
Suppl. Data S3: Word document characterizing the top 10 up and 
downregulated endothelial and stromal genes from Table 4 with focus on 
their relevance to the cornea and organ culture. 

 

2.3.1. Top 10 DmE upregulation 
In the DmE 2%HPL led to the upregulation of glial cell-derived 

neurotrophic factor (GDNF) family receptors. Neurotrophic factors, such as 
GDNF, NGF or BDNF have been shown to play a vital role in maintaining 
corneal epithelial stem cells in the limbus [1], and GDNF stimulated the 
proliferative activity of corneal epithelial cells as well as CSKs and exhibited 
anti-apoptotic activity [2].  

The CST1 gene encodes cystatin SN, a component of human saliva, tears 
and urine, that is thought to play a protective role by inhibiting cysteine 
proteases. The conjunctiva is the main producer of cystatin SN in the anterior 
eye [3]. 

The importance of cytstatin SN for CECs has not been investigated yet, 
however, CECs have been shown to secrete proteinase and proteinase 
inhibitors and an imbalance is suspected to contribute to e.g. the irregular 
thickening of the Descemet membrane seen in FECD [4]. 

Sphingosine-1-phosphate receptor 5 encodes a G protein-coupled 
receptor which binds the lipid signaling molecule sphingosine 1-phosphate 
(S1P). Sphingosine 1-phosphate (S1P) is a pleiotropic lysophospholipid 
mediator involved in many cellular responses, including transient calcium 
mobilization, activation of MAP kinase signaling, inhibition of adenylyl 
cyclase and increased cell migration. Sphingosine 1-phosphate promotes 
endothelial cell barrier integrity by Edg-dependent cytoskeletal 
rearrangement in endothelial vascular cells [5]. The effect of S1P on CECs to 
date is still unknown. 

C5orf46 is also known as sssp1, or skin and saliva secreted protein 1. 
Differential expression of this gene has been shown for the corneal 
epithelium, however, its molecular function and the relevance for CECs 
remain unclear [6].  

Doublecortin (DCX) is a microtubule-associated protein expressed by 
neuronal precursor cells and immature neurons in embryonic and adult 
cortical structures.  

Due to the nearly exclusive expression of DCX in developing neurons, 
this protein has been used increasingly as a marker for neurogenesis. In the 
cornea, a member of this family, doublecortin domain containing 5, so far has 
only been detected in human limbal epithelial stem and mature cells with an 
unknown.[7] 

Left-right determination factor 2 (LEFTY2) encodes a member of the 
TGF-β family of proteins. The encoded protein is secreted and plays a role in 
left-right asymmetry determination of organ systems during development 
[8]. Its expression in the cornea has not been described yet. However, LEFTY2 
alleviates hepatic stellate cell activation and liver fibrosis by inhibiting the 
TGF-β1/Smad3 pathway, which could also be beneficial to CECs [8]. 

FNDC1 (fibronectin type III domain-containing protein 1), also known 
as AGS8, is an activator of G protein signaling and involved in the cellular 
response to hypoxia, the apoptotic process of cardiac muscle cells and protein 
phosphorylation [9]. However, the specific function of the gene in the cornea 
is unknown.  



NEURL1B (neuralized E3 ubiquitin protein ligase 1B) enables ubiquitin 
protein ligase activity and is therefore involved in ubiquitin-dependent 
endocytosis. It has been shown to be involved in the downregulation of the 
notch pathway through influencing the stability and activity of several notch 
ligands. NEURL1B is downregulated in keratoconus compared to non-
keratoconus corneas, however the specific effect of this gene in keratoconus 
is unknown [10]. The importance of NEURL1B in CECs is also still unknown.  

HMOX1 (heme oxygenase 1), a member of the heat shock protein family, 
cleaves heme to form biliverdin in heme catabolism. HMOX1 plays a key role 
as a sensor and regulator of cellular oxidative stresses and exhibits 
cytoprotective effects by catabolizing free heme and preventing it from 
sensitizing cells to undergo apoptosis [11]. Regarding its function in the 
cornea, it was found that hyperosmotic stress increases the mRNA expression 
and protein production of HMOX1 in human corneal epithelial cells, 
potentially exerting a cytoprotective effect [12]. Its function in CECs is still 
unknown. Interestingly, in our dataset HMOX1 was upregulated in the DmE 
as well as the stroma (Suppl. Data 1). 

2.3.2. Top 10 DmE downregulation 
CACNA1F (calcium voltage-gated channel subunit alpha1 F) encodes a 

multipass transmembrane protein that mediates the influx of calcium ions 
into the cell. In the eye, mutations of this gene can cause X-linked diseases, 
including congenital stationary night blindness, Aland-Island eye disease 
(also known as Forsius-Eriksson type ocular albinism) and cone-rod 
dystropia [13]. However, the specific function of the gene in CECs is still 
unknown.  

SIK1B (salt inducible kinase 1B) encodes a serine/threonine protein 
kinase a member of the adenosine monophosphate-activated kinase (AMPK) 
family. Its catalytic activity is required for p53 phosphorylation in response 
to loss of adhesion and therefore induces p53-dependent apoptosis. 
Downregulation of SIK1 compromises p53 function and permits cells to grow 
independently of their anchoring [14]. The specific effects of SIK1B in CECs 
are unknown. However, an overall antiapoptotic effect with lower expression 
can be assumed.  

TTC23L (tetratricopeptide repeat domain 23 like) is a protein coding 
gene located on chromosome 5, that is predicted to be located in cytoplasm, 
microtubule cytoskeleton, and midbody [15]. Its expression in the cornea and 
molecular mechanism has not been described yet.   

CCDC201 (coiled-coil domain containing 201) is a protein coding gene 
located on chromosome 7 [15]. Its expression in the cornea and molecular 
mechanism has not been described yet.   

LCN12 (lipocalin 12) is a protein coding gene located on chromosome 9. 
Members of the lipocalin family bind to specific cell-surface receptors of 
small hydrophobic ligands. They exhibit roles in retinol transport, olfaction, 
pheromone transport, and prostaglandin synthesis [16]. In a large-scale 
genome-wide association study of keratoconus including 4,669 cases and 
116,547 controls the authors identified a significant association with 36 
genomic loci, LCN12 being a member of one of these regions [17]. However, 
Its molecular function in CECs has not been described yet.  

GALNT16 (polypeptide N-acetylgalactosaminyltransferase 16) encodes 
a protein, which works as a polypeptide transferase. Changes in GALNT 
expression, and therefore alterations in GalNAc O-linked glycosylation, may 
directly influence molecules implicated in aspects of epithelial-mesenchymal 
transition (EMT) [18]. The importance in CECs to date is not clear.   



RANBP3L (RAN binding protein 3 like) is involved in the TGF-β/BMP 
signaling pathway where it regulates the nuclear export of Smad proteins. It 
plays an important role for mesenchymal cell differentiation in bone 
development, negative regulation of osteoblast differentiation, and positive 
regulation of myoblast differentiation.  

The expression of RANBP3L in human CECs has previously been 
described, however its molecular function remains unclear [19]. 

B3GALT1 (beta-1,3-galactosyltransferase 1) encodes a type II 
membrane-bound glycoprotein that transfers galactose from UDP-alpha-D-
galactose to substrates with a terminal beta-N-acetylglucosamine (beta-
GlcNAc) residue. To date expression of this gene has only been found in the 
colon and brain [20]. Its function in the cornea has not been described yet.  

DCC (deleted in colorectal cancer netrin 1 receptor) encodes a netrin 1 
receptor, which is a transmembrane protein and member of the 
immunoglobulin superfamily of cell adhesion molecules. When bound to 
Netrin-1, DCC activates downstream signaling partners such as MAP kinase, 
focal adhesion kinase (FAK) or Src kinases [21]. In the eye, DCC is broadly 
expressed in the developing retina by retinal ganglion cells (RGC), where it 
is essential for RGC intraretinal axon guidance [22]. 

Netrin 1 simultaneously suppresses corneal inflammation and 
neovascularization in the cornea, however the DCC receptor was not 
responsible and detectable in these experiments [23]. Its molecular function 
in CECs remains unclear. 

Polo-like kinases (PLKs) are regulatory serine/threonin kinases of the 
cell cycle involved in mitotic entry, mitotic exit, spindle formation, 
cytokinesis, and meiosis. Mouse PLK5 is a DNA damage inducible gene. 
Ectopic expression of PLK5 leads to cell cycle arrest in G1, decreased DNA 
synthesis, and apoptosis, a characteristic it shares with PLK3 [24]. The 2% 
HPL downregulation of PLK5 in the DmE could be one of the factors 
promoting CEC survival. 

2.3.3. Top 10 stroma upregulation 
MKX (mohawk homeobox), also known as iroquois homeobox protein-

like 1 encodes an iroquois (IRX) family-related homeobox protein that is 
mainly known for stimulating tendon differentiation during embryological 
development. The amount of soluble collagens, mRNA levels 
of Col1a1 and Col1a2, and decorin, a proteoglycan regulating collagen fiber 
formation, were decreased in tendons of MKX null mice [25]. As the corneal 
stroma also mainly consists of collagen I and proteoglycans [26], MKX could 
play an important role in corneal stroma ECM homeostasis, however, this has 
not been investigated so far.  

ANGPTL4 is induced under hypoxic conditions in various cell types and 
is the target of peroxisome proliferator-activated receptors. The encoded 
protein is directly involved in regulating lipid metabolism and vascular 
biology. Corneal vascular endothelial growth factor-induced in vivo 
angiogenesis and vascular leakiness were significantly inhibited by the 
addition of ANGPTL4 [27].  

Ex vivo, ANGPTL4 was able to reverse the fibroblast-to-myofibroblast 
differentiation promoting wound repair with minimizing scar formation in 
dermal fibroblasts [28]. Interestingly, ANGPTL4 was upregulated in CECs 
and CSKs in our dataset (Suppl. Data 1) and could potentially suppress 
corneal vascularization and scarring in 2%HPL cultured corneas. 

HMOX1 (heme oxygenase 1), is also found among the top 10 
upregulated genes in the DmE and was previously described. The molecular 



function in CSK is unclear. Nevertheless, HMOX-1 has been shown to 
promote the immunosuppressive properties of rat and human MSCs, which 
could lead to lower rejection rates after the transplantation of 2%HPL corneas 
[29].  

PLIN2 (perilipin 2) encodes a protein also known as adipose 
differentiation-related protein, which belongs to the perilipin family and is 
involved in intracellular lipid storage. PLIN2, is known to be 
transcriptionally activated by peroxisome proliferator-activated receptor 
(PPAR) signaling. Previous studies showed that PPAR-γ activation can also 
suppress TGF-β1-induced fibrogenesis in various organs and tissues by 
cell/tissue specific mechanisms, among them the inhibition of Myo-SF 
induction in the cornea [30]. Whether PLIN2 induction through 2%HPL in 
our stromal samples coincides with a potential antifibrotic effect through 
PPAR-γ activation is unclear. 

PDK4 (pyruvate dehydrogenase kinase 4) encodes a mitochondrial 
protein with a histidine kinase domain. Expression of this gene is regulated 
by insulin, retinoic acid and glucocorticoids. PDK4 helps to 
decrease metabolism and conserve glucose by decreasing its conversion to 
acetyl-CoA. In the human cornea PDK4 has been shown to be highly 
expressed by CSK. The exact molecular function to date is not clear [31]. 

TFPI2 (tissue factor pathway inhibitor 2) encodes a member of the 
Kunitz-type serine proteinase inhibitor family. The protein inhibits several 
serine proteases including plasmin, factor Xa, factor VIIa/tissue factor, 
trypsin, chymotryspin and plasma kallikrein. In the eye TFPI2 stimulates 
proliferation of retinal pigment epithelial cells, but not the growth of 
fibroblasts or vascular endothelial cells in vitro [32]. Whether TFPI2 also 
stimulates the proliferation of CSK remains unclear. 

PTX3 (pentraxin 3) encodes pentraxin-related protein PTX3, also known 
as TNF-inducible gene 14 protein, which is a member of the pentraxin protein 
family. In response to inflammatory stimuli such as IL-1 and TNF-α, PTX3 is 
induced in multiple mesenchymal and epithelial cell types [33]. PTX3s anti-
angiogenic effect is predicted to play a protective role on pathological 
angiogenesis in diabetic retinopathy [34].  

HC-HA/PTX3 (a unique matrix consisting of high molecular weight 
hyaluronic acid (HA) covalently linked with heavy chain 1 (HC1) from inter-
α-trypsin and further complexed with PTX3 reverted human corneal 
fibroblasts and myofibroblasts to keratocytes by activating BMP (bone 
morphogenetic protein) signaling [35]. This antifibrotic and anti-
inflammatory effect has also been proven in lung fibrosis and could be 
beneficial to 2%HPL donor corneas [36]. 

ESM1 (endothelial cell specific molecule 1) encodes a secreted protein 
also known as endocan, which is mainly expressed in endothelial cells in the 
human lung and kidney but also in human CECs [37]. The molecular function 
of ESM1 in CSK to date is unknown. 

Leupaxin is preferentially expressed in hematopoietic cells and is most 
homologous to the focal adhesion protein, paxillin. It may function in cell 
type-specific signaling by associating with PYK2, a member of the focal 
adhesion kinase family. The molecular function in the corneal stroma is still 
unclear [38]. 

Cbl (named after Casitas B-lineage Lymphoma) is a mammalian gene 
encoding the protein CBL which is an E3 ubiquitin-protein ligase involved in 
cell signaling and protein ubiquitination. Knockdown and inhibition of c-Cbl 
in the corneal epithelium decreased ligand-dependent ubiquitylation of the 
EGFR and prolonged receptor activity improving corneal epithelial wound 



healing in vitro and in vivo [39]. The molecular function in the corneal stroma 
is still unclear. 

2.3.4. Top 10 stroma downregulation 
ANXA8L1 (Annexin A8 Like 1) encodes a member of the annexin family 

of evolutionarily conserved Ca2+ and phospholipid binding proteins. 
Atmospheric pressure cold plasma (APCP), a novel tool for tissue 
disinfection in medicine through induced reactive oxygen species (ROS), 
increased the expression of annexins (ANXA8L1 by 24.73 fold) in ex vivo 
human corneas most likely as a stress response [40]. The downregulation of 
ANXA8L1 in CSK could therefore be a sign of reduced stress in 2%HPL vs. 
2%FBS culture.  

PPP2R3B (protein phosphatase 2 regulatory subunit B) encodes a 
regulatory subunit of the calcium-dependent Ser/Thr phosphatase 2 
(formerly named type 2A, PP2A). This phosphatase is implicated in negative 
regulation of G1/S transition of mitotic cell cycle and negative regulation of 
cell proliferation [41]. Diseases associated with PPP2R3B include Alzheimer 
Disease and it is discussed as a therapeutic target in inflammation and 
neurodegeneration [42]. PPP2R3 expression was found in the mouse cornea 
[43], its specific molecular function in CSK is still unknown.  

SLURP1 (secreted LY6/PLAUR domain containing 1) encodes a member 
of the Ly6/uPAR family but lacks a GPI-anchoring signal sequence. 
Overexpression of SLURP1 in human corneal limbal epithelial (HCLE) cells 
stabilizes cell junctions and suppresses TNF-α-induced upregulation of pro-
inflammatory cytokines IL-8, IL-1b, CXCL1 and CXCL2)[44]. The molecular 
function of SLURP1 in the corneal stroma remains unclear. 

GJA4 (gap junction protein alpha 4) is also known as connexin-
37 or Cx37, which is a member of the connexin gene family. Like 
other connexin proteins, it forms connections between cells known as gap 
junctions. Connexin-37 was shown to be present in the central rat cornea, yet 
its specific role for CSK remains unknown [45]. 

LYPD2 (LY6/PLAUR domain containing 2) is mainly expressed in 
esophagus, stomach and skin. Among its related functions are synthesis of 
GPI-anchored proteins, metabolism of proteins and post-translational 
modification [46]. 

In the cornea LYPD2 differential gene expression analysis revealed high 
expression in the limbal superficial epithelium but low expression in the 
corneal epithelium [47]. Its specific effect in CSKs is still unknown.  

CEACAM7 (CEA cell adhesion molecule 7, also referred to as CGM2) 
encodes a cell surface glycoprotein and member of the CEA protein family. 
In the eye, CEACAM7 is expressed in conjunctival cells [48]. Its importance 
for CSK is still unknown. 

FSTL4 (follistatin like 4) encodes a protein, that acts as a receptor for the 
brain-derived neurotrophic factor (BDNF) and shows calcium ion binding 
activity.  

In the eye FSTL4 was found to be expressed in retinal ganglion cells [49]. 
Neurotrophic factors such as NGF or BDNF are important for corneal stromal 
homeostasis and wound healing. They are produced and released by stromal 
nerves, CSK and SF [50]. The exact molecular function of FSTL4 in CSK is still 
unclear. 

PIGR (polymeric immunoglobulin receptor) encodes a poly-Ig receptor 
and member of the immunoglobulin superfamily. Overexpression of PIGR 
promotes cell transformation and tumor growth. Its pro-oncogenic function 
has been proven in pancreatic cancer and hepatocellular carcinoma [51]. 



Zhang et al. further showed that PIGR mRNA was upregulated in hepatic 
stellate cells in advanced liver fibrosis.[52] Its expression in the cornea has 
not been described yet. 

ANXA9 (annexin A9), also known as pemphaxin or annexin 31, encodes 
a member of the annexin family, which are calcium-dependent phospholipid-
binding proteins [53]. Zhou et al. predicted that ANXA9 mediated cell 
growth and migration through TGF-β signal transduction pathways [54]. Its 
expression in the cornea has not been described yet. However, as we 
mentioned before annexins are generally upregulated during cellular stress 
[55]. The downregulation of ANXA9 in CSK could therefore be a sign of less 
stress in 2%HPL vs. 2%FBS culture. 

The protein encoded by protocadherin 19 (PCDH19) is a member of the 
delta-2 protocadherin subclass of the cadherin superfamily. The encoded 
protein is thought to be a calcium-dependent cell-adhesion protein that is 
primarily expressed in the brain. The protocadherin gene was 
transcriptionally active in the maturing P10 mouse cornea. The importance 
in the adult corneal stroma is unknown [56]. 
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