
Abstract. Background/Aim: Angiogenic growth factors
expression is not known in the normal cornea. The aim was
to study corneal gene expression profile of VEGF and PDGF
pathways influencing the avascular state of cornea. Materials
and Methods: cDNA synthesis was performed from mRNA
extracted from five fresh pig corneas followed by cDNA
synthesis and analysis of VEGF and PDGF pathways by
TaqMan Array gene expression profile. Results: Normal pig
cornea lacks VEGFR2 and VEGFR3 gene expression. 
MK2 and AKT1 genes were significantly overexpressed
(p=0.000684, p=0.050995, respectively). Six PDGF pathway
genes were overexpressed: TIAM1 (p=0.047), PIK3CA
(p=0.00005), IKBKG (p=0.000006), PAK4 (p=0.034), RAC1
(p=0.000006 and PTGS2, p=0.00375). PDGF A was up-
regulated, but not with a statistical significance (p=0.79911),
while PDGFRα was down-regulated and PDGFRβ was not
expressed. Conclusion: Normal cornea avascularity is given
by growth factor receptors down-regulation. Rapid corneal
neovascularisation is induced by activation of the main
angiogenic growth factors that induce angiogenic cascade and
vessel recruitment. 

Cornea is an avascular tissue in healthy individuals, but has
the ability to become vascularized during several pathological
conditions such as corneal inflammation, traumatic injuries,
viral infections or following hypoxic conditions given
sometimes by contact lens wear (1). Normal cornea
avascularity represents one of the most important factors
involved in corneal transparency and its normal functional
state and thus, the ingrowth of blood vessels invading corneal
tissue is followed by a continuous and sometimes irreversible
damage of corneal epithelial and connective tissue structures
together with a slow or abnormal healing (usually done by
corneal fibrotic scars). An angiogenic cascade is activated in
all previously mentioned pathologic conditions and corneal
neoangiogenesis is initiated (2-4) by an imbalance between
endogenous corneal antiangiogenic and angiogenic factors (3). 

Few data are available on the genetic profile of angiogenic
growth factors and their correspondent receptors in normal
cornea. In 1997, van Setten described a VEGF like substance
in the basal layer of normal human corneal epithelium and
pointed out its overexpression due to a corneal traumatic
injury. He stated that, VEGF presence inside cornea might be
an important factor in the cascade leading to onset of corneal
neovascularization (5). In 2006, the researchers at the
Schepens Eye Research Institute pointed out for the first time
that corneal transparency is guided at the molecular level by
a large amount of non-vascular VEGF receptor 3 expressed
in normal corneal epithelium (6). 

All other data in the literature refer to the expression of
VEGF family members in pathological conditions such as
corneal inflammation or corneal mechanical lesions (7, 8).
For this reason, studies of targeted therapies to counteract
vascular effects of corneal inflammation have already been
initiated (9, 10). 

Also, few data are reported regarding the expression of
PDGF and corresponding receptors in the normal cornea.
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Hoppenreis et al., described the expression of both PDGF
receptors α and β in a variety of corneal cells including
epithelial cells, fibroblasts and endothelial cells (11).
Recently, PDGF family members are intensely being
studied in relationship to their expression in eye
myofibroblasts, related to corneal avascular and vascular
healing mechanism (12,13).

Pig cornea represents in this moment more than an
experimental tool used in eye research. It is already a
promising alternative for corneal transplants in humans.
Recently, Sharifi et al. (14) applied a GRAVY score
(including primary amino acid structures, isoelectric point and
grand average of hydropathy) to compare the similarity
between human cornea and 14 other species. They reported
that the pig cornea has the highest similarity score regarding
the collagen types (93.8%) and also protein content (91.8%)
with human cornea (14). Based on their findings, the final
conclusion of the study was that porcine cornea has a higher
relative suitability for corneal transplantation into humans
compared to other studied species (14). Their conclusions
seem to open a gate through the use of pig corneas as a main
alternative for corneal transplantation. 

The use of pig cornea xenotransplantation is not a novelty,
dating back in 1838, when an unsuccessful pig to human
cornea transplant had been performed (15). Since then, more
than 100 pig to human corneal xenotransplantations have
been performed in China, starting from 2010 till present but
several controversies still persist regarding humoral and
cellular response and microbiologic issues of pig to human
corneal xenotransplantation (16, 17). Some of these
controversies were gradually removed by using genetic
engineering or by improving research in the field (18, 19). 

Related to cornea pig use for xenotransplantation one issue
is completely neglected at this moment: the characterisation
of VEGF and PDGF pathways in its normal state. 

Our preliminary observations (unpublished data) using
normal pig cornea implanted on chick embryo
chorioallantoic membrane (CAM) suggested that pig corneal
tissue is able to induce a CAM vessel inhibition around the
implant and moreover, no blood vessels acquisition by
implanted cornea have been observed, remaining non-
vascularized during the whole experimental study. This
observation was the trigger initiating the present study which
aims to characterize VEGF and PDGF gene expression
profile pathways in normal pig cornea by using TaqMan
gene expression assays. We would like to point out that we
were not able to find in the literature an accurate gene
expression profile of VEGF and PDGF pathways in normal
pig cornea, most of the article describing their expression in
pathologic conditions. Characterisation of normal corneal
tissue regarding factors related to VEGF and PDGF
pathways is necessary and may be useful for a better
understanding of its avascular state. 

Materials and Methods

Primary processing of the normal pig corneal tissue. Five pig corneas
were harvested by an ophthalmologist from pigs sacrificed for
commercial purposes. Half of the cornea from each specimen were
used for RNA extraction and another half was introduced in saline
solution 0.9% for about 30 min during its transport to chick embryo
chorioallantoic membrane (CAM) experimental lab for CAM
implantation procedure. The present study was approved by the
decision of Ethics Committee of Victor Babes University of Medicine
and Pharmacy Timisoara, Romania, no. 34/17.11.2017.

Chorioallantoic membrane assay preparation. Briefly, 5 fertilized
eggs were incubated for 72 h at 37˚C and 60% humidity. On day 3
of incubation, 2 ml of albumen was removed from the eggs through
a small hole performed into the eggshell on the opposite tip to air
chamber containing tip. The eggs incubation continued and after 24
h a small window was performed on the eggshell to highlight
vascularized chorioallantoic membrane (CAM). The corneal tissue
implants were done on day 5 of incubation and the experiment
continued till day 14 of incubation.

Corneal implants on CAM. Fresh corneal tissues were implanted on
CAM surfaces after a preliminary scarification of the CAM on a free
blood vessels area, usually in the angle delineated by two big blood
vessels of the CAM, by using a stereomicroscopic guided
implantation technique. The CAM corneal implants were observed
for 9 days by evaluating their ability to acquire blood vessels, and
also, by observing the arrangement of CAM blood vessels around the
implants. 

Histopathological evaluation of CAM implants. Nine days from
corneal tissues implants on CAM the experiment was stopped by
adding 10% buffered formalin in ovo and lasting for 2 hours to fix
the tissues. The implants were harvested, and they continued to be
fixed for 24 hours at room temperature followed by routine primary
processing of the tissues and paraffin embedding. Three micrometers
thick sections were performed from each specimen and stained with
haematoxylin and eosin for microscopic evaluation of corneal tissue
vascular status and normal structure. 

RNA extraction and cDNA synthesis. Total RNA purification from
corneal tissues was performed by magnetic particle-based technology
following a standardized protocol for RNA extraction from fresh
tissues, provided with Thermo Scientific™ KingFisher™ Pure RNA
Tissue Kit (code 98040196/98040496; Thermo Scientific, Waltham,
MA, USA). We set RNA extraction by using 20 mg corneal tissue
which was mechanically disrupted in lysis buffer followed by loading
of the material into King Fisher Duo Prime automated purification
system (Thermo Fischer Scientific). Total RNA quantitation was
checked with Qubit™ 3.0 Fluorometer (Thermo Fischer Scientific)
using preliminary samples preparation by using Qubit™ RNA HS
Assay Kit (code Q32852). 

TaqMan assays. Our study was focused on the study of VEGF and
PDGF pathways in corneal tissue. The pre-configured 96-well plates
for TaqMan® Gene Expression Assays were used for both VEGF and
PDGF pathways. Each plate contains pre-defined assays and
endogenous controls, ready for accurate assessment of an entire gene
signature in one simple experiment. 
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The TaqMan® Array Human VEGF Pathway 96-well Plate contains
44 assays to VEGF Pathway associated genes and 4 assays to
candidate endogenous control genes. TaqMan Array Human PDGF
pathways plate includes 4 control genes and 92 genes 

From the extracted RNA, the cDNA required for the TaqMan
assays was performed by using High-Capacity RNA-to-cDNA™ Kit
(Applied Biosystems, Waltham, MA, USA) following the protocol
provided by the manufacturer. 

TaqMan Array plates were prepared by loading on each well 20 μl
of cDNA sample with nuclease free water (10 μl) and 10 μl of Master
Mix (2x). 

Both TaqMan Array Human PDGF and VEGF cDNA-loaded
plates were subjected to RT-PCR technique performed on 7500 Fast
Dx Real-Time PCR Instrument (Applied Biosystem), following the
protocol described in Figure 1.

Microscopic evaluation and statistical analysis. Daily evaluation of
corneal tissues implants on CAM was performed by using Axio CAM
Stereo Microscope (Zeiss, Oberkochen, Germany), and pictures from
different stages of the experiment were obtained and processed with
ZEN software (version 2, Zeiss, Oberkochen, Germany). Microscopic
evaluation of the specimens was performed using an Axio Zoom 2
Observer Microscope (Zeiss). Haematoxylin and eosin stained slides
were scanned by using Pannoramic Desk Digital Scanner (3D Histech,
Budapest, Hungary), archived in the Case Center and viewed with Case
Viewer, a software provided with scanning system and able to give an
overview from the whole slide and capturing pictures from area of
interest. TaqMan assays results were evaluated by using Data Assist
V.3.01 system, assuming a statistically significant value of p≤0.05. Heat
Map and volcano plots were generated from this analysis. 

Results
The effects of normal pig cornea implants on chick embryo
CAM. On day 5 of incubation, before corneal tissue
implantation, the chick embryo CAM had a well-developed
vasculature with a branched, interconnected, high density
capillaries network covering all CAM area. 

Corneal implants were highly adherent to CAM surface and
they kept their viability in an avascular state during all 9 days
of the experiment. Moreover, the implants gradually inhibited
CAM vasculature as can been seen in Figure 2a-c. On the last
experimental day, we observed a strong and complete
inhibition of CAM vasculature (Figure 2d and e). The corneal
implants did not show any vessel acquisition. The avascular
state of corneal implants on CAM was certified by their
microscopic evaluation (Figure 2f). 

The lack of vessels acquisition by the corneal implants
suggested that other factors regarding VEGF and PDGF
pathways may be involved in the maintenance of the avascular
state. Thus, we consider it useful to evaluate the gene expression
profile of VEGF and PDGF pathways in normal cornea.

Gene expression profile of VEGF pathway evaluated by
TaqMan Array in normal pig cornea. Two VEGF pathway
genes have been detected to be statistically significant
overexpressed in normal pig cornea: MK2 gene

(MAPKAPK2, p=0.000684) and AKT1 gene (p=0.050995).
Two other genes for VEGFA and VEGFC respectively were
found to be overexpressed, but with no statistical significance.
VEGFR2 and VEGFR3 were not found to be expressed in
normal pig cornea (Figures 3a and 4a, b). This divergent gene
expression profile of angiogenic and lymphangiogenic factors
as VEGF A and C and their corresponding receptors
(VEGFR2 and R3) may explain, partially, the lack of vessels
acquisition by corneal implants. 

PDGF pathway gene expression profile in normal pig cornea.
The PDGF pathway was characterized by statistically
significant overexpression of six genes: TIAM1 (p=0.0477),
PIK3CA (p=0.00005), IKBKG (p=0.000006), PAK4
(p=0.034), RAC1 (p=0.000006), PTGS2 (p=0.00375), also
the overexpressed but non-statistically significant gene coding
for PDGFA (p=0.799111). A decrease in the gene encoding
PDGFR alpha and the lack of encoding PDGFR beta gene
expression has been observed (Figures 3b and 4b).

Discussion 

Normal cornea has no blood vessels in its normal state. The
corneal avascularity (for both blood and lymphatic vessels) is
most likely dependent on a balance between proangiogenic
and antiangiogenic factors previously described as being
present in the corneal tissue. 

Among several antiangiogenic factors of the corneal tissue,
thrombospondin 1 and 2 (TSP1, TSP2) are currently
considered the main factors responsible for the absence of
blood vessels in the cornea (20). Other factors with
antiangiogenic role were not explicitly reported for the normal
cornea. In our study we identified two genes significantly
overexpressed in the normal cornea: Akt1 (protein kinase B)
and MK2 (MAPKAPK2), a gene of the activated mitogen
protein kinase family. The two genes play a dual role in
angiogenesis and in maintaining connective tissue homeostasis.
Akt1 plays a dual (proangiogenic or antiangiogenic) role
depending on its activation state duration: short-term activation
causes a proangiogenic effect while chronic activation induces
a strong antiangiogenic effect by stimulating the synthesis of
TSP1 and TSP2 (21). It appears that in the normal cornea there
is a chronic activation of Akt1 with increased synthesis of
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Figure 1. Step by step protocol for RT-PCR technique applied for
TaqMan assays.  



TSP1 and TSP2 (in which the Akt1 gene plays an essential
role), which induces corneal avascular status. 

Several studies have been conducted on Akt1 activity in
endothelial cells. It has been shown by Hellesoy and co-
workers that Akt1 is dependent on the microenvironment
where it carries out its activity so that it can inhibit the
proliferation and migration of endothelial cells in addition to
inhibiting the recruitment of endothelial cells (22). Based on
our findings regarding Akt1, we consider that its
overexpression represents one of the several antiangiogenic
mechanisms that act to keep the normal cornea in an avascular
state. Previously, Akt1 was studied in the normal cornea in
relation to its role in activating corneal fibroblasts. Matching
of Akt1 with PIK3CA (also overexpressed in our study for the
PDGF pathway) has an antiapoptotic effect on corneal
fibroblasts. Also, it has been reported that PI3-K/Akt/JNK/NF-
ĸB pathway stimulate the migration of corneal limbal
epithelial stem cells (23, 24) during continuous physiologic
renewal of corneal epithelium which take place without the
involvement of blood vessels. Thus, Akt1 overexpression in
normal cornea may be involved in avascular corneal repair
usually observed in the central zone of the cornea (25).

Other antiangiogenic factors involved in the avascular state
of the cornea are endostatin and neostatin (26). Endostatin is
certified in the basal membranes of the cornea and in its
extracellular matrix and it is considered to be an
antiangiogenic factor but at this time without a well-defined
scientific support (27). The present study reports for the first
time Akt1 involvement in corneal avascularity being evaluated
as part of the VEGF pathway.

The second overexpressed gene in our study was MK2
(MAPKAPK2), which is part of the MAPKs family with a well-
known involvement into the angiogenic cascade. This gene is
involved together with Akt1gene in multiple cell processes
regulating stress and inflammation response as well as
regulating cell proliferation. In our study, the MK2
overexpression was higher than that of Akt1. None of the two
genes has been so far reported as an antiangiogenic factor in the
normal cornea. There were most studied in malignant conditions
correlated with microvascular density. Overexpression of MK2
in the normal cornea seems to be a paradox as this as a
precedent may also have an angiogenic role. Interaction
between Akt1 and MK2 is certified and recognized as a direct
mechanism, while interaction between MK2 and VEGF is
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Figure 2. CAM vessels evaluation during 9 days of corneal implants on chick embryo CAM starting from day 1 of implantation (a) where the
presence of blood vessels around the implant is observed. Note that the vascular network gradually decreases around the implants. The CAM
vascular network is continuously decreasing, being more evident on day 3 (b), day 7 (c) and day 9 (d, e) post-implantation. Microscopic evaluation
of corneal tissue showed the lack of blood vessels acquisition, during experimental implantation, also and proved its avascular state (f). 
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Figure 3. Volcano plot of VEGF pathway gene expression profile (a) and PDGF pathway gene expression profile (b) allowing data visualisation of
normal pig cornea. Note that normal pig cornea showed VEGF A and VEGF C gene overexpression but lacks gene expression for their correspondent
receptors KDR (VEGFR2) and VEGFR3 (a). Note the statistically significant overexpression for six genes (IKBKG, RAC1, PIK3CA, PTGS2, PAK4,
TIAM1 and one with non-statistical significance (PDGF A) while PDGFRα gene was downregulated (b).
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Figure 4. HeatMap correspondent to VEGF pathway (a) and PDGF pathway (b). Gene overexpression was highlighted in red, no expression in
black and low (under) expression in green.



mediated by a co-partner of MK2 gene, heat shock protein 27
(Hsp27) which is also stimulated by VEGF (28). This has been
confirmed in our study by identifying the overexpression of
both VEGF A and VEGF C along with MK2 overexpression.
Most probably, VEGF-MK2 angiogenic effects may be
counteracting in the normal cornea by lacking VEGFR2 and
VEGFR3 gene expression the main key regulators of VEGF
functions explaining by this way the lack of both blood and
lymphatic vessels in the normal corneal tissue. 

MK2 is involved in pulmonary fibrosis and is responsible
for stimulating the synthesis and deposition of fibroblast-
derived collagen (29). The high amount of MK2 in normal
cornea is given by the presence of collagen secreting
fibroblasts but its function regarding endothelial cells
migration and proliferation is blocked by the absence of
correspondent receptors (26). Furthermore, it is well known
that MK2 stimulation results in a significant increase in TGF
beta, certified as having a protective role in maintaining the
integrity of the normal cornea (30).

Our results support the VEGF A and VEGF C
overexpression in normal pig cornea, but with no expression
of VEGFR2 and VEGFR3. Several studies have evaluated
levels of VEGF A and C and corresponding receptors in the
cornea, this being the main mechanism reported to be
responsible for initiating corneal angiogenesis (31). Van Setten
reported the presence of VEGF A immunohistochemically
detected in corneal epithelium and specified its heterogeneous
expression, which can be increased after corneal epithelium
damage (5).

Some studies explained the avascular state of the normal
cornea by the existence of VEGFR1 soluble form able to catch
VEGF A secreted by the intact corneal epithelium and thus
preventing the angiogenesis initiation (32). In 2006, Cursiefen
et al. described a non-vascular form of VEGFR3 in normal
cornea (6) responsible for the maintaining of its avascular
status. Other studies are in contradiction with the above data
and report that VEGFR3 has a low expression or is not
expressed in the normal cornea, but its level increases during
corneal injuries. The same aspect was reported for VEGF C
(33). Our results sustain the lack of VEGFR3 expression in
normal cornea despite of VEGF C overexpression. 

PDGF pathway characterisation is neglected in the normal
cornea. Most data about PDGF overexpression is found in the
injured cornea, PDGF being considered an important factor in
regenerating the corneal epithelium and in corneal lesions
healing. PDGF overexpression during corneal healing is
considered a profibrotic factor that induces myofibroblasts
development which are responsible for disordered extracellular
matrix deposition to produce corneal scarring stromal fibrosis
(12,13). Our data demonstrated that in the normal cornea,
PDGF A is overexpressed but not statistically significant,
instead, the corresponding PDGFRα receptor is down-
regulated, while PDGFRβ is not expressed. 

For the PDGF pathway, 6 genes have been overexpressed,
most of them having a proangiogenic role in the PDGF
intracellular signalling pathway. One of these belongs to the
PI3K family and it is directly involved in the endothelial cell’s
proliferation, migration and angiogenesis cascade in close
association with PDGFR β (34). Despite the over-expression
of PIK3CA in the normal cornea, the angiogenic process
seems to be blocked by the absence of expression of the
angiogenic co-factor PDGFR beta. The PDGFRα pathway
appears to play a minor role in inducing angiogenesis in the
normal cornea by the fact that PDGFRα is down-regulated
and may not interact properly with PDGF A.

Inhibition of the PDGF A/PDGFRα pathway is one of the
molecular targets in many cancers such as glioblastomas (35),
colon carcinomas, hepatocellular carcinomas (36), all of which
are closely correlated with the VEGF A pathway. This
suggests that the normal cornea presents an indirect
mechanism of inhibition of blood vessel formation by the
absence or degradation of PDGFRα and β expression despite
the presence of PDGF A. It appears that the most important
mechanism of inhibition of neovascularization related to the
PDGF pathway is the lack of PDGFR β expression. The
interaction between RAC1 and another overexpressed gene in
the cornea and PDGFR β causes guided migration of
endothelial cells into corneal connective tissue. This process
is also mediated by the PIK3CA pathway that has the main
effector PDGFR β in the cornea (37). IKBKG has also been
overexpressed in our study. Data related to its overexpression
in the cornea are being reported related with healing of corneal
lesions and with maintenance of the conjunctival balance by
direct action on corneal fibroblasts (38-40). The PTGS2 gene
recognized as COX2 encoding has also been overexpressed in
our study. COX 2 is abundantly expressed in normal cornea
as has been certified by Wang et al. by immunohistochemistry
but COX2 gene overexpression has not been reported before.
Our study is in concordance with Wang’s findings and proved
COX2 gene overexpression in normal corneal tissue (33).
COX 2 is known to play a role in stimulating angiogenesis by
forming new blood vessels through an interaction with
VEGFR 2 and PDGFR β (41). Despite COX 2
overexpression, the absence of VEGFR2 and PDGFR β
expression in the normal cornea can be considered the key
mechanism involved in the corneal angiogenic privilege. 

Conclusion

The present study characterizes for the first time the gene
expression profile of VEGF and PDGF pathways in normal
pig cornea. 

The balance between proangiogenic and antiangiogenic
factors in the normal cornea is based on a series of paradoxes
either by overexpression of proangiogenic factors or the lack
of expression of the receptors involved in the angiogenesis
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process. VEGF A and C are overexpressed in the normal
cornea; instead, there are missing the mandatory
correspondent receptors to achieve the effect of the two
factors, respectively we noticed the absence of expression of
VEGFR 2 and VEGFR3. Overexpression of COX2 in the
absence of VEGFR 2 does not induce an angiogenic response
in normal cornea. AKT1 gene which by overexpression
determines the increased synthesis of antiangiogenic factors,
respectively TSP1 and TSP2, as well as the inhibition of
endothelial cell migration. 

PDGFR alpha and beta are absent in the normal cornea.
Based on our findings, the proangiogenic status exists in
normal cornea, but is counteracted by the lack of the main
effectors as VEGFR 2, PDGFRα and PDGFR β not expressed
in the normal cornea.
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