented with 10% calf serum (GE Healthcare Life Sciences, Marlborough, MA).

Immunofluorescence staining
Whole globes were fixed with 10% neutral buffered formalin (Fisher Scientific, Pittsburgh, PA) at 4 °C overnight 
and immersed into 70% ethanol. Paraffin-embedding was performed in BWH Pathology Core. Tissues were 
cut into 5  μm sections using a microtome. Deparaffinization and antigen retrieval were completed prior to 
antibody staining procedure. For the staining of FGFR2, the tissues were cryopreserved with the TissueTek® OCT 
Compound (Sakura, Tokyo, Japan) and 5 μm sections were obtained by cryostat. The fresh frozen sections were 
fixed with 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) for 15 min at room temperature 
before staining. Permeabilization and blocking were performed by a buffer containing 5% normal donkey serum 
(Jackson ImmunoResearch Laboratories, West Grove, PA) and 0.3% Triton X-100 (MilliporeSigma) for 30 min 
at room temperature. The sections were subsequently incubated with primary antibodies overnight at 4 °C. The 
following primary antibodies were used: mouse anti-CAV1 mAb (1:100, Santa Cruz Biotechnology, Santa Cruz, 
CA) for co-staining with FGFR2, rabbit anti-CAV1 pAb (1:200, GeneTex, Irvine, CA) for co-staining with CAV2, 
Laminin α5 and Laminin α3, goat anti-CAV2 pAb (1:100, R&D Systems, Minneapolis, MN), rabbit anti-BCAM 
polyclonal antibody (pAb) (1:100, Novus Biologicals, Centennial, CO), mouse anti-Laminin α5 mAb (1:50, Atlas 
Antibodies, Bromma, Sweden), mouse anti-Laminin α3 mAb (1:100, Atlas Antibodies), rabbit anti-FGFR2 mAb 
(1:100, Cell Signaling Technology, Danvers, MA). The sections were washed with Tris-buffered saline (TBS) 
(Boston BioProducts, Ashland, MA), followed by their incubation with Alexa Fluor 488-conjugated mouse 
secondary antibody (Abcam, Cambridge, UK), Alexa Fluor 568-conjugated rabbit secondary antibody (Abcam) 
and Alexa Fluor 647-conjugated goat secondary antibody (Abcam) for 1 h at room temperature and staining 
with Hoechst 33342 (Thermo Fisher Scientific) for 10 min at room temperature. After being washed with TBS, 
the sections were sealed with ProLong Gold Antifade Mountant (Thermo Fisher Scientific). Images were taken 
by C2 + confocal microscope (Nikon, Tokyo, Japan) and analyzed by NIS-Elements AR v4.30.01 (Nikon).

RNA interference
RNA interference was performed by transfecting Silencer™ Select siRNAs (Thermo Fisher Scientific) using 
Lipofectamine™ RNAiMAX Transfection Reagent (Thermo Fisher Scientific) as previously described51. The 
siRNAs used were: Silencer™ Select Negative Control No.1 siRNA, BCAM siRNAs (s8336 and s8337), and LAMA5 
siRNAs (s8065 and s8066), LAMA3 siRNAs (s8059, s8060 and s534951), CAV1 siRNAs (s2446 and s2448), and 
CAV2 siRNAs (s2450 and s2451).
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Western blot analyses
Cultured limbal epithelial cells were dissolved in RIPA buffer (Cell Signaling Technology) supplemented 
with cOmplete™ Protease Inhibitor Cocktail (MilliporeSigma). The lysates were incubated for 30 min on ice, 
centrifuged to remove the debris, and its protein concentration was measured by Bio-Rad Protein Assay (Bio-
Rad, Hercules, CA). After being mixed with SDS-sample buffer (Boston BioProducts) and 2-mercaptoethanol 
(MilliporeSigma), the lysates were denatured for 10  min at 95  °C. The proteins were run on SDS-PAGE gel 
electrophoresis and subsequently transferred on the PVDF blotting membranes (GE Healthcare Life Sciences). 
The membranes were blocked by a buffer containing 5% blotting-grade blocker (Bio-Rad) for 1  h at room 
temperature and then incubated with primary antibodies overnight at 4  °C. Primary antibodies used in the 
current study were: rabbit anti-β-actin pAb (1:1000, Cell Signaling Technology), rabbit anti-CAV1 pAb (1:500, 
GeneTex), rabbit anti-CAV2 pAb (1:1000, GeneTex), rabbit anti-BCAM pAb (1:1000, ABClonal, Woburn, 
MA), rabbit anti-laminin α5 pAb (1:500, GeneTex), mouse anti-laminin α3 mAb (1:500, Atlas Antibodies) and 
rabbit anti-FGFR2 mAb (1:1000, Cell Signaling Technology). After thorough washes with TBS with Tween 20 
(MilliporeSigma) (TBS-T), the membranes were incubated with HRP-conjugated mouse or rabbit secondary 
antibody (Cell Signaling Technology) for 1  h at room temperature. The protein signals were detected using 
Western Lightning Plus-ECL (PerkinElmer, Waltham, MA), and images were acquired by ChemiDoc MP 
Imaging System (Bio-Rad). Expression levels of protein were quantified using Image Lab software v5.2.1 (Bio-
Rad) and normalized to the expression level of β-actin.

Flow Cytometry
Dissociated cultured limbal epithelial cells were incubated for 30  min on ice with 4  µg/ml VioBright FITC-
conjugated anti-BCAM mAb (Miltenyi Biotec, Bergisch Gladbach, Germany) and 0.57 µg/ml anti-FGFR2 mAb 
(Cell Signaling Technology). For the detection of FGFR2, donkey anti-rabbit IgG antibody (Alexa Fluor 488) was 
used as the secondary antibody. GloCell™ Fixable Viability Dye Red 780 (STEMCELL Technologies, Vancouver, 
Canada) or Propidium Iodide Staining Solution BD Biosciences, San Jose, CA) was applied to remove the dead 
cells.

Cell analysis was conducted using a FACSCelesta (BD Biosciences) and the data were further analyzed by BD 
FACSDiva v9.0 and FlowJo v10.5.0 (BD Biosciences).

Colony-forming assay
Colony-forming assay (CFA) was performed following the protocol previously reported11,50. Briefly, 
trypsinized limbal epithelial cells were seeded on the 3T3-J2 feeder cell layer treated with mitomycin C (MMC) 
(MilliporeSigma) at 500 cells per well on 6-well plates and were cultured for 10 days in keratinocyte culture 
medium (KCM) supplemented with 10 ng/ml KGF and 10 µM Y-27632. KCM consists of DMEM without 
glutamine and Ham’s F-12 Nutrient Mix (Thermo Fisher Scientific) combined in a ratio of 3:1, supplemented 
with 10% FBS, 0.4µg/ml hydrocortisone hydrogen succinate (MilliporeSigma), 2nM 3,3’,5-triiodo-l-thyronine 
sodium salt (MilliporeSigma), 1 nM cholera toxin (List Biological Laboratories, Campbell, CA), 2.25  µg/ml 
bovine transferrin HOLO form (Thermo Fisher Scientific), 2mM L-glutamine (Thermo Fisher Scientific), 
0.5% (vol/vol) insulin transferrin selenium solution (Thermo Fisher Scientific), and 1% (vol/vol) penicillin-
streptomycin solution GE Healthcare Life Sciences). Formed colonies were fixed with 10% neutral buffered 
formalin and stained with Rhodamine B (MilliporeSigma). The colony-forming efficiency was calculated by 
dividing the number of colonies by 500.

Reverse transcription and quantitative PCR (qPCR)
Extracted total RNA was converted into cDNA by High-Capacity cDNA Reverse Transcription Kit (Thermo 
Fisher Scientific). qPCR was performed using TaqMan™ Fast Universal PCR Master Mix (Thermo Fisher 
Scientific) and TaqMan™ Gene Expression Assay probes: GAPDH (Hs99999905_m1), CAV1 (Hs00971716_m1), 
CAV2 (Hs00184597_m1) and FGFR2 (Hs01552918_m1) (Thermo Fisher Scientific). The cycling condition was 
95 °C for 20 s and 50 cycles of [95 °C /1 s; 60 °C /20 s] with StepOnePlus™ Real-Time PCR System (Thermo Fisher 
Scientific). Relative gene expression was calculated with normalization against GAPDH as a reference gene.

Statistical analysis
The data are presented as mean ± standard deviation (SD) and a paired t-test was performed to compare the 
RNA expression of CAV1 and CAV2 between BCAM-positive cells and BCAM-negative cells. Dunnett’s tests 
were performed to compare the siRNA-treated samples with negative control samples. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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