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Purpose. After stromal injury to the cornea, the release of growth factors and pro-
inflammatory cytokines promotes the activation of quiescent keratocytes into a migra-
tory fibroblast and/or fibrotic myofibroblast phenotype. Persistence of the myofibroblast
phenotype can lead to corneal fibrosis and scarring, which are leading causes of blind-
ness worldwide. This study aims to establish comprehensive transcriptional profiles for
cultured corneal keratocytes, fibroblasts, and myofibroblasts to gain insights into the
mechanisms through which these phenotypic changes occur.

MEetHoDs. Primary rabbit corneal keratocytes were cultured in either defined serum-free
(SF) media, fetal bovine serum (FBS) containing media, or SF media supplemented with
TGF-p1 to induce keratocyte, fibroblast, or myofibroblast phenotypes, respectively. Bulk
RNA sequencing followed by bioinformatic analyses was performed to identify signifi-
cant differentially expressed genes (DEGs) and enriched biological pathways for each

phenotype.

Resuts. Genes commonly associated with keratocytes, fibroblasts, or myofibroblasts
showed high relative expression in SF, FBS, or TGF-81 culture conditions, respectively.
Differential expression and functional analyses revealed novel DEGs for each cell type, as
well as enriched pathways indicative of differences in proliferation, apoptosis, extracellu-
lar matrix (ECM) synthesis, cell-ECM interactions, cytokine signaling, and cell mechanics.

Concrusions. Overall, these data demonstrate distinct transcriptional differences among
cultured corneal keratocytes, fibroblasts, and myofibroblasts. We have identified genes
and signaling pathways that may play important roles in keratocyte differentiation,
including many related to mechanotransduction and ECM biology. Our findings have
revealed novel molecular markers for each cell type, as well as possible targets for modu-
lating cell behavior and promoting physiological corneal wound healing.

Keywords: corneal stroma, wound healing, RNA sequencing, mechanotransduction,
mechanobiology

n their quiescent state, corneal keratocytes are respon-

sible for maintaining the highly organized structure of
the stromal extracellular matrix (ECM), which is necessary
for corneal transparency.!? Following injury and disrup-
tion of the epithelial basement membrane, various inflam-
matory cytokines and growth factors are released into the
stroma and initiate a wound healing response.®* During
this process, corneal keratocytes transform into a repair
phenotype that involves differentiation into either fibrob-
lasts or myofibroblasts. Corneal fibroblasts are character-
ized by increased proliferation and migration toward the
site of injury,>® whereas myofibroblasts synthesize new ECM
and are highly contractile.”® These stromal cell phenotypes
are critical components of physiological wound healing’;
however, in protracted cases, excessive force generation and
continued deposition of fibrotic ECM by myofibroblasts can
disrupt the stromal architecture, leading to corneal haze and

a loss of visual acuity.!%-!!
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To study these stromal cell phenotypes in vitro, three
distinct culture models have been established experimen-
tally: (1) primary corneal keratocytes cultured in defined
serum-free (SF) media to maintain a quiescent phenotype,
(2) keratocytes cultured with fetal bovine serum (FBS) to
transform them into corneal fibroblasts, and (3) kerato-
cytes cultured in SF media supplemented with TGF-81 to
induce myofibroblast differentiation.® Using these culture
conditions, previous studies have investigated the many
phenotypic differences among keratocytes, fibroblasts, and
myofibroblasts, with several focusing on differences in the
morphology, motility, and mechanical behavior of these
cells.'>' Many of these studies have highlighted the impor-
tance of cell-ECM interactions, indicating how the compo-
sition, structure, and mechanical properties of the ECM
can regulate cell contractility, migration, and ECM remod-
eling.">"!7 For example, the TGF-81-induced differentiation
of myofibroblasts from quiescent corneal keratocytes is
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highly sensitive to changes in ECM stiffness.'® However, it
is still unclear how these cells sense and transduce these
biomechanical signals into changes in differentiation and
behavior.

An investigation of the global transcriptional profile asso-
ciated with each of these cell types could offer impor-
tant information on the changes in gene expression asso-
ciated with keratocyte differentiation into fibroblasts and
myofibroblasts. Such an approach also offers the poten-
tial to pinpoint new target molecules within the signaling
pathways that precede each of these phenotypic changes.
Here, we used bulk RNA sequencing (RNA-seq) to estab-
lish comprehensive transcriptional profiles for cultured
corneal keratocytes (SF), fibroblasts (FBS), and myofi-
broblasts (TGF-$1). Differential gene expression and func-
tional analyses provided new insight into the mechanisms
that regulate each of these cell phenotypes. Of particu-
lar interest, we identified several differentially expressed
genes and pathways related to cell biomechanics and ECM
remodeling.

METHODS

Isolation and Cell Culture of Primary Rabbit
Keratocytes

Normal rabbit keratocytes (NRKs) were isolated from young
New Zealand white rabbit eyes (approximately 8-12 weeks
old; Pel-Freez Biologicals, Rogers, AR, USA) and cultured
as described previously.® Briefly, after removing the epithe-
lium and endothelium, dissected corneas were digested
overnight at 37°C in culture media containing 2.0 mg/mL
collagenase (Gibco, Grand Island, NY, USA) and 0.5 mg/mL
hyaluronidase (Worthington Biochemical Corporation, Lake-
wood, NJ, USA; 15 corneas per 10 mL media). The isolated
cells were then centrifuge-pelleted (4 minutes at 526 x
g), resuspended in defined SF media containing Dulbecco’s
modified Eagle’s medium (DMEM; Sigma-Aldrich, St. Louis,
MO, USA) supplemented with 100 uM non-essential amino
acids (Gibco, Grand Island, NY, USA), 100 pg/mL ascor-
bic acid (Sigma-Aldrich, St. Louis, MO, USA), 1% RPMI vita-
mins solution (Sigma-Aldrich, St. Louis, MO, USA), and 1%
antibiotic antimycotic solution (Sigma-Aldrich, St. Louis, MO,
USA), and plated in 25 cm? tissue culture flasks. After 4
days of SF culture, first passage NRKs were plated at a
density of 30,000 cells/mL on glass coverslips coated with 50
pg/mL type I collagen (Advanced BioMatrix, Carlsbad, CA,
USA). The cells were allowed to attach to the substrates over
24 hours, then, the culture media was swapped for either
defined SF media, SF media supplemented with 5 ng/mL
TGF-B1 (Sigma-Aldrich, St. Louis, MO, USA), or DMEM
containing 10% FBS (Sigma-Aldrich, St. Louis, MO, USA).
The cells were then cultured for 5 days (with a media swap
at 48 hours) for both SF and TGF-81 conditions or for 3
days following exposure to FBS to account for the increased
proliferation rate in this condition.

RNA Isolation and Sequencing

Eight samples of total RNA were collected for each culture
condition using the Aurum Total RNA Mini Kit (Bio-
Rad, Hercules, CA, USA). Briefly, cells on collagen-coated
glass coverslips were washed twice with sterile phosphate-
buffered saline (PBS) and lysed using Aurum Total RNA
Lysis Solution. The lysate was collected into sterile 1.5 mL
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tubes and mixed with RNase-Free 70% ethanol before being
added to Aurum RNA-Binding Mini Columns. According
to the manufacturer’s instructions, a series of centrifuga-
tion and low- and high-stringency solution washing steps
were performed before eluting the RNA from the columns
using molecular biology grade water. The concentration
and purity of each sample was confirmed using a Thermo
Scientific NanoDrop One. For each culture condition, two
experimental replicates (with 2 biological and 2 techni-
cal replicates for each experiment) were sent to Novogene
Co. (Sacramento, CA, USA) for bulk RNA-seq on Illumina
platforms.

Bioinformatic Analysis

Initial bioinformatic analysis performed by Novogene
included sample and data quality control, mapping to the
reference genome (Hisat2 version 2.0.5), gene expression
quantification (featureCounts version 1.5.0-p3), differential
expression analysis (DESeq2 R package version 1.20.0),
and enrichment analysis (clusterProfiler R package version
3.8.1). The reference genome used for sequence mapping
was generated by the McDermott Center Next Generation
Sequencing Core at UT Southwestern Medical Center (Dallas,
TX, USA).

Gene Expression Quantification. Fragments per
kilobase of transcript per million fragments mapped (FPKM)
values were calculated based on the length and read count
mapped to each gene. FPKM considers the effects of both
sequencing depth and gene length and is currently the most
common method for estimating gene expression levels. Prin-
cipal component analysis (PCA) was performed in MATLAB
using FPKM values to compare the clustering of samples and
culture conditions. PCA is the method of algebraically reduc-
ing the dimensionality and extracting significant compo-
nents from several gene variables to evaluate differences
within a group and between different groups in a set of
samples.'?

Differential Expression Analysis. Differential
expression analysis was performed for the following
comparisons: FBS versus SF, TGF-£1 versus FBS, and TGF-1
versus SF. Parametric analysis of variance (ANOVA) with
Benjamini-Hochberg False Discovery Rate correction at P =
0.05 was performed on normalized data to identify genes
that were significantly differentially expressed between
groups (adjusted P value < 0.05 and absolute value of
|log:[fold change]| > 1). Heatmaps were created in Graph-
Pad Prism using normalized, log,-transformed FPKM values
(log,[FPKM+1)) to display relative expression levels across
samples (columns) for sets of differentially expressed genes
(rows). To normalize expression levels, each sample’s gene
expression value was adjusted by subtracting the average
expression of that gene across all samples, then dividing the
result by the standard deviation of the gene’s expression.
In addition, bar plots showing average FPKM values among
the different culture conditions were generated for selected
genes of interest.

Enrichment Analysis. Sets of significant differentially
expressed genes were further analyzed through Kyoto Ency-
clopedia of Genes and Genomes (KEGG) enrichment anal-
ysis, and pathways with adjusted P value < 0.05 were
considered significantly enriched. Bar plots were generated
in GraphPad Prism to visualize pathway significance, the
number of up- or downregulated genes associated with
each pathway, and the BRITE functional hierarchies under
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which each pathway is classified. For a subset of significantly
enriched KEGG pathways, volcano plots were generated in
GraphPad Prism to visualize the significance and log,(fold
change) of individual genes.

Fluorescence Microscopy

In other experiments, samples were fixed and stained for
fluorescence microscopy. Additional substrates for each
culture condition were used for F-actin and nuclei label-
ing and immunostaining for fibronectin, vimentin, or o-
SMA to observe cytoskeletal organization, morphological
changes, and the presence of markers commonly associated
with each phenotype. Cells were fixed in 3% paraformalde-
hyde in PBS for 10 minutes at room temperature, washed
3 times with PBS, then permeabilized in 0.5% Triton X-
100 in PBS for 15 minutes. The samples were then blocked
with 1% bovine serum albumin fraction V (Equitech-Bio,
Kerrville, TX, USA) in PBS for 1 hour at room temperature
and incubated overnight at 4°C with the primary antibody
solution. The following primary antibodies were used: anti-
fibronectin (1:200 dilution; sc-18825; Santa Cruz Biotechnol-
ogy, Dallas, TX, USA), anti-vimentin (1:200 dilution; sc-6260;
Santa Cruz Biotechnology, Dallas, TX, USA), and anti-¢-SMA
(1:250 dilution; A5228; Sigma-Aldrich, St. Louis, MO, USA).
After washing 3 times, the samples were then incubated with
Alexa Fluor conjugated secondary antibody, as well as Alexa
Fluor 546 phalloidin (Invitrogen, Waltham, MA, USA) for 2
hours at room temperature, followed by 4'-6-diamidino-2-
phenylindole (DAPI; Invitrogen, Waltham, MA, USA) for 20
minutes. Imaging was performed on a Zeiss LSM 800 laser
scanning confocal microscope using a 40 x, NA 1.3, Oil DIC
Plan-Apochromat objective.

Western Blotting

In other experiments, after rinsing twice with ice-cold, ster-
ile PBS, protein was collected from cells cultured in SF, FBS,
or TGF-f1 conditions using a lysis buffer solution contain-
ing Pierce RIPA Buffer and Halt Protease and Phosphatase
Inhibitor Cocktail (Thermo Scientific, Waltham, MA, USA).
Sample lysates were mixed for 30 minutes at 4°C, then
centrifuged at 10,000 x g for 10 minutes at 4°C. Protein
concentrations were measured using the Microplate BCA
Protein Assay Kit (Thermo Scientific, Waltham, MA, USA) to
determine load volumes for 5 nug of total protein. Protein
samples were subjected to SDS-PAGE electrophoresis using
Bio-Rad Mini-PROTEAN TGX Gels, then transferred to PVDF
membranes (Bio-Rad, Hercules, CA, USA). Membranes were
stained for total protein using Ponceau S (Sigma-Aldrich,
St. Louis, MO, USA) and subsequently probed with primary
antibody followed by an anti-mouse IgG HRP-linked anti-
body (Cell Signaling, Danvers, MA, USA). The following
primary antibodies were used: anti-aldehyde dehydrogenase
1-A1 (1:1000 dilution; sc-374149; Santa Cruz Biotechnol-
ogy, Dallas, TX, USA), anti-vimentin (1:1000 dilution; sc-
6260; Santa Cruz Biotechnology, Dallas, TX, USA), or anti-
a-SMA (1:1000 dilution; A5228; Sigma-Aldrich, St. Louis,
MO, USA). Colorimetric (total protein) or chemilumines-
cence (target protein) imaging was performed using a GE
Healthcare Amersham Imager 600 Series. In all cases, Image
Studio software (version 5.2.5) was used to quantify protein
expression and the amount of target protein was normal-
ized to the amount of total protein. Statistical analysis was
performed using GraphPad Prism 10. A one-way ANOVA
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with a Tukey post hoc test was used to compare group
means, and a P value of less than 0.05 was considered
statistically significant. A Shapiro-Wilk test was performed
prior to each ANOVA to confirm the normality of the
data.

RESULTS

Distinct Transcriptional Profiles Characterize
Corneal Keratocytes in SF, FBS, and TGF-$1
Culture Conditions

We conducted bulk RNA-seq experiments using primary
NRKs cultured in defined SF media, or in the presence of
either FBS or exogenous TGF-$1. As observed previously,
the cells exhibited a dendritic morphology in SF conditions,
an elongated morphology in FBS-containing media, and a
broad morphology with visible stress fibers in the presence
of TGF-B1 (Fig. 1A).813 PCA showed distinct transcriptional
differences between conditions, whereas sample replicates
clustered closely, indicating their discrete expression profiles
(Fig. 1B). Differential expression analysis showed FBS versus
SF contained the highest number of differentially expressed
genes (DEGs) at 7693, followed by TGF-B1 versus FBS at
5704, and TGF-B1 versus SF at 4430 (Fig. 1C). Cumula-
tively, 3174 genes were differentially expressed if both FBS-
and TGF-B1-treated cells were compared with SF, whereas
1311 genes were differentially expressed among all 3
groups.

We also observed distinct differences in the number
of up- and downregulated DEGs when pairwise compar-
isons were made between culture conditions (Fig. 1D). A
heatmap of DEGs among all groups further indicated distinct
transcriptional profiles associated with each culture condi-
tion (Fig. 1E). Approximately 50% of these DEGs had high
relative expression in SF, whereas 28% and 22% showed
high expression in FBS and TGF-$1, respectively. Thus, the
principal component, gene count, and differential expres-
sion analyses illustrate distinct and significant differential
gene expression patterns between keratocytes cultured in SF
media, FBS, or TGF-B1. A comprehensive list of the DEGs
identified in our analysis, as well as the log,(fold change)
and adjusted P value for each DEG, has been included as
Supplementary Dataset S1.

Markers Associated With Keratocytes, Fibroblasts,
and Myofibroblasts Are Differentially Expressed
Between Culture Conditions

We then compared our transcriptional data with molec-
ular markers known to be associated with corneal kera-
tocytes, fibroblasts, and myofibroblasts. Proteoglycans and
corneal crystallins known to be important for corneal trans-
parency,>?° such as keratocan (KERA), mimecan (OGN),
decorin (DCN), lumican (LUM), aldehyde dehydrogenase 1
family member A1 (ALDH1A1), and transketolase (TKT),
showed high relative expression in SF culture (Fig. 2A).
Analysis of Western blot data confirmed elevated ALDH1A1
levels when comparing SF to either FBS or TGF-81
(Fig. 2B).

Following injury, corneal fibroblasts exhibit a prolifera-
tive and migratory phenotype, so we then compared expres-
sion levels for genes associated with proliferation and cell-
ECM interactions in FBS-treated cells. We observed signif-
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Ficure 1. Distinct transcriptional profiles characterize corneal keratocytes in SF, FBS, and TGF-$1 culture conditions. (A) Char-
acteristic confocal images of fixed keratocytes cultured in serum-free (SF) media, FBS-containing media, or SF media supplemented with
exogenous TGF-f1. Cells were stained with phalloidin (red) and DAPI (blue) to visualize F-actin and nuclei, respectively. (B) Principal
component analysis (PCA) of transcriptional differences between corneal keratocytes cultured in SF, FBS, or TGF-f1 culture conditions. Prin-
cipal component (PC) 1 and PC2, account for 60.38% and 24.57%, respectively, of the variability among these groups. Analysis was performed
using normalized, log,-transformed FPKM values. (C) Venn diagram showing the number of significant differentially expressed genes (DEGs)
in each comparison. DEGs with an adjusted P value (adj P value) < 0.05 and |logz[fold change]| > 1 were considered significant. (D) Bar
plot depicting the number of DEGs either up- or downregulated in each comparison. (E) Heatmap of normalized, log;-transformed FPKM
values (log2[FPKM+1]) for genes that were differentially expressed across all three culture conditions. Red color indicates genes with high
relative expression levels, and blue color indicates genes with lower expression levels.

icant increases in the expression of proliferative markers,
such as Ki-67 (MKI67)*>?! and proliferating cell nuclear anti-
gen (PCNA),*2?% as compared to either SF or TGF-81 (see
Fig. 2A). In addition, genes encoding vimentin (VIM) 24 a

cytoskeletal intermediate filament, and tenascin C (TNC),?
an ECM protein synthesized in repair tissue, also exhibited
elevated expression following treatment with FBS. Western
blots and immunofluorescence labeling confirmed increased
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Ficure 2. Markers associated with keratocytes, fibroblasts, and myofibroblasts are differentially expressed between culture condi-
tions. (A) Heatmap of normalized, log,-transformed FPKM values (log2[FPKM+1]) for known keratocyte, fibroblast, and myofibroblast
markers. Red color indicates genes with high relative expression levels and blue color indicates genes with lower expression levels. (B, C)
Representative Western blot and quantification of (B) ALDH1A1 as a marker for keratocytes and (C) Vimentin as a marker for fibroblasts
and myofibroblasts. Quantification of target protein expression was normalized to total protein and reported in arbitrary units (AU). Error
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bars represent mean £ SD for 3 experimental replicates. A one-way ANOVA with a Tukey post hoc test was used to compare group means
(*, P < 0.05; ¥, P < 0.01). (D) Confocal images of F-actin, fibronectin, and DAPI staining for corneal keratocytes cultured in SF conditions,

or in the presence of FBS or TGF-81. Scale bar = 20 pm.

levels of VIM in both FBS and TGF-f1-treated cells (Fig. 2C,
Supplementary Fig. S1).

We also observed elevated expression of alpha-smooth
muscle actin (¢-SMA; ACTA2), which incorporates into stress
fibers and plays an important role in the increased contractil-
ity of myofibroblasts,?® in both FBS and TGF-81 as compared
to SF (see Fig. 2A). In addition, expression of genes encod-
ing fibrotic ECM proteins, including biglycan (BGN)*"-*
and fibronectin (FN1),!! were most upregulated upon treat-
ment with TGF-81. The highest levels of fibronectin protein
expression were also observed in the presence of TGF-f1,
based on immunofluorescence labeling (Fig. 2D). We also
observed increased expression of «5 integrin (ITGAS) in
both FBS and TGF-1 (see Fig. 2A).

Overall, our RNA-seq data are broadly consistent with
known molecular markers for corneal keratocytes, fibrob-
lasts, and myofibroblasts, with SF conditions supporting
a keratocyte phenotype, FBS-containing media inducing
a fibroblast phenotype, and treatment with TGF-B1 elic-
iting a myofibroblast phenotype. Even so, genes encod-
ing some fibroblast and myofibroblast markers, such as
ITGA5 and ACTA2, were expressed at similar levels in
both FBS and TGF-S1 culture conditions, indicating over-
lap between the gene expression profiles of fibroblasts and
myofibroblasts.

Diverse Pathways Associated With Signal
Transduction and Cellular Processes Such as Cell
Growth and Death, Cell-ECM and Cell-Cell
Interactions Are Enriched in the Comparisons of
Fibroblasts and Myofibroblasts to Keratocytes

KEGG analysis revealed an enrichment of several pathways
in TGF-B1-treated myofibroblasts and FBS-treated fibrob-
lasts, when compared with keratocytes in SF conditions
(Figs. 3A, 3B). In the presence of FBS, genes were primarily
upregulated in pathways related to translation, replication
and repair, and cell growth and death. Among these, we
observed significant enrichment of the ribosome and ribo-
some biogenesis pathways, as well as the DNA replication
and cell cycle pathways (see Fig. 3A). In addition, significant
changes in expression were observed for genes involved in
the PI3K-Akt and Rap1 signaling pathways, as well as those
associated with ECM-receptor interactions.

In contrast, the focal adhesion, regulation of actin
cytoskeleton, ECM-receptor interaction, and Rapl signaling
KEGG pathways were significantly enriched in the compar-
ison of TGF-1 to SF (see Fig. 3B). Other enriched path-
ways were broadly related to either cytokine activity (e.g.
cytokine-cytokine receptor interaction, as well as TGF-8,
JAK-STAT, and TNF signaling pathways) or proliferation and
apoptosis (e.g. PI3K-Akt, p53, MAPK, and Hippo signaling
pathways).

When TGF-f1-treated myofibroblasts were compared
with fibroblasts (as opposed to keratocytes), many of the
same KEGG pathways, especially those related to prolif-
eration, cell-ECM interactions, and cytokine activity, were
enriched (Fig. 30). In addition, the cellular senescence path-

way was also enriched in this comparison. Taken together,
these data were suggestive of lower rates of proliferation
and a greater emphasis on cell-ECM interactions in TGF-81-
treated myofibroblasts.

Genes Related to Proliferation and Migration Are
Significantly Upregulated in Fibroblasts as
Compared to Keratocytes

Numerous genes in the DNA replication, cell cycle, and PI3K-
Akt signaling KEGG pathways were differentially expressed
in fibroblasts as compared with keratocytes (Figs. 4A-C).
Elevated expression was observed for several key genes that
encode parts of the DNA replication machinery, including
PCNA, MCM2-7, and several DNA polymerase subunits such
as POLA2 and POLE2-3.% There was also an increase in the
expression of several genes associated with the PI3K-Akt
signaling pathway, such as the receptor tyrosine kinase MET
and the MAP Kinase MAP2K1,*° and several cyclin depen-
dent kinases (CDKs) such as CDK2 and CDK4.*! The upreg-
ulation of these genes was indicative of an increased prolif-
erative phenotype for cultured corneal fibroblasts.

Numerous DEGs within the Rapl signaling and ECM-
receptor interaction pathways also indicated a shift toward
a migratory phenotype (Figs. 4D, 4E). Ras-related protein
Rap-1b (RAP1B) encodes for a small GTPase that regu-
lates cell adhesion, migration, and polarity.>?3> We observed
increased expression of RAP1B, along with an upregulation
of B-actin (ACTB). In addition, focal adhesion-related genes,
such as talin (TLN2), and genes that regulate actin polymer-
ization, like profilin (PFN2),>* were downregulated following
treatment with FBS. Changes in cell-ECM interactions were
indicated by shifts in the expression of different integrin
subunits and their ECM binding partners. This included the
downregulation of various collagens (COL1, COL2, COL4,
and COL6) and the upregulation of TNC. Many of the genes
encoding integrin subunits that bind to tenascin, such as
ITGAS8, ITGAV, ITGB1, and ITGB3, were also upregulated.
Taken together, these transcriptional changes support an
increased proliferative and migratory phenotype in cultured
corneal fibroblasts.

Proliferation Related Genes Are Significantly
Downregulated, Whereas Genes Involved in
Cell-ECM Interactions and Cytokine Signaling Are
Upregulated in Myofibroblasts Compared to
Fibroblasts

We observed similar differences in proliferation- and
motility-related genes when comparing fibroblasts and
myofibroblasts. Multiple genes in the DNA replication and
cell cycle pathways were differentially expressed between
these groups, with lower levels of expression in myofibrob-
lasts (Figs. 5A, 5B). Interestingly, genes involved in cell cycle
arrest and evasion of apoptosis, such as the cyclin depen-
dent kinase inhibitors 1A and 2B (CDKN1A and CDKN2B),
as well as B-cell lymphoma 2 (BCL2), were upregulated in
TGF-B1-treated myofibroblasts (Figs. 5C, 5D).31:3%36
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Ficure 3. KEGG pathways associated with proliferation are significantly enriched in the comparison of FBS versus SF, whereas
pathways associated with signal transduction are enriched in the comparison of TGF-f1 versus SF. Bars represent the number of genes
either upregulated (red) or downregulated (blue) in each significantly enriched KEGG pathway (adj P value < 0.05) from the comparisons
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of (A) FBS versus SF, (B) TGF-$1 versus SF, and (C) TGF-p1 versus FBS. In each comparison, KEGG pathways are grouped together based
on their associated function, as indicated on the right of each box. Pathways of particular interest are highlighted in bold type.
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Ficure 4. FBS versus SF: genes related to a migratory and proliferative phenotype are significantly upregulated in fibroblasts
as compared with quiescent keratocytes. (A-E) Volcano plots represent individual genes significantly up- or downregulated within
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TGF-B1 has been attributed to the induction of ECM
synthesis in myofibroblasts.>” Here, several ECM genes,
including fibronectin (FN1), tenascin N (TNN), various colla-
gens (COL1A1, COL1A2, COL2A1, and COL9A3), and asso-
ciated integrin subunits (e.g. ITGA11, ITGAV, and ITGB3)
exhibited increased expression levels in myofibroblasts
compared with fibroblasts (Fig. 5E). Interestingly, the expres-
sion of chondroadherin (CHAD), which has been previously
shown to promote the adhesion of chondrocytes, fibroblasts,
and osteoblasts,?®% was highly upregulated in myofibrob-
lasts. In addition, a different gene involved in cell motility
— hyaluronan mediated motility receptor (HMMR)* — was
downregulated in myofibroblasts relative to fibroblasts.

This comparison also revealed significant differences
in the expression of genes related to cytokine signal-

ing (Fig. 5F), including several TGF-g family genes (Fig.
5G). We also noted differences in the expression of genes
related to cell inflammatory responses, including the inter-
leukins IL-1A, IL-1B, and IL-6, as well as colony stimulat-
ing factors CSF1 and CSF3. These genes were downregu-
lated in myofibroblasts as compared with fibroblasts, which
are believed to be the cell type responsible for triggering
innate immune responses in the cornea.’! In addition, we
observed differential expression of several genes associated
with TGF-$ signaling, some of which encode proteins that
are known to modulate TGF-8 activity (see Fig. 5G), includ-
ing DCN, fibromodulin (FMOD), thrombospondin type 1
domain containing 4 (THSD4), fibrillin 1 (FBN1), and
latent transforming growth factor beta binding protein 1
(LTBP1).%
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Ficure 6. TGF-f1 versus SF: genes in KEGG pathways related to cell-ECM interactions and mechanotransduction are differentially
expressed in myofibroblasts compared to keratocytes. (A-F) Volcano plots represent individual genes significantly up- or downregulated
within selected KEGG pathways from the comparison of myofibroblasts to keratocytes. Genes with adjusted P values < 0.05 (bhorizontal
dashbed line) and |log;[fold change]| > 1 (vertical dashed lines) were considered significant. Red dots indicate genes that were upregulated in
myofibroblasts, whereas blue dots indicate downregulated genes. Genes generally associated with TGF-81 induced myofibroblast phenotypes
and several other significant genes with a high adjusted P values or fold changes have been labeled.

Genes Related to Cell-ECM Interactions and
Mechanotransduction Are Differentially
Expressed in Myofibroblasts Compared With
Keratocytes and Fibroblasts

Many of the significantly enriched KEGG pathways iden-
tified in the comparison of myofibroblasts to keratocytes
were associated with cell-ECM interactions and mechan-
otransduction (Figs. 6A-E). KEGG enrichment analysis of
genes that were significantly upregulated in myofibroblasts
also revealed significant enrichment of the vascular smooth
muscle contraction pathway (Fig. 6F). Comparison of myofi-
broblasts to keratocytes identified many DEGs related to
ECM, cell-ECM adhesion, cell-cell interaction, Hippo signal-
ing, actomyosin contractility, and growth factor signaling,
which were further evaluated for their relative expression
across all three culture conditions (Fig. 7A).

Multiple collagens were highly expressed in myofibrob-
lasts compared with keratocytes and fibroblasts. One of
the most notable collagens that was significantly upreg-
ulated in myofibroblasts was collagen type XI alpha 1
chain (COL11A1; see Figs. 7A, 7B). Interestingly, several
other ECM-related genes, such as integrin binding sialopro-

tein (IBSP), secreted phosphoprotein 1 (SPP1), and leucine
rich repeat containing 15 (LRRC15), and integrins such as
integrin subunit alpha 11 (ITGA11) were also significantly
upregulated in myofibroblasts (see Figs. 7A, 7B, Supplemen-
tary Table S1). LRRC15 is a membrane protein known to be
involved in ECM binding and as a marker for cancer asso-
ciated myofibroblasts in lung, breast, and other tumors.*344
Our data revealed a very significant upregulation of LRRC15
in the presence of TGF-81, compared with cells cultured in
both SF and FBS conditions.

Among the genes related to growth factor signaling, TGF-
PB1l-treated myofibroblasts exhibited a significant upregula-
tion in TGFB1 and TGFB3 (as compared to SF media; see Fig.
7A). We also observed changes in genes associated with the
PDGF pathway. Interestingly, the expression level of PDGFA
was upregulated in cultured myofibroblasts, while PDGFB
expression was downregulated (see Fig. 7A).

In the comparison of myofibroblasts to keratocytes, DEGs
involved in Hippo signaling also stood out due to known
crosstalk with TGF- signaling and its role in mechanotrans-
duction.”>% Our data revealed differential expression of
several Hippo signaling related genes, including connective
tissue growth factor (CTGF) and TEA domain transcription
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factor 4 (TEAD4), which were significantly upregulated in
myofibroblasts, and angiomotin (AMOT), which was signifi-
cantly downregulated (see Figs. 7A, 70).

ACTA2, the gene encoding for «-SMA, was signifi-
cantly upregulated in both fibroblasts and myofibroblasts,
as compared with keratocytes (see Figs. 7A, 7D). TGF-
Bl-treated myofibroblasts also contained a-SMA positive
stress fibers (Supplementary Fig. S2A) and Western blots
showed high «-SMA protein levels relative to keratocytes
(see Supplementary Fig. S2B). An even higher level of ACTA2
expression, however, was observed for corneal fibroblasts,
although we did not observe the incorporation of «¢-SMA
into stress fibers among cells in this culture condition (see
Supplementary Fig. S2A), and Western blots showed lower
a-SMA protein levels relative to myofibroblasts (see Supple-
mentary Fig. S2B).

Another family of genes differentially expressed in myofi-
broblasts were the thrombospondins 1, 2, and 4 (THBS 1,
2, and 4), which have the ability to bind to various ECM
proteins and modulate cell-ECM and cell-cell interactions®’
(see Fig. 7A). THBS1 specifically was significantly upregu-
lated in myofibroblasts compared with keratocytes (see Figs.
7A, 7D) and is known to be important for TGF-g1-induced
myofibroblast differentiation.®

DISCUSSION

Although phenotypic differences among corneal kerato-
cytes, fibroblasts, and myofibroblasts have been well docu-
mented in vivo and in vitro, less is known about the tran-
scriptional changes that regulate these differences. Improv-
ing our understanding of the signaling pathways that influ-
ence keratocyte differentiation could have important impli-
cations for corneal wound healing and fibrosis. Levels of
gene expression have been evaluated previously in mouse
corneal stromal cells (in vitro and in vivo) using microar-
ray analysis, with a focus on genes associated with immune
activity.* Here, we performed bulk RNA-seq to generate a
more comprehensive view of the gene expression profiles
of cultured primary rabbit corneal keratocytes, fibroblasts,
and myofibroblasts. Differential gene expression and func-
tional analyses identified novel molecular markers for each
cell type, as well as potential new targets for modulating
keratocyte behavior and differentiation. Overall, significant
differences in expression were primarily observed for genes
involved in cell growth and death, cell-ECM interactions, and
cell mechanics.

Fibroblast and Myofibroblast Differentiation
Involves Changes in the Expression of
Proliferative and Apoptotic Genes

Following injury or surgery, the transformation of quies-
cent keratocytes into proliferative and migratory fibroblasts
is an integral step during corneal wound healing.>® Our
RNA-seq data suggest that increased proliferation observed
among corneal fibroblasts is associated with the upregula-
tion of genes involved in the DNA replication, cell cycle, and
PI3K-Akt signaling pathways, such as E2F1/2 and CDK2/4/6.
These genes, as well as their associated signaling pathways,
may be of further interest as potential targets for accelerat-
ing cell repopulation during wound healing or promoting
stromal regeneration.’!
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Although myofibroblast differentiation is important for
proper wound closure, a persistent myofibroblast phenotype
can lead to protracted corneal fibrosis.>”>>** Our transcrip-
tional analyses indicated that genes associated with prolif-
eration are downregulated among corneal myofibroblasts.
These cells also adopted an apoptotic-resistant phenotype
associated with pathological wound healing,”* as indicated
by changes in the cell cycle, cellular senescence, PI3K-Akt,
and p53 signaling pathways. Genes of interest within these
pathways included BCL2, which was upregulated in myofi-
broblasts. BCL2 suppresses apoptosis and has been stud-
ied for its therapeutic potential in cancer and wound heal-
ing.30:53:5% Indeed, the evasion of apoptosis is considered
a distinguishing hallmark of fibrotic disease.’®> Targeting
genes related to apoptosis during corneal wound healing
could be used to support the timely disappearance of myofi-
broblasts following wound closure.

Cell-ECM Interactions Are an Important Regulator
of Fibroblast and Myofibroblast Differentiation

ECM synthesis and remodeling by corneal keratocytes is
important for maintaining the optical transparency of the
tissue. This ECM-maintenance phenotype is disrupted when
keratocytes differentiate into fibroblasts and myofibrob-
lasts.”® Although previous studies have identified some
of the collagens and proteoglycans that are differentially
expressed among these cell types, our data provide a
more comprehensive profile of ECM-related genes, including
ECM structural proteins, integrin subunits, ECM-modifying
enzymes, and ECM-binding growth factors and cytokines.
Our transcriptional data indicate that the expression of vari-
ous keratocyte-associated proteoglycans is reduced in myofi-
broblasts, whereas the expression of ECM genes associated
with fibrosis (e.g. COL3A1 and FN1) is elevated, consistent
with previous work.?”-5¢ Our analyses also uncovered novel
ECM-related genes, such as osteopontin (SPP1 or OPN) and
integrin binding sialoprotein (IBSP), that were highly upreg-
ulated in myofibroblasts. Each of these genes is associated
with bone matrix remodeling, but previous studies have also
suggested a role in wound healing and fibrosis in other
tissue types.?>>’~> OPN expression, for instance, is impor-
tant during the myofibroblast differentiation of both dermal
and cardiac fibroblasts,**-°! and OPN knockout mice exhibit
delayed corneal wound healing, which was associated with
lower levels of TGF-81 expression and fewer myofibrob-
lasts.%?

Changes in ECM composition likely also influence kerato-
cyte differentiation via interactions with integrin-containing
receptors. We found TNC and FN1, which have been
investigated previously during inflammation, wound heal-
ing, and tissue remodeling,’®>° to be highly expressed in
corneal fibroblasts and myofibroblasts, respectively. The
TNC modulates cell adhesion and migration via interactions
with «881 and avp1 integrins, which were expressed at
high levels in cultured fibroblasts. The coordinated expres-
sion of TNC and its associated integrin subunits may
support corneal fibroblast migration. In contrast, fibronectin
promotes robust cell attachment to the ECM, and previ-
ous work has reported increased fibronectin expression
in myofibroblasts, as well as changes in the composition
and localization of focal adhesions, which are thought to
contribute to the elevated contractile phenotype associated
with these cells.'®% Consistently, we observed an upreg-
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ulation of genes encoding focal adhesion proteins, such
as vinculin (VCL), talin (TLN2), and paxillin (PXN) among
myofibroblasts. Overall, our analyses have identified distinct
ECM-related gene expression profiles for corneal kerato-
cytes, fibroblasts, and myofibroblasts and suggest that cell-
ECM interactions are important determinants of keratocyte
differentiation.

Mechanical Regulation of Corneal Stromal Cell
Behavior

Recent work has also highlighted the importance of biophys-
ical cues in regulating corneal stromal cell behavior.!>4:65
The myofibroblast differentiation of quiescent keratocytes,
for instance, is highly sensitive to changes in the mechan-
ical properties of the ECM.>'!® In the presence of TGF-81,
keratocytes cultured in a soft microenvironment form fewer
stress fibers and exhibit lower levels of a-SMA expression,
as compared with cells cultured on stiff substrata.'>-% This
decreased level of myofibroblast differentiation is accompa-
nied by lower cell contractility, as well as substantial changes
in the subcellular distribution of focal adhesions.'®-%

Consistent with these data, our RNA-seq analyses iden-
tified an enrichment of pathways related to cell contractil-
ity and mechanotransduction in TGF-g1-treated myofibrob-
lasts. We observed significant changes in the expression of
AMOT, as well as multiple SMADs, which have been shown
to influence the activity of the mechanosensory proteins
YAP and TAZ.%” Previous studies have shown that YAP/TAZ
signaling can regulate the myofibroblast differentiation of
cultured human corneal fibroblasts,®® and AMOT is known to
suppress YAP/TAZ-mediated transcription.’” The observed
downregulation of AMOT in TGF-f1-treated myofibroblasts
is suggestive of elevated YAP/TAZ activity, an idea that is also
supported by increased CTGF expression, a downstream
transcriptional target of YAP.%

In addition, «-SMA expression is a key marker for
corneal myofibroblasts and can be modulated by changes in
the mechanical properties of the ECM.'$:20:% We observed
a significant upregulation of ACTA2, the gene encod-
ing o-SMA, in TGF-f1-treated myofibroblasts. Interestingly,
however, we measured even higher levels of ACTA2 expres-
sion among corneal fibroblasts. These results may indicate
an important transcriptional difference in ACTA2 expression
between corneal fibroblasts and myofibroblasts; however,
it is also a possibility that time-varying changes in ACTA2
expression contribute to this observation. In addition, our
Western blot data indicate that «-SMA protein levels do not
necessarily correlate with ACTA2 transcriptional levels when
comparing fibroblasts and myofibroblasts, which may indi-
cate potential post-transcriptional or translational control
mechanisms.

Previous work has suggested that other signaling path-
ways, such as those downstream of PDGF, can also influence
a-SMA expression. Specifically, it has been shown that TGF-
B1 induces the secretion of PDGF as part of an autocrine
signaling loop which regulates myofibroblast differentia-
tion.”® However, the specific PDGF subunits involved in this
process are still unknown. Our transcriptional data indicate
that PDGFA expression is upregulated in myofibroblasts,
whereas the expression of PDGFB decreases.

Taken together, these data represent the first comprehen-
sive transcriptional profile for cultured primary corneal kera-
tocytes, fibroblasts, and myofibroblasts. Our RNA-seq anal-
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yses have identified genes and signaling pathways that may
play important roles in keratocyte differentiation, as well as
the maintenance of each of these distinct cell phenotypes.
Going forward, these data will serve as the foundation for
future studies investigating the influence of ECM mechan-
ics on corneal keratocyte behavior. These experiments will
help uncover specific genes of interest and further reveal
the biological and functional significance of these findings
as they relate to the broader fields of wound healing, fibro-
sis, and tissue engineering.
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