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Abstract
The keratocytes are specialized mesenchymal cells that produce and maintain the extracellular
matrix of the corneal stroma. With a typical dendritic and flattened appearance, these cells can
morph into fibroblasts and myofibroblasts upon injury, and produce abnormal or fibrotic
extracellular matrices detrimental to corneal transparency. Insights into mechanisms that regulate
these phenotypic switches and optimal culture conditions that preserve the keratocyte phenotype
are important for tissue engineering of the corneal stroma. Like other cell types with self-renewing
capacity, keratocytes can form spheres in culture. Here we investigated human and bovine
keratocytes with respect to their sphere forming capabilities, and sought to identify potentially
distinguishing markers for the keratocyte and fibroblast phenotype. Keratocytes, isolated from
bovine and human corneas, cultured in serum-free medium supplemented with insulin, selenium
and transferrin, assumed typical keratocyte morphology, converted to fibroblasts in serum-
containing medium and reverted to keratocytes after serum-deprivation. The bovine keratocytes
produced spheres under adherent or low attachment conditions, while the human keratocytes
produced spheres under low attachment conditions only. The primary keratocytes and fibroblasts
expressed vimentin, confirming their mesenchymal origin. Keratocan, considered to be a marker
for keratocytes, was also detected in early passage bovine fibroblasts. BMP3 was expressed in
keratocytes and keratocyte-derived spheres, while cadherin 5 in keratocytes only, suggesting these
as potential keratocyte markers.
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1. Introduction
The cornea is a transparent, avascular protective barrier that also provides 70% of the
refractive power of the eye. It is comprised of three layers; an outer stratified epithelium, a
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collagen-rich middle stromal layer and an inner single-cell layered endothelium (Hassell and
Birk, 2010). This stroma is a connective tissue that constitutes about 90% of the cornea and
consists of a transparent extracellular matrix (ECM) deposited by the keratocytes during late
embryonic development (Hassell and Birk, 2010; Hay, 1980). The keratocytes are neural
crest derived mesenchymal cells that reside in the corneal stroma as flattened, quiescent
cells with a typical dendritic morphology (Berlau et al., 2002). They form a three-
dimensional network of cells interconnected by gap-junctions (Watsky, 1995). During
corneal development these cells are biosynthetically active, producing fibrillar collagens and
the small leucine-rich repeat proteoglycans (SLRP) that assemble into a highly organized
ECM of collagen fibrils of uniform diameter and interfibrillar spacing, required for a
transparent cornea (Chakravarti et al., 1998; Hassell and Birk, 2010; Hay, 1980; Maurice,
1957; Quantock et al., 2001).

Injury and infections perturb the stromal organization; keratocytes undergo apoptosis, while
peripheral keratocytes become fibroblastic and migrate to the site of injury and can form
haze-causing myofibroblasts (Helena et al., 1998; Netto et al., 2006; Zieske et al., 2001).
Significant efforts are underway to elucidate regulatory mechanisms that control these
cellular phenotypes for a better understanding of wound healing in the cornea. Furthermore,
corneal tissue engineering efforts also require better characterization of the corneal
keratocytes and the ability to propagate these in culture for extended periods of time without
extensive loss of their in situ properties. In culture, the corneal stromal cells can be driven to
a keratocyte phenotype in serum-free medium supplemented with insulin, selenium and
transferrin, and in the presence of phosphoascorbic acid these keratocytes produce and
accumulate collagens and proteoglycans mimicking their functions in the native cornea
(Long et al., 2000; Musselmann et al., 2005; Musselmann et al., 2006). Exposure to fetal
bovine serum causes these cells to become fibroblastic, while TGFβ_1 treatment resulted in
a myofibroblastic phenotype (He and Bazan, 2008; Jester et al., 1996; Jester et al., 1999;
Mohan et al., 2003). Reversal of the myofibroblast to the fibroblast phenotype occurred on
treatment of the cells with low levels of FGF1 or FGF2 (Maltseva et al., 2001). Current
studies are geared towards a molecular characterization of these cellular phenotypes by
focusing on distinctive markers.

Here we investigated long term culturing of primary human and bovine keratocytes, their
differentiation to fibroblasts, and reversal to the keratocyte phenotype upon serum –
deprivation. We further demonstrated sphere formation from adherent keratocytes and
expansion of the sphere cultures in serum-free and serum-containing medium. In an attempt
to fully characterize these cell types and identify markers that can distinguish them, we
assessed the expression of a number of genes. The results suggest that the keratocytes,
fibroblasts and spheres can be distinguished from each other based on expression of specific
developmental and progenitor related genes.

2. Materials and Methods
2.1 Keratocyte Isolation and Cell Culture

Fresh bovine corneas were purchased from Pel Freez® Biologicals (Rogers, AR). Human
corneas, deemed unsuitable for use in cornea transplantation, were obtained from Tissue
Banks International (Baltimore, MD), in Optisol-GS Corneal Storage Media (Bausch &
Lomb, NY). Keratocytes were isolated as described before (Funderburgh et al., 2008).
Whole corneas were rinsed in cold Hanks Balanced Salt Solution (HBSS; CellGro)
supplemented with antibiotics (100 IU/ml Penicillin and 100μg/ml Streptomycin). Central
corneal buttons were rinsed twice in HBSS, incubated at 37°C in 1mg/ml Collagenase Type
L (Sigma Aldrich, St. Louis, MO) in DMEM/F12 (Invitrogen, Carlsbad, CA) with shaking
at 125 rpm. The corneal buttons were scraped gently to remove the epithelium and
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endothelium, rinsed, quartered and digested in fresh collagenase (1mg/ml), rinsed (3X) and
centrifuged at 1400 rpm for 5 minutes, resuspended in 1mg/ml collagenase solution and
incubated on ice overnight at 4°C. The following day the corneas were centrifuged at 1400
rpm for 5 minutes and the pellet resuspended in a 10mg/ml collagenase solution for a final
digestion at 37°C with shaking at 150 rpm for 2 hours. The digest was filtered through a
70μm cell strainer (BD Falcon, Bedford, MA) and the isolated keratocytes centrifuged at
2000 rpm for 10 minutes. The cell pellet was washed twice in DMEM/F12 supplemented
with antibiotics; cell viability was determined using trypan blue exclusion.

To establish monolayer cultures, the primary keratocytes were plated in adherent tissue
culture flasks in keratocyte plating medium (KPM) consisting of serum-free DMEM/F12
supplemented with 1mM phosphoascorbic acid (Sigma-Aldrich, St. Louis, MO). After
overnight attachment, the plating medium was replaced with keratocyte growth medium
(KGM) of DMEM/F12 with FGF-2 (10ng/ml), insulin, transferrin and selenium (ITS;
Sigma-Aldrich) and 1mM phosphoascorbic acid. The fibroblast growth medium (FGM) was
DMEM/F12 with 10% FBS (Invitrogen).

For sphere formation keratocytes were trypsinized (TrypLE™, Invitrogen) and seeded at a
density of 2.5 ×105 cells per well in 6-well ultra low attachment tissue culture plates
(Corning, Lowell, MA) for 8 days in KPM, KGM or FGM. The growth of spheres was
monitored by measuring the average diameter of the spheres (n=5). All media were
supplemented with penicillin/streptomycin and cultured at 37°C in a humidified atmosphere
with 5% CO2.

2.2 Immunofluorescence of spheres
The spheres were fixed in 4% Paraformaldehyde (Sigma-Aldrich) in phosphate buffered
saline (PBS) at room temperature for 20 minutes, washed twice in PBST (PBS and 0.1%
Triton X-100) and incubated in blocking buffer containing 10% Fetal Bovine Serum (FBS)
(Invitrogen) and PBST for 1 hour at room temperature. After washing three times the
spheres were incubated overnight with primary antibodies diluted in 1% FBS/PBST. The
following antibodies were used goat anti- vimentin antibody (1:100; Millipore, Billerica,
MA) and rabbit anti- β1 Integrin (1:100; Santa Cruz Biotechnology, Santa Cruz, CA). After
washing in PBST (3X), the spheres were incubated for 1 hour at room temperature with the
appropriate secondary antibodies diluted in 5%FBS/PBST. The following secondary
antibodies were used: Cy2 conjugated donkey anti- goat and Cy3 conjugated goat anti-
rabbit (1:250; Jackson ImmunoResearch, West Grove, PA). Nuclei were counterstained with
DAPI (1:1000; Molecular Probes, Carlsbad, PA) and mounted in fluorescent mounting
media (Dako, Carpinteria, CA) and examined with a laser scanning confocal microscope
(LSM 510 META; Zeiss, Thornwood, NY).

For preparing paraffin sections of the spheres, adherent cells and spheres were collected in
5% formalin, pelleted by centrifugation at 1000 rpm, 2 min. The pellets were further fixed
overnight in 10% formalin at 4°C, serially dehydrated, hydrated, paraffin embedded and
sectioned into 4μm thick sections. Adjacent sections were stained with hematoxylin and
eosin, Periodic Acid-Schiff and Masson’s trichrome (all from Sigma- Aldrich).

2.3 RNA isolation and Semi-Quantitative RT-PCR
Pellets of keratocytes, fibroblasts and spheres were resuspended in Trizol (Invitrogen). Total
RNA was isolated using the RNAeasy Mini Kit (Qiagen, Valencia, CA). For
semiquantitative RT-PCR, 0.5μg of RNA was subjected to cDNA synthesis using
SuperScript III (Invitrogen). All primers (see Table 1) were designed using the Primer 3
software and obtained from Integrated DNA Technologies. Target genes were amplified in a
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25μl reaction volume for 35 cycles using the following settings: 1 min at 94°C followed by
35 cycles of 30 sec at 94°C, 30 sec at 58°C, 1 min at 72°C and a final extension step of 10
min at 72°C on a PTC-100 Programmable Thermal Controller (MJ Research, Ramsey, MN).
The PCR products were resolved on a 1.5% agarose gel.

3. Results
3.1. Phenotypic plasticity of keratocytes in culture

We examined the morphology of primary bovine and human corneal keratocytes under
different culture conditions. Freshly isolated bovine and human keratocytes were first
allowed to attach in keratocyte plating medium (KPM) consisting of serum-free DMEM/F12
supplemented with 1mM phosphoascorbic acid and subsequently grown in keratocyte
growth medium (KGM), which is KPM supplemented with FGF2 and ITS. In KGM the
bovine keratocytes assumed the typical dendritic morphology seen previously in bovine and
rabbit keratocyte cultures (He and Bazan, 2008; Jester and Ho-Chang, 2003; Lakshman et
al., 2010) (Fig. 1A). The human keratocytes were dendritic but the cell bodies were small
and overall had a more neural cell phenotype (Fig. 1D). Upon changing the medium to
fibroblast growth medium (FGM), the cells appeared as fibroblasts within 2 days (Fig. 1B
and E). Sub-culturing the fibroblasts in KGM for 2 weeks prompted their transition back to
the keratocyte morphology (Fig. 1C and F).

3.2. Sphere formation from adherent monolayer keratocytes
Bovine keratocytes cultured in adherent plates for seven days formed small tethered spheres
that detached and floated in the medium (Fig. 2A). However, these were clearly not dying
cells as transferring to fresh adherent plates prompted the cells to grow out of the spheres
and resume monolayer growth (Fig. 2B). Integrin β1, known to be expressed by keratocytes
in the cornea (Stepp, 2006) was present in the spheres (Fig. 3A). The expression of vimentin
confirmed the mesenchymal nature of the cells in the sphere (Fig. 3B). Monolayer cultures
of bovine keratocytes were scraped, pelleted, fixed in formalin, embedded in paraffin and
sectioned Fig. 3 D-F). The H and E staining of these pellets showed concentric patterns
indicating the formation of spheres from the adherent bovine keratocyte monolayer. Positive
staining for trichrome and PAS confirmed the presence of collagen and glycosaminoglycans,
respectively, further supporting the keratocyte nature of these cells (Fig. 3F). We failed to
detect spontaneous sphere formation in adherent cultures of human keratocytes. However,
under non-adherent conditions human keratocytes were also able to form spheres as shown
below.

3.3 Sphere formation under low attachment conditions
Previous studies reported the formation of spheres from aggregates of bovine keratocytes
grown in suspension in KGM (Funderburgh et al., 2005). We further investigated if similar
spheres would form when cells were maintained under low attachment conditions in either
in KPM or FGM. In KGM a majority of the keratocytes aggregated to form small sized
clusters that grew to an average diameter of 64 μm over an eight-day period (Fig. 4A and
D). However in KPM the cells formed aggregates that did not increase in size, and a few
cells attached to the plastic (Fig. 4B). Keratocyte cell suspensions seeded in FGM also
formed spheres. Unlike KPM and KGM, cells in FGM formed spheres with very smooth
contours and these grew markedly larger, 79 – 166 μm in diameter, over the eight-day
observation period (Fig. 4C and D).

Under low attachment conditions, human keratocytes also produced spheres by 48 hours in
KGM (Fig. 5B) and FGM (Fig. 5E) and these grew larger by 96 hours (Fig. 5F). Those in
FGM had a smooth contour as seen for the bovine keratocyte-spheres. We counted the
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number of spheres derived from human keratocytes in a microscope field, and based on the
total number of cells in a field, at initial plating, under the same magnification, determined
that~4-5% of the keratocytes produced spheres (Table 2).

3.4. Gene expression in keratocytes fibroblasts and keratocyte-derived spheres
We investigated the expression of genes encoding previously known and novel ECM and
cellular proteins by semi-quantitative RT- PCR using total RNA from low passage
keratocytes, fibroblasts and spheres derived from bovine keratocytes, and maintained in
KGM. Subsequently, we also cultured primary keratocytes and fibroblasts from human
corneas and tested expression of a smaller set of genes. Of the known stromal ECM proteins,
lumican, decorin and biglycan were expressed in bovine keratocytes, fibroblasts and spheres
(Fig. 6A). Keratocan considered as being a marker for keratocytes, was also expressed in
low passage bovine fibroblasts. In contrast, in the human cells only keratocytes expressed
keratocan, while lumican was expressed in keratocytes and at very low levels in fibroblasts
as well (Fig. 6B). The Col1a1 transcript for collagen type I was expressed in the bovine
keratocytes and fibroblasts, and at a much higher level in the spheres. All three bovine
culture types were found to express markers of hematopoietic lineage (Fig. 6A). These
include CSF1, a marker of macrophage and dendritic cells, and CD14 and TLR4 that
regulate innate immune response to bacterial lipopolysaccharide endotoxins. All three
samples were negative for αSMA and K12 that are known to be expressed by myofibroblasts
and epithelial cells, respectively. Aldh1a1, encoding one of several soluble enzymes that
comprise the “corneal crystallins,” (Jester, 2008) was expressed strongly in keratocytes,
fibroblasts and the keratocyte-derived spheres (Fig. 6A). The three culture conditions
displayed unique patterns of gene expression for developmental, neuronal and stem cell
markers. Only fibroblasts expressed the master developmental gene Pax6, whereas BMP3, a
bone and cartilage developmental regulator, as well as a stimulator of mesenchymal stem
cell proliferation, was detected in bovine and human keratocytes (Fig. 6A and B), and in the
bovine keratocyte-derived spheres (Fig. 6A). The neuronal gene nestin was expressed
weakly in keratocytes and fibroblasts. Nestin was earlier reported in a subset of cells
differentiating into neural cells within spheres derived from human corneal stromal cells
(Uchida et al., 2005). CD133, an adult stem cell marker, was detected in the bovine
keratocyte-derived spheres only (Fig. 6A). However, we did not detect CD133 in human
keratocyte-derived spheres (data not shown). We had earlier shown that cadherin 5 (Cdh5)
was uniquely present in mouse corneal keratocytes (Chakravarti et al., 2004). Here we also
found Cdh5 to be expressed in human keratocytes only and not fibroblasts (Fig. 6B).

To determine if fibroblast-reverted keratocytes that regain the keratocyte morphology
recreate the keratocyte molecular pattern as well, we tested the expression of key markers in
human keratocytes derived from fibroblasts by switching the cells to the keratocyte growth
medium. As shown (Fig, 7), the fibroblast-reverted keratocytes express CDH5, BMP3 and
keratocan. While lumican is expressed weakly in fibroblasts, and strongly in the reverted
keratocytes, as we saw before for cells maintained as keratocytes all along.

4. Discussion
Our studies show that human and bovine keratocytes grown in culture can undergo
phenotypic conversion to fibroblasts in serum containing medium and revert to the typical
keratocyte morphology once deprived of serum, as reported by others for rabbit and bovine
corneas (Beales et al., 1999; Jester and Ho-Chang, 2003; Long et al., 2000). We detected the
expression of novel and previously reported genes in these cell types. BMP3 and Cdh5 were
uniquely expressed in keratocytes and may become important distinguishing markers for
keratocytes. Keratocytes, fibroblasts and keratocyte-derived spheres - all express the small
leucine rich repeat proteoglycan (SLRP) genes lumican, biglycan and decorin. Keratocan,
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considered to be a keratocyte marker (Carlson et al., 2005), was specifically expressed in
human keratocytes and not fibroblasts. However, our early passage bovine fibroblasts also
expressed keratocan. Earlier studies also reported expression of keratocan in early passage
fibroblasts that diminished in long term fibroblast cultures (Garagorri et al., 2008). The
detection of hematopoietic markers in the bovine keratocytes, spheres, and fibroblasts
concur with our earlier transcript profiles of mouse keratocytes (Chakravarti et al., 2004).
Detection of macrophage related markers in mouse keratocytes in culture had prompted us
to suggest a dual role for keratocytes in corneal homeostasis and injury/repair (Chakravarti
et al., 2004). CD14 was also detected in human corneal keratocytes by another study that
proposed keratocytes to assume a repair phenotype under certain conditions (Thill et al.,
2007).

The keratocytes, fibroblasts or the keratocyte-derived spheres could not be distinguished
from each other based on the expression of the stromal ECM SLRP genes or the immune
markers. However, they showed distinct patterns of expression when probed for
developmental and stem cell related genes. BMP3 was detected specifically in the bovine
and human keratocytes. BMP3 promotes mesenchymal stem cell proliferation through the
TGF-β signaling pathway (Stewart et al., 2010) and its expression in the keratocytes and
spheres may relate to TGF-β signaling that can drive proliferation without tipping the
balance to differentiation. The Pax6 transcription factor is important to ocular development,
loss of its expression leads to the poor development or complete absence of eyes (Collinson
et al., 2004; Macdonald et al., 1995); it was detected in early passage bovine fibroblasts but
not in the keratocyte or the spheres. In one study Pax6 expression was detected in a
population of progenitor cells derived from the adult corneal keratocytes (Funderburgh et
al., 2005), while in another study it was reported to be absent in mouse corneal keratocyte-
derived spheres (Yoshida et al., 2005). We did not detect Pax6 in the spheres; as to why
Pax6 is up regulated in the bovine fibroblast pool is unclear at this time, but it could be
involved in a process akin to epithelial-to-mesenchymal transition as seen in development of
lens fibers from epithelial cells during lens development (Martinez and de Iongh, 2010). The
presence of CD133 in the bovine keratocyte-derived spheres underscores their connection to
stem cells. CD133 is considered to be a common marker for adult (Rountree et al., 2007)
and cancer stem cells (Yi et al., 2008), and reported in umbilical mesenchymal stem cells as
well (Liu et al., 2010). Interestingly, we had earlier detected CD133/prominin transcript and
the protein in the mouse cornea; here its presence in bovine, and not human keratocyte-
derived spheres may indicate some species-specific differences in either the quantity or
quality of stem cells in the corneal stroma.

Bovine keratocytes form spheres spontaneously when grown in suspension and a small
proportion of the cells in adherent monolayers also form spheres. We further show that
keratocytes seeded in serum containing medium can also form spheres which grow in size
quite rapidly. Sphere formation was reported earlier from keratocyte aggregates grown in
suspension on plastic coated with polyHEMA (Funderburgh et al., 2008) or from adherent
cells on plastic coated with chitosan (Chen et al., 2009). The spheres we observed in serum-
containing medium were larger than those in serum free conditions and on average increased
more than 50% of their original size. The growth of the spheres may be related to increased
proliferation of the cells in serum-containing medium, as these spheres appeared to contain
many more cells than those grown in KGM or KPM. Whether the spheres in serum-
containing medium behave more as fibroblasts than keratocytes remains to be seen. The
spheres in the keratocyte growth medium maintain their mesenchymal identity as indicated
by the presence of vimentin. Furthermore, the spheres contained an ECM that is rich in
collagen and proteoglycans, and express collagen type I and the SLRP genes normally
expressed in the cornea. The β1 integrin subunit, known to be present on corneal keratocytes
(Stepp, 2006), was present in the spheres; it is likely that the spheres form through integrin-
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mediated attachment of the cells to the ECM they produce. The β1 integrin subunit is also
present in neurospheres and in stem cells within the basal layer of the epidermis (Campos et
al., 2004; Jensen et al., 1999).

Sphere formation from single cells was originally used to identify adult neural stem cells to
test the capacity of a single cell to self-renew and the resulting clonal sphere to have the
capacity to produce many cell types (Pastrana et al., 2011). This is now being used
retrospectively to validate stem cells in various organs. This approach has been used on the
mouse, rabbit and the human cornea (Mimura et al., 2008; Uchida et al., 2005; Yoshida et
al., 2005). The murine study, although did not report an actual number, suggests a fairly
high yield of self-renewing progenitor cells. The rabbit study reported ~ 40 spheres/10,000
cells or 0.4%. In our study, we derived spheres from cells that were sub-cultured from
keratocytes maintained in monolayer for several weeks. Although, we did not use serial
dilutions, the number of spheres per field for the human keratocytes indicate that ~5% of the
cells have sphere formation abilities. An earlier study using serial dilution of human
keratocytes, reported a slightly lower sphere formation frequency of ~ 1.5% (Uchida et al.,
2005). The culture conditions in the Uchida study were different from ours in that they used
B27 and epidermal growth factor as additional supplements in the medium. We did not
determine sphere formation frequencies in the bovine keratocytes, and others have only
examined sphere formation from aggregates of bovine keratocytes in suspension cultures
(Funderburgh et al., 2005).

In summary, a significant number of the corneal stromal keratocytes have self-renewal
capacity based on the sphere formation frequency reported in the current study and those by
others. Our results further suggest that BMP3 and Cdh5 may serve as novel markers for
keratocytes. Further elucidation of culture-conditions for expansion of keratocyte progenitor
cells and appropriate distinguishing markers for each cellular phenotype will lead to
significant advances in corneal cell therapies.
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ECM Extracellular matrix

KPM keratocyte plating medium

KGM keratocyte growth medium

FGM fibroblast growth medium
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Cdh5 cadherin 5
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Research Highlights

1. Approximately 5% of the human keratocytes produce spheres.

2. Fibroblasts revert to keratocytes after serum-deprivation for 2 weeks.

3. BMP3 and Cdh5 are novel keratocyte markers.
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Figure 1. Reversible conversion of keratocytes to fibroblasts
Bovine (A-C) and human (D-F) corneal stromal cells were plated in KPM and then
transferred to KGM where they assumed the dendritic keratocyte morphology (A and D).
Within 48 hrs of transfer to FGM the keratocytes display a fibroblast-like morphology (B
and E) and switch back to keratocytes after maintenance in KGM for 2 weeks (C and F).
Scale bar = 50 μm
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Figure 2. Sphere formation in adherent bovine keratocytes
Spheres formed spontaneously from a few adherent keratocytes in monolayer cultures in
KGM (A). Within 48 hrs of transferring to fresh tissue culture plates the spheres show
outgrowth of adherent cells from the spheres (B). Scale bar = 50 μm.
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Figure 3. Cell surface, cytoskeletal and ECM proteins in bovine keratocyte-derived spheres
Spheres were immunostained for Integrin β1 (A) and Vimentin (B); punctate areas of yellow
in the merged image (C) suggest colocalization. Pelleted spheres were H and E stained (D).
Trichrome staining shows the presence of collagen (E) and Periodic acid-schiff staining
shows the presence of carbohydrates primarily associated with proteoglycans (F). Scale bar
= 50 μm.
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Figure 4. Growth of bovine keratocyte-derived spheres in different culture media
Keratocytes plated in low- attachment tissue culture plates in KGM (A), KPM (B) and
serum containing FGM (C) form spheres as shown after eight days. Mean diameter of the
spheres (n=5) ± 1SD after 2, 4 and 8 days (D). Scale bar = 50 μm.
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Figure 5. Growth of human keratocyte-derived spheres in KGM and FGM culture media
Keratocytes plated in low- attachment tissue culture plates in KGM (A-C), and serum
containing FGM (D-F) were observed by phase contrast microscopy after 0hr (A, D), 48h
(B, E) and 96 h (C, F).
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Figure 6. Gene expression by semi-quatitative RT-PCR
Total RNA was isolated from bovine (A) and human (B) keratocytes, K, fibroblasts F,
bovine keratocyte-derived spheres, S. Gene expression was tested by semi-quantitaive RT-
PCR using the primers presented in Table 1. Gapdh and β actin were used as controls.
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Figure 7. Expression of keratocyte - specific markers in fibroblast reverted keratocytes
Human corneal keratocytes were cultured in FGM to generate fibroblasts (A). Fibroblasts
were re-plated in KGM to revert to keratocytes (B). Expression of keratocyte markers in
fibroblast - reverted keratocytes (R - K).
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Table 1
PCR primer sequences

Gene Primers Size (bp)

Bovine

Decorin F - 5′ AGCTGAAGGAATTGCCAGAA 3′
R - 5′ GCCATTGTCAACAGCAGAGA 3′

371

Lumican F - 5′ CCAAGCACTGTATGGGAGGT 3′
R - 5′ TCCACCAGAGATTTGGGAAG 3′

345

Biglycan F - 5′ CTCCAAGATCCACGAGAAGG 3′
R - 5′ TCTAGCTCGATTGCCTGGAT 3′

363

Col1a1 F - 5′ TGGGTTGATCCTAACCAAGG 3′
R - 5′ CCCAGTGTGTTTTGTGCAAC 3′

435

Keratocan F - 5′ TTCAGCAATCTGGAGAACCTG 3′
R - 5′ GTTAGATTGTTGTGTTGTCATGC 3′

953

αSMA F - 5′ CCTCGACATCAGGGAGTGAT 3′
R - 5′ AGGGCGTAGCCCTCATAGAT 3′

401

Vimentin F - 5′GAAGTTGCAGGAGGAGATGC 3′
R - 5′ CAGCCTCCTGAAGGTTCTTG 3′

302

Integrin B1 F - 5′ AGAGAAGCTGCAGCCAGAAG 3′
R - 5′ AAACGATGCCACCAAGTTTC 3′

575

CK12 F - 5′ GAGGCCTGGTTCATTGAAAA 3′
R - 5′ GGTCTCAATTTCCAGCTCCA 3′

336

BMP3 F - 5′ ATCATGCCCAGAGGAAACAC 3′
R - 5′ CATCAAACTGGAGCGTCTGA 3′

600

Pax6 F - 5′ GTCCATCTTTGCTTGGGAAA 3′
R - 5′ CATTTGGCCCTTCGATTAGA 3′

510

Nestin F - 5′CTTCTCCACCCTCTGTGCTC 3′
R - 5′ AAGGTTGGCACAGGTGTTTC 3′

487

CD133 F - 5′ TTCCAGGTTTTGGACACTCC 3′
R - 5′ CAGCTGGTTGGCTTTTCTTC 3′

414

Aldh1a1 F - 5′ ACCCCTCTGACTGCTCTTCA 3′
R - 5′ AACACTGGCCCTGGTGATAG 3′

316

CSF1 F - 5′ GTCTCCTGGTGAGCAATGGT 3′
R - 5′ GGCTGGAGCATTTAGCAAAG 3′

471

CD14 F - 5′ TCCGTAACGTATCGTGGACA 3′
R - 5′ CAGCGAACGACAAATTGAGA 3′

411

TLR4 F - 5′ AGGCAGCCATAACTTCTCCA 3′
R - 5′ GGTTGAGTAGGGGCATTTGA 3′

410

β actin F- 5′ TGGCACCACACCTTCTACAATGAGC 3′
R- 5′ GCACAGCTTCTCCTTAATGTCACGC 3'

396

Human

Biglycan F- 5′ GGACTCTGTCACACCACCT 3′
R- 5′ AGCTCGGAGATGTCGTTGTT 3′

159

Decorin F- 5′ TGCTGTTGACAATGGCTCTC 3′
R- 5′ GCCTTTTTGGTGTTGTGTCC 3′

192

Keratocan F- 5′ ATCTGCAGCACCTTCACCTT 3′
R- 5′ TTCCATCCAGACGGAGGTAG 3′

141

Lumican F- 5′ AGCCAGACTGCCTTCTGGTCTCC 3′
R -5′ GGACAGATCCAGCTCAACCAGGG 3′

199

BMP3 F-5′ GCTCTACTGGGGTCTTGCTG 3′
R- 5′ ATGAGGCCCCTTTCTCTGTT 3′

164

Gapdh F- 5′ GAGTCAACGGATTTGGTCGT 3′
R’ 5′ GACAAGCTTCCCGTTCTCAG3 ′

185
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Table 2
Sphere formation frequency in human keratocytes

Time (hrs) Cells Spheres Mean#
spheres/starting

#cells

Sphere
frequency (%)

0 264 0 0/249 0

234 0

48 - 13 12/249 4.8

- 11

96 - 9 11/249 4.4

- 13
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