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Complex eye diseases often have significant genetic compo-
nents. Previous work exploring the genetic contributions of
ocular diseases has implicated numerous genomic regions
and a variety of candidate genes as modulators of the
disease susceptibility, including cataract, age-related macular
degeneration (AMD), diabetic retinopathy (DR), glaucoma,
high myopia, and others. With the advance of techniques
both on genotyping and phenotyping, additional genes with
a role in complex eye disease are waiting to be discovered.
In contrast, it is apparent that a significant portion of the
heritability of ocular disease cannot be explained through the
alteration of DNA sequences.The field of epigenetics pursues
the changes in gene expression or cellular phenotypes caused
by mechanisms other than changes in the underlying DNA
sequence. In general, epigenetic changes pertain to DNA
methylation and histone modification. Aberrant epigenetic
changes are associatedwith genomic instability andhave been
implicated in various human diseases. Recent advances in
high-throughput platforms can generate voluminous data,
which requires desperately the tools of system biology
to effectively elucidate the true pictures underlying them.
Knowledge and understanding of these genetic components
and pathways have led to the development of promising
therapies including small inference RNA (siRNA).

This special issue contains 5 articles, the contents of which
are summarized as follows.

In the original paper “An extensive replication study on
three new susceptibility loci of primary angle closure glaucoma
in Han Chinese: Jiangsu Eye Study” by A. Shi et al., the authors
tried to replicate recent findings of three new susceptibility

loci for primary angle closure glaucoma (PACG) reported
by a genome-wide association study. For a long time, the
genetic study on glaucomahas been focused onprimary angle
open glaucoma. Instead of using clinical diagnosis of PACG
as the phenotype to study, the authors chose a preclinical
condition, primary angle closure (PAC), and same anatomical
features of eyes to investigate. This community-based study
did not find any significant association between the defined
phenotypes and the single nucleotide polymorphisms in
PLEKHA7, COL11A1, and PCMTD1-ST18.

In the reviewpaper “Vascular adhesion protein 1 in the eye”
by W. Luo et al., the authors gave an overview on the new
research progresses of VAP-1 in the ocular diseases including
uveitis, AMD, DR, and ocular tumor. Based on the properties
and results obtained so far from preclinical and clinical
studies VAP-1 may provide a novel research direction or a
potent therapeutic strategy for ophthalmological diseases.

In the original paper “RNA interference targeting con-
nective tissue growth factor inhibits the transforming growth
factor-𝛽2 induced proliferation in humanTenon capsule fibrob-
lasts” by J. Jing et al., the authors showed that siRNA could
efficiently prevent TGF-𝛽2 induced proliferation of human
Tenon capsule fibroblast, through targeting CTGF gene
expression. Therefore, a siRNA based therapeutic approach
was proposed for eliminating filtration bleb scarring after
glaucoma filtration surgery.

In the original paper “RNA interference targeting snail
inhibits the transforming growth factor 𝛽2-induced epithelial-
mesenchymal transition in human lens epithelial cells” by P.
Li et al., the authors tested the concept to use Snail targeting

http://dx.doi.org/10.1155/2013/980608
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siRNA to block TGF 𝛽2-induced proliferation in human lens
epithelial cells. The results show that epithelial-mesenchymal
transition was inhibited by Snail targeting siRNA in the
model system that the article described, accompanied by the
suppression on snail expression. The finding is informative
for the design of the preventive strategy on posterior capsule
opacification after cataract surgery.

In the original paper “Systems biology profiling of AMD
on the basis of gene expression” by M. S. Abu-Asab et al.,
a systems biology analytical paradigm called parsimony
phylogenetics was used to reveal the various transcriptomic
profiles of AMD’s subtypes. Genetic pathways underlying the
initiation and progression of AMD and the correlations of
AMD’s genotypes, phenotypes, and disease spectrum were
investigated.

On the whole, the papers contained in this special issue
covered the most active fields of genetic studies on complex
eye diseases.

Jingsheng Tuo
Lai Wei
Nan Hu
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Genetic pathways underlying the initiation and progression of age-related macular degeneration (AMD) have not been yet
sufficiently revealed, and the correlations of AMD’s genotypes, phenotypes, and disease spectrum are still awaiting resolution. We
are tackling both problems with systems biology phylogenetic parsimony analysis. Gene expression data (GSE29801: NCBI, Geo)
of macular and extramacular specimens of the retinas and retinal pigment epithelium (RPE) choroid complexes representing dry
AMD without geographic atrophy (GA), choroidal neovascularization (CNV), GA, as well as pre-AMD and subclinical pre-AMD
were polarized against their respective normal specimens and then processed through the parsimony program MIX to produce
phylogenetic cladograms. Gene lists from cladograms’ nodes were processed in Genomatix GePS to reveal the affected signaling
pathway networks. Cladograms exposed a highly heterogeneous transcriptomic profiles within all the conventional phenotypes.
Moreover, clades and nodal synapomorphies did not support the classical AMD phenotypes as valid transcriptomal genotypes.
Gene lists defined by cladogram nodes showed that the AMD-related deregulations occurring in the neural retina were different
from those in RPE-choroidal tissue. Our analysis suggests a more complex transcriptional profile of the phenotypes than expected.
Evaluation of the disease in much earlier stages is needed to elucidate the initial events of AMD.

1. Introduction

Age-related macular degeneration (AMD) is the main cause
of permanent central blindness in the developed countries [1].
It manifests in drusen formation and degeneration/atrophy
of the retinal pigmented epithelium (RPE) and neural retina,
as well as the formation of abnormal choroidal capillaries [2,
3]. In addition to aging as the principal risk factor, there are
others such as smoking, diet, and genetic predisposition [3,
4]. However, it is not yet sufficiently resolved the exact genetic
pathways underlying the initiation and progression of AMD
and the relationship between its genotypes and phenotypes
[1].

Although amore recent clinical classification of AMDhas
been published recently [5], we are using that of Newman
et al. [1] since the study specimens were categorized in
the public data according to their phenotypes (see Table 1
for details), these encompass (1) dry AMD, (2) choroidal
neovascularization (CNV) or Wet AMD, (3) geographic

atrophy (GA) in macular region of RPE, (4) GA/CNV, (5)
pre-AMD, and (6) subclinical pre-AMD. These phenotypes
are typically the progressing manifestations of the disease,
and their gene expressions may not harbor the early events
responsible for the initiation and progression of the disease.
A transcriptomic profiling of these phenotypes will elucidate
the affected signaling pathways, reveal their similarities and
differences, and clarify whether AMD’s phenotypes represent
a single disease or entities of an assemblage of diseases. In
this study,we used systems biology analytical paradigmcalled
parsimony phylogenetics to reveal the various transcriptomic
profiles of AMD’s subtypes.

Further specific objectives of this analysis are to find out
if gene expression profiling supports the current classifica-
tion of phenotypes, to identify the shared gene expression
aberrations among AMD’s phenotypes, to find out if the
transformations in the neural retina are similar to those in
RPE-choroidal region, and to carry out class discovery in
order to subtypeAMDon the basis of gene expression profiles
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Table 1: Description of AMD phenotypic subtypes according to Newman et al. [1]. Abbreviated names in the first column are used in labeling
the cladograms’ legends in Figures 1 and 2.

AMD phenotype Alternative name Description
MD1 Pre-AMD Hard macular drusen (<63𝜇m) only

MD2 Subclinical
pre-AMD

Soft, distinct macular drusen (>63𝜇m)
Macular pigmentary irregularities without soft drusen

Dry AMD Dry AMD
(non-GA)

Soft, indistinct (>125𝜇m) or reticular macular drusen
Soft distinct macular drusen (>63 𝜇m) with pigmentary changes
Soft indistinct macular drusen with pigmentary changes

GA Geographic
atrophy

Sharply demarcated area of apparent absence of the RPE (>175𝜇m)
involving central macular region

CNV Wet AMD Subretinal choroidal neovascularization
GA/CNV Geographic atrophy with choroidal neovascularization

and answer whether it is a single disease or different disease
entities.

To reach the above stated objectives, we have selected
parsimony phylogenetics as the best systems biology tool to
analyze microarray gene expression data of AMD obtained
frompublic domains. Parsimony is an evolutionary analytical
method that has been applied to mass spectrometry data
of cancer [6], gene-expression of various diseases [7, 8],
vaccine analysis [9], and systematics biology of taxa [10].
Parsimony algorithms are capable of utilizing shared derived
gene expression aberrations to subtype specimens; they are
very suitable for high dimensional heterogeneous data (i.e.,
with 10,000s of variables) [11].

2. Materials and Methods

Our analytical strategy can be summarized in the following
steps: classify the patient specimens into clades (a cluster
of specimens located on the cladogram) onto cladogram
through parsimony analysis of their gene-expression data;
identify shared genes with abnormal expression (termed
synapomorphies in phylogenetic vocabulary) for each clade;
and identify genetic pathways affected by abnormal gene
expression for all AMD specimens and/or for each clade.

Dataset GSE29801 was downloaded fromGeoDatasets of
NCBI (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE29801). The gene expression dataset of macular and
extramacular encompassed specimens of retinas (55 normal,
13 pre-AMD, and 47 AMD) and retinal pigment epithelium
(RPE-) choroid complexes (96 normal, 21 pre-AMD, and
60 AMD) [1]. The AMD specimens encompassed dry AMD
without geographic atrophy (GA), choroidal neovasculariza-
tion (CNV), and GA (Table 2).

Pre-AMD and AMD gene expression values of reti-
nal and RPE-choroidal specimens were polarized sepa-
rately against their respective normal specimens (e.g., RPE-
choroid data was polarized using normal RPE-choroid
specimens data), and the new polarized data matrices
were processed separately through MIX [12], a parsimony
program of the PHYLIP package (http://evolution.genet-
ics.washington.edu/phylip.html) to produce phylogenetic
cladograms for both datasets (for details of this process see [7,

Table 2: The study collection’s clinical phenotypes and the number
of their specimens. Data source: GSE29801 at Geo Datasets of NCBI
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE29801).

Dx Retina
Macular Extramacular

Normal (𝑛 = 55) 28 27

Pre-AMD (𝑛 = 13) MD1 = 4 MD1 = 4
MD2 = 3 MD2 = 2

AMD (𝑛 = 47)

Dry = 15 Dry = 16
CNV = 5 CNV = 4
GA = 1 GA = 1

GA/CNV = 3 GA/CNV = 2
RPE-choroid

Normal (𝑛 = 96) 48 48

Pre-AMD (𝑛 = 21) MD1 = 6 MD1 = 5
MD2 = 4 MD2 = 4

AMD (𝑛 = 60)

Dry = 15 Dry = 15
CNV = 5 CNV = 5
GA = 2 GA = 2

GA/CNV = 2 GA/CNV = 2
Undetermined = 6 Undetermined = 6

13]). The resulting cladograms were studied for meaningful
interpretations and to fulfill the objectives stated in the intro-
duction.Gene lists extracted from the cladograms nodeswere
processed in Genomatix GePS (http://www.genomatix.de/)
to reveal the affected gene signaling pathway networks.

3. Results

For amoremeaningful interpretation of the affected signaling
pathways, our analysis focused on sampling different regions
of the cladograms to reveal the diversity of the affected
signaling pathways within AMD lesions. After the extraction
of the synapomorphies at several locations of cladograms 1
and 2, we extrapolated from the synapomorphies the affected
signaling pathways (Tables 3 and 4) by modeling the list of
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Table 3: Affected retinal signaling pathways at different locations of cladogram in Figure 1. Sample identification follows http://www.ncbi.nlm
.nih.gov/geo/query/acc.cgi?acc=GSE29801.

First node
Shared by all retinal
specimens

RetMD1-106
(Sample GSM738713)
Lower part of the
cladogram

Specimen: RetDRY98
(Sample GSM738705)
Middle part of the cladogram

Specimen: RetDRY70
(Sample GSM738677)
Upper part of the
cladogram

(1) Apoptosis
(2) Cell cycle
(3) Cytoskeleton
(4) Differentiation
(5) Growth
(6) Insulin metabolism

(1) Apoptosis
(2) Cell cycle
(3) Development
(4) Growth
(5) Neurotransmission
(6) Transcription activation
(7) Tumor suppression

(1) Cytokine receptor degradation
signaling
(2) Cytosolic calcium ion
concentration elevation (through IP3
receptor) (GPCR signaling (G alpha
q))
(3) EGFR1
(4) ERK cascade GPCR signaling (G
alpha s, PKA, and ERK)
(5) Protein binding
(6) Proteolysis

(1) Amyloid metabolism
(2) Apoptosis
(3) Cell cycle
(4) Cytoskeleton
(5) Immunoregulation
(6) Inflammation
(7) Lipid metabolism
(8) Retinoid metabolism
(9) Ribosomal proteins
(10) Telomere metabolism

Table 4: Affected RPE-choroidal signaling pathways at different locations of cladogram in Figure 2. Sample identification follows
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE29801. Updates on genes’ functions can be obtained from http://www.ncbi.nlm
.nih.gov/gene/.

Dry 135
(Sample GSM738566)
Lower part of the cladogram

Dry 145
(Sample GSM738575)
Middle part of the cladogram

Dry 136
(Sample GSM738567)
Upper part of the cladogram

(1) CXCL12: activates lymphocytes
(2) GDNF: promotes the survival
and differentiation of
dopaminergic neurons
(3) MAPK1: proliferation,
differentiation, transcription
regulation, and development
(4) PIK3CA: oncogenic
(5) SFRP1: soluble modulator of
Wnt signaling
(6) SOD1 superoxide dismutase 1

(1) ABL1 protooncogene implicated in cell
differentiation, division, adhesion, and stress
response
(2) CAV1: cell cycle
(3) CCL20: inflammation
(4) CREB1: a transcription factor, cAMP pathway
(5) CRY2: insulin metabolism
(6) ERCC1: DNA repair
(7) ESR1: hormone binding, DNA binding, and
activation of transcription
(8) IL8: inflammatory response
(9) INS: insulin
(10) MSN: cytoskeleton
(11) MT1A: cytoskeleton, and so forth
(12) PML: tumor suppressor
(13) SERPINE1: inhibitor of fibrinolysis
(14) TBP: assembly of transcription complex, and
acts as a channel for regulatory signals
(15) TMSB4X: cytoskeleton, proliferation,
migration, and differentiation

(1) CAV1: cell cycle
(2) CCL5: inflammation
(3) CXCL12: activates lymphocytes
(4) EGF: growth, proliferation, and
differentiation
(5) PPARA peroxisome
proliferator-activated receptor alpha

synapomorphies into Genomatix GePS. The sampled loca-
tions represented the basal, the middle, and upper sections
of both cladograms.

Each dataset analysis with MIX produced over 100
cladograms, and only one cladogram was selected (usually
the first since the differences between the cladograms were
in the upper minor branches) to represent each analysis
(Figures 1 and 2). Interestingly, the analysis revealed the high
heterogeneity of the specimens’ gene expression irrespective
of their phenotype in both retina and RPE-choroid complex.
Thiswas evident by the large number of cladograms produced
(over 100) by the two datasets. Usually the fewer the number
of cladograms produced the lower the heterogeneity and the
higher the confidence in the results. Also supporting this

conclusion were several aspects of the cladograms such as
the terminal distribution of gene expression aberrations (see
below).

The specimens of each AMD phenotype did not cluster
together to form a clade (a clade is a group of specimens
sharing one or more abnormal gene expressions) but rather
formed mixed clades that encompassed several phenotypes
(Figures 1 and 2).Therefore, AMD phenotypes seemed not to
be distinct entities according to their transcriptomic profiles
of the retina or RPE-choroid complex suggesting that the
clinically recognized phenotypes may not be supported by a
classification based on gene expression abnormalities.

Macular and temporal extra-macular tissues of the same
patient separated in most of the retinal and RPE-choroid
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MD1

MD2

Dry AMD

CNV
GA
GA/CNV

407 synp. →
← 10 synp.

← 1 synp.

← 1 synp.
← 1 synp.

← 1 synp.

← 2 synp.

← 118 synp.
← 786 synp.← 239 synp.

← 0 synp.

← 2 synp.

← 2 synp.

← 0 synp.

← 0 synp.

← 14 synp.

← 0 synp.

← 0 synp.

← 0 synp.
← 113 synp.

Figure 1: Cladogram of retinal specimens. The number of synapomorphies for major nodes is indicated to the right of the nodes, as well as
for some specimens used as examples in the pathways analysis (numbers in red). Colors indicate AMD phenotypic subtypes.

complex sets but some clustered together (12–15%) indicating
similar changes in both locations (macular and extramacu-
lar). This could be attributed to the diversity of the disease
itself where it is similar in both locations in some patients and
different in others, or could be due to sampling from similar
locations.

The two cladograms (Figures 1 and 2) demonstrate that
the AMD retina and RPE-choroid complex had slightly
more transcriptomic subtypes than the currently recognized
clinical phenotypes; for example, the number of clades within
each cladogram is larger than the number of currently
recognized phenotypes.

Except for the majority of the retina AMD specimens
(both macular and extramacular) that shared 113 synapo-
morphies (shared gene expression aberrations) most of the
genetic aberrations were specimen-specific; however, there
were a few synapomorphies defining a number of clades.
Since AMD phenotypes did not form their respective clades,
there were not any synapomorphies that defined any of
the phenotype. While the retina clade was defined by 113
synapomorphies the RPE-choroid complex clade had only
two synapomorphies; these are located at the basal section of
the cladograms (Figures 1 and 2).

Tables 3 and 4 summarized the affected signaling path-
ways of the retina and RPE-choroid complex datasets respec-
tively.Different signaling pathwayswere affected in the neural
and nonneural tissues. Furthermore, the sampled sections of
each cladogram had differently affected signaling pathways
despite some minor overlap. While the changes in the retina
were highlighted in apoptosis, cell cycle, cytoskeleton, and
growth signaling pathway, those of the RPE-choroid com-
plex showed affected signaling pathways of oxidative stress,
inflammation, cell differentiation, and oncogenecity.

The samples of Table 4 were selected to represent the
various locations of the cladogram of Figure 2 in order to
explore the affected pathways among various clades. Some
of the affected genes included C-X-C motif chemokine
12 (CXCL12) that is a chemokine strongly chemotactic
for lymphocytes [14]; glial cell-derived neurotrophic factor
(GDNF) that strongly promotes the survival of neurons [15]
and prevents apoptosis of motor neurons; secreted frizzled-
related protein 1 (SFRP1) that acts as a biphasic modulator
of Wnt signaling, counteracting Wnt-induced effects at high
concentrations and promoting them at lower concentrations
[16]; which may also affect the differentiation of photo
receptors [17]; and superoxide dismutase 1 (SOD1) that is
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948 synp. → 397 synp. →

71 synp. →
14 synp. →← 15 synp. ← 190 synp.

← 9 synp.
← 2 synp.

1 synp. →

3 synp. →

← 3 synp.

← 0 synp.

← 0 synp.
← 0 synp.

← 0 synp.

← 0 synp.

← 0 synp.
← 2 synp.

MD1

MD2

Dry AMD

CNV
GA
AMD

← 354 synp.

Figure 2: Cladogram of RPE-choroidal specimens. The number of synapomorphies for major nodes is indicated to the right of the nodes, as
well as for some specimens used as examples in the pathways analysis (numbers in red). Colors indicate AMD phenotypic subtypes.

associated with macular degeneration when its levels drops
below normal [18]. More updates on other genes’ functions
can be obtained from http://www.ncbi.nlm.nih.gov/gene/.
Unfortunately, since the cladograms of Figures 1 and 2 show
that their clades do not have commonly shared aberrations
along the axis of the cladograms, nothing can be said about
directionality of gene change inAMD from these cladograms.
The amount of heterogeneity in AMD advanced phenotypes
seems to be vast and random.

4. Discussion

This study is the first transcriptomal analysis of the retina
and RPE-choroid complex tissues from AMD patients and
normal subjects by means of phylogenetic parsimony. The
method is a data-based (not specimen-based) analytical
paradigm that produces a hierarchical modeling of the
specimens into clades (phylogenetic clusters) defined by
their shared aberrations, which when identified reveal the
affected signaling pathways. The parsimony cladogram is
multidimensional tool that exposes the characteristics of its
data. In this study, the large number of equally parsimonious

cladograms that were produced from the two datasets dis-
played the massive heterogeneity of the expression pattern
within or across the clinical classification of AMD. Each
dataset produced over 100 cladograms, an unusually high
number of cladograms for a dataset of anatomically-related
specimens. However, such diversity in advanced degenerative
disease could be expected since these diseases are a downhill
path toward undifferentiation due to the deregulation of dif-
ferentiation pathways, and their phenotypes can be reached
through several ontogenic pathways. AMD follows the same
pattern, and it should not be unexpected that its specimens
have shown this considerable heterogeneity.

However, it may be surprising to find that the transcrip-
tional profiles of both datasets did not support the current
classification of the AMDs phenotypes and that the neural
retina is different from the RPE-choroid complex in their
deregulated pathways.The clades produced by the parsimony
algorithm did not even come close to the classification of
Newman et al. [1] as evident in the cladograms of Fig-
ures 1 and 2. Further analyses of other data sets, such as
metabolomic and proteomic data, are needed to confirm the
findings.
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Pathological aberrations in general are usually divided
into driver (clonal) and passenger (nonexpanded) [19]. On a
cladogram, the driver aberrations are usually modeled at the
basal nodes of the cladogram, while the passenger ones are
at the terminal level of the clades or randomly distributed on
the cladogram. In this study, the vast majority of aberrations
are at the terminal level, that is, specimen-specific. This
revelation that most of the gene expression aberrations are
specimen-specific points out to two conclusions: the first is
that the change is mostly patient-specific, and the second is
that there are probably multiple etiologies for AMD.

Our analysis is fundamentally different from that of
Newman et al. who mainly used fold change (≥1.5) as their
criteria to identify significantly expressed genes in AMD
phenotypes. Ours differs in that we used the normal range of
gene expression (minimum and maximum values of healthy
specimens) as the cutoff for determining the under-and
overexpressed genes per specimen. This was followed by a
phylogenetic stratification of AMD retinal and RPE-choroid
specimens to find the natural clusters (clades) and their
affected pathways for each of the two groups of specimens.
Since these two methods belong to two different schools of
thought (specimen-based versus data-based), the congruence
of their results was very weak. Therefore, gene lists and
pathways of Newman et al. differed from ours. Furthermore,
while Newman et al. claimed that their results supported the
current phenotypic classification of AMD, we think that our
unsupervised analysis did not support AMD’s phenotypes
[1]. Newman et al. maps of significant genes are the best
indicators of gene expression heterogeneity within AMD’s
phenotypes and the difficulty in declaring any as global
biomarkers; the vastmajority of their claimed globally signifi-
cant genes (Newman et al., Figure 2) are actually insignificant
except for LOC100294179 in retina that is significant in dry
AMD, GA, and CNV, and C10orf18 in RPE-choroid that is
significant in CNV and MD. Our analysis indicated that the
transcriptomal changes within the neural retina as a group
of specimens were different from those in the RPE-choroid
specimens, and these two sets of tissues differ from each other
in their aberrations; therefore, it is most likely that there are
no global biomarkers for AMD’s phenotypes as defined in
Table 1.This conclusion highlights the necessity of stratifying
(subtyping) the disease as a priori to declare any aberrations
as the global biomarkers of the disease subtypes [19]. As our
analysis has shown here, there were different transcriptomal
subtypes than the clinical ones.

AMD like all degenerative diseases can be bioinformat-
ically modeled on a cladogram as a spectrum that ranges
from early stages with initial events to advanced stages
with later events. When specimens representing all stages of
AMD are used to construct a cladogram, the ones harboring
early stages of the disease will occupy the basal location of
the cladogram while later stages follow. Therefore, revealing
early events of AMD (i.e., gene expression deregulations that
probably are not associated with morphological changes)
requires the study of specimens that are less advanced in
their pathology [19]. In this study, the identification of
early events was not possible; this may be attributed to the
lack of specimens with asymptomatic stages or relatively

normal pathology of the disease. The presence of drusen in
pre-AMD and subclinical specimens (see Table 1) may also
represent part of an advanced stage of the disease rather
than a pre-AMD or sub-clinical diagnosis since drusen may
signify an advanced dysfunction of the mitochondria [20].
Although ophthalmologists rely on morphological criteria
that appear to represent advanced events for AMD diagnosis,
early detection of AMD transformations should be carried
out on the basis of gene-expression profiling according to
our analysis. Such early gene-expression profiles of AMD
transformations have not yet been determined. Additionally,
the subtyping of AMDmay have to be delayed till early gene-
expression profiles become available.

In spite of some slight overlap, the affected signaling
pathways in AMD are different in the retina and RPE-
choroid complex (Tables 3 and 4). In general, the retina
specimens shared aberrations within apoptosis, cell cycle,
cytoskeleton, and growth signaling pathways, and the RPE-
choroid complexes showed aberrations related to inflamma-
tion, differentiation, hypoxia, and oncogenecity. It appears
from the list of affected signaling pathways that the two tissue
types are exposed to different stressors and therefore are
responding in a different manner. Tables 3 and 4 detail the
affected signaling pathways in the retina and RPE-choroid
complex of AMD lesions.

In conclusion, AMD appears to be a diverse disease that
involves two major independent but parallel pathological
processes, one within the neural retina and the other within
the RPE-choroid complex. In both areas, the transcriptomal
changes are very heterogeneous and seem to be mostly
patient-specific and involve various signaling pathways. Fur-
thermore, the transcriptomal profiles seem to be incongruent
with the clinical phenotypes, and the early gene expression
events of AMD cannot be deciphered from the advanced
phenotypes of the disease.

Conflict of Interests

There is no conflict of interests for any of the authors.

References

[1] A. M. Newman, N. B. Gallo, L. S. Hancox et al., “Systems-
level analysis of age-related macular degeneration reveals glob-
al biomarkers and phenotype-specific functional networks,”
Genome Medicine, vol. 4, article 16, 2012.

[2] C. A. Curcio, N. E.Medeiros, andC. L.Millican, “Photoreceptor
loss in age-relatedmacular degeneration,” InvestigativeOphthal-
mology and Visual Science, vol. 37, no. 7, pp. 1236–1249, 1996.

[3] X. Ding, M. Patel, and C.-C. Chan, “Molecular pathology of
age-related macular degeneration,” Progress in Retinal and Eye
Research, vol. 28, no. 1, pp. 1–18, 2009.

[4] Age-Related Eye Disease Study Research Group, “Risk fac-
tors associated with age-related macular degeneration: a case-
control study in the age-related eye disease study: age-related
eye disease study report number 3,”Ophthalmology, vol. 107, no.
12, pp. 2224–2232, 2000.



Journal of Ophthalmology 7

[5] F. L. Ferris III, C. P.Wilkinson, A. Bird et al., “Clinical classifica-
tion of age-related macular degeneration,” Ophthalmology, vol.
120, no. 4, pp. 844–851, 2013.

[6] M. Abu-Asab, M. Chaouchi, and H. Amri, “Phyloproteomics:
what phylogenetic analysis reveals about serum proteomics,”
Journal of Proteome Research, vol. 5, no. 9, pp. 2236–2240, 2006.

[7] M. S. Abu-Asab, M. Chaouchi, and H. Amri, “Phylogenetic
modeling of heterogeneous gene-expression microarray data
from cancerous specimens,” OMICS, vol. 12, no. 3, pp. 183–199,
2008.

[8] M. Abu-Asab, M. Zhang, D. Amini, N. Abu-Asab, and H. Amri,
“Endometriosis gene expression heterogeneity and biosigna-
ture: a phylogenetic analysis,” Obstetrics and Gynecology Inter-
national, vol. 2011, Article ID 719059, 12 pages, 2011.

[9] M. S. Abu-Asab, M. Laassri, and H. Amri, “Algorithmic assess-
ment of vaccine-induced selective pressure and its implications
on future vaccine candidates,” Advances in Bioinformatics, vol.
2010, Article ID 178069, 6 pages, 2010.

[10] E.O.Wiley andB. S. Lieberman,Phylogenetics:Theory and Prac-
tice of Phylogenetics Systematics, Wiley-Blackwell, Hoboken, NJ,
USA, 2011.

[11] M. Abu-Asab, M. Chaouchi, and H. Amri, “Evolutionary
medicine: a meaningful connection between omics, disease,
and treatment,” Proteomics, vol. 2, no. 2, pp. 122–134, 2008.

[12] J. Felsenstein, “PHYLIP: phylogeny inference package (version
3. 2),” Cladistics, vol. 5, pp. 164–166, 1989.

[13] M. S. Abu-Asab, M. Chaouchi, S. Alesci et al., “Biomarkers in
the age of omics: time for a systems biology approach,” OMICS,
vol. 15, no. 3, pp. 105–112, 2011.

[14] Q. Ma, D. Jones, P. R. Borghesani et al., “Impaired B-
iymphopoiesis, myelopoiesis, and derailed cerebellar neuron
migration in CXCR4- and SDF-1-deficient mice,” Proceedings of
the National Academy of Sciences of the United States of America,
vol. 95, no. 16, pp. 9448–9453, 1998.

[15] S.Wang, P. Ren, Y.Guan, C. Zou, L. Fu, andY. Zhang, “Inducible
regulation of GDNF expression in human neural stem cells,”
Science China Life Sciences , vol. 56, no. 1, pp. 32–39, 2013.

[16] X. Zhong, T. Desilva, L. Lin et al., “Regulation of secreted
Frizzled-related protein-1 by heparin,” Journal of Biological
Chemistry, vol. 282, no. 28, pp. 20523–20533, 2007.

[17] P. Esteve, A. Sandonı̀s, M. Cardozo et al., “SFRPs act as nega-
tive modulators of ADAM10 to regulate retinal neurogenesis,”
Nature Neuroscience, vol. 14, no. 5, pp. 562–569, 2011.

[18] F. L. Muller, M. S. Lustgarten, Y. Jang, A. Richardson, and H.
van Remmen, “Trends in oxidative aging theories,” Free Radical
Biology and Medicine, vol. 43, no. 4, pp. 477–503, 2007.

[19] M. S. Abu-Asab, N. Abu-Asab, C. A. Loffredo, R. Clarke, and
H. Amri, “Identifying early events of gene expression in breast
cancer with systems biology phylogenetics,” Cytogenetic and
Genome Research, vol. 139, no. 3, pp. 206–214, 2013.

[20] J. Bereiter-Hahn, “Do we age because we have mitochondria?”
Protoplasma, 2013.



Hindawi Publishing Corporation
Journal of Ophthalmology
Volume 2013, Article ID 354798, 9 pages
http://dx.doi.org/10.1155/2013/354798

Research Article
RNA Interference Targeting Connective Tissue Growth
Factor Inhibits the Transforming Growth Factor-𝛽2 Induced
Proliferation in Human Tenon Capsule Fibroblasts

Jiaona Jing,1,2 Ping Li,1 Tiejun Li,3,4 Yuncheng Sun,3,4 and Huaijin Guan1

1 Eye Institute, Affiliated Hospital of Nantong University, 20 Xisi Road, Nantong, Jiangsu Province 226001, China
2Nanjing Governmental Hospital, 116 Chengxian Street, Nanjing, Jiangsu Province 210018, China
3Department of Life Science Center, Biomics Biotechnologies Co., Ltd., 76 Changxing Road, E&T Development Area,
Nantong, Jiangsu Province 226016, China

4 Small RNA Technology and Application Institute, Nantong University, 76 Changxing Road, E&T Development Area,
Nantong, Jiangsu Province 226016, China

Correspondence should be addressed to Huaijin Guan; gtnantongeye@gmail.com

Received 26 June 2013; Accepted 8 September 2013

Academic Editor: Lai Wei

Copyright © 2013 Jiaona Jing et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Purpose.This studywas to determine the effect of CTGF-small interferingRNA (siRNA) onTGF-𝛽
2
-induced proliferation in human

Tenon capsule fibroblasts (HTFs). Methods. HTFs were transfected with four of CTGF-siRNAs separately for screening of gene
silencing efficacy that was determined by transcript level measured by quantitative real-time PCR (qRT-PCR). Recombinant TGF-
𝛽
2
was added into the culture to stimulate the proliferation of HTFs. The gene silencing efficacy of the siRNAs was evaluated by

qRT-PCR and immunofluorescence of CTGF transcript and protein levels. The viability of HTFs was determined by cell counting
kit-8 (CCK-8). FCMwas used to assess cell cycle after CTGF-siRNA transfection.Results.The expression of CTGF and proliferation
of HTFs were increased significantly by TGF-𝛽

2
stimulation.The transfection of CTGF-siRNA abolished the upregulation of CTGF

and cell proliferation induced by TGF-𝛽
2
. The analysis of cell cycle indicated that CTGF-siRNA treatment stimulated cells from S

phase to G0/G1 phase in comparison with the inverse physiologic function of TGF-𝛽
2
. Conclusion. CTGF targeting siRNA could

effectively suppress the expression of CTGF and attenuate the proliferation ofHTFs.The siRNA approachmay provide a therapeutic
option for eliminating filtration bleb scarring after glaucoma filtration surgery (GFS).

1. Introduction

Glaucoma filtration surgery (GFS) is often required when
medication fails to control intraocular pressure (IOP) ade-
quately. Though this method has an immediate effect on
reducing IOP, the long-term success is often impaired by the
postoperative wound-healing process [1–3]. Previous studies
have shown that human Tenon capsule fibroblasts (HTFs)
located in the incision area play amajor role in scar formation
via the proliferation, migration, and synthesis of extracellular
matrix (ECM) [4, 5]. Although antiscarring agents such as
mitomycin C and 5-fluorouracil can prevent postoperative
scarring and improve the success rate of trabeculectomy, their
application is associated with relatively less specificity and an
increased incidence of severe complications [6, 7].

Cytokines play crucial roles in scar formation of the bleb
[8]. Among the cytokines, transforming growth factor-𝛽
(TGF-𝛽) is an important profibrotic factor and is found in
aqueous humor and other eye tissue [9–11]. TGF-𝛽

2
plays an

important role in bleb scarring, which is one of the major
reasons for the failure of GFS [12]. However, the completed
suppression of TGF-𝛽 may result in significant adverse side
effects because it plays broad physiological functions such as
intercellular signaling and immune regulation [13].Moreover,
the existence of certain levels of antiproliferativemechanisms
is required for homeostasis of epithelial cells and tumor sup-
pression.Therefore, it is necessary to search for an alternative
target for antifibrotic therapy after trabeculectomy.

Connective tissue growth factor (CTGF) is a secreted
peptide which acts as a downstream mediator of TGF-𝛽, and
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Table 1: Targets and duplex sequences for human CTGF specific siRNAs and control siRNA.

siRNA duplex CTGF target sequence(5-3) siRNA duplex sequences

CTGF-siRNA1 (1024)GCACCAGCATGAAGACATACC 5-GCACCAGCAUGAAGACAUACCdTdT-3

5-GGUAUGUCUUCAUGCUGGUGCdTdT-3

CTGF-siRNA2 (862)CCCGGGTTACCAATGACAACG 5-CCCGGGUUACCAAUGACAACGdTdT-3

5-CGUUGUCAUUGGUAACCCGGGdTdT-3

CTGF-siRNA3 (883)CCTCCTGCAGGCTAGAGAAGC 5-CCUCCUGCAGGCUAGAGAAGCdTdT-3

5-CCAAGCCUAUCAAGUUUGAGCdTdT-3

CTGF-siRNA4 (994)CCAAGCCTATCAAGTTTGAGC 5-CCAAGCCUAUCAAGUUUGAGCdTdT-3

5-GCUCAAACUUGAUAGGCUUGGdTdT-3

control siRNA 5-UUCUCCGAACGUGUCACGUdTdT-3

5-ACUCCUCGCAGCAUUUCCCGGdTdT-3

Four siRNAs were designed from the coding sequence of human CTGF gene. The target sequences (5-3) and the siRNA duplex sequences are listed, with the
position of the first nucleotide in CTGF sequence shown in parentheses. A nonspecific, scrambled siRNA duplex as control siRNA was used as a control.

thus, also as a profibrotic factor [13]. Without blocking other
physiological effects onTGF-𝛽 such as suppression on epithe-
lial cells’ growth andmodulation of immune or inflammatory
cells, inhibition of CTGF might specifically suppress the
tissue scarring. In fibroblasts, CTGF is crucial in pathological
fibrosis by promoting fibroblast proliferation, inducing ECM
remodeling, and initiating myofibroblast differentiation [14,
15]. CTGF also stimulates chemotaxis and the expression of
integrin, promotes endothelial cell growth, migration, adhe-
sion and survival, and is thus implicated in endothelial cell
function and angiogenesis [13].The increase of CTGF expres-
sion has been proved to have contributed to many ocular
fibrosis diseases including pterygium, cataract, and prolifer-
ative vitreoretinopathy [16–18].

RNA interference (RNAi) is an evolutionally conserved
mechanism for regulating targeted gene expression [19].
RNAi is initiated by the conversion of double strain RNA into
21–23 nucleotide fragments, termed small interfering RNAs
(siRNAs) [20]. In this process, siRNAs subsequently degrade
their target mRNA in a sequence-dependence manner. Syn-
thesized siRNA has been extensively used for manipulating
gene expression in vitro and in vivo [20, 21]. The therapeutic
application of siRNA has opened a new avenue for drug
development for various diseases including ocular disorders
[22, 23].

In this study, we tested the effect of synthesized CTGF-
siRNA on the inhibition of CTGF expression and prolifera-
tion of HTFs stimulated by TGF-𝛽

2
.

2. Material and Methods

2.1. Cell Culture and Identification. Human subconjuncti-
val Tenon capsule samples were obtained from individuals
undergoing strabismus surgery. The human tissue was used
in strict accordance with the tenets of the Declaration of
Helsinki, and institutional human experimentation com-
mittee approval was granted. Each donor signed informed
written consent. The patients had no history of systemic or
conjunctival diseases and did not take any topical ocular
medications. HTFs were obtained as an expansion culture of
the Tenon capsule explants of 1 × 1 cm3 and were propagated

in Dulbecco’s modified Eagle medium (DMEM, Invitrogen,
Carlsbad, CA, USA) supplemented with 15% heat-inactivated
fetal bovine serum (FBS, Hyclone, Logan, UT, USA),
100U/mL penicillin, and 100𝜇g/mL streptomycin (Sigma-
Aldrich, Saint-Louis, Missouri, USA) in 5% CO

2
humidified

atmosphere at 37∘C. HTFs of passage 3 to 6 were used in the
experiments. Cells were identified by immunocytochemistry
of fibroblast marker, vimentin, (monoclonal antivimentin
from Santa Cruz, CA, USA) and epithelial cells marker,
keratin (monoclonal antikeratin fromCell Signaling, Beverly,
MA, USA).

2.2. CTGF-siRNA Sequences. siRNAs were derived from the
coding region of the human CTGF gene (NM 001901). The
design was based on the software (siRNA Target Finder)
from Ambion (Austin, TX, USA), and the sequences were
BLASTed against the Genbank for excluding potential homo-
logs. The target sequences (5 to 3) and the duplexes of 4
relevant siRNAs are listed in Table 1. These siRNAs were
synthesized and purified by Invitrogen (Carlsbad, CA, USA).
In addition, a FAM-labeled nonspecific siRNA (Biomics,
Nantong, China) was used for evaluating efficacy of transfec-
tion and as control siRNA as well.

2.3. siRNA Transfection and TGF-𝛽
2
Treatment. The cells

were seeded in plates with a density of 4 × 105 cells/mL in the
complete culture medium without antibiotics. After 24 h, the
culture media were then replaced with DMEM without both
antibiotics and serum for 2 hours before transfection. The
HTFswere transfected with CTGF-siRNA (50 nM) or control
siRNA (50 nM) using Lipofectamine 2000 (Invitrogen, Carls-
bad, CA, USA) following the manufacturer’s protocol. After
24 h, the medium was replaced with the antibiotic- /serum-
free DMEM with or without human TGF-𝛽

2
(5 ng/mL)

(PeproTech, Rocky Hill, NJ, USA). The cells were harvested
after 24 or 48 h of the treatment. The controls HTFs were
either untreated or treated with Lipofectamine 2000 only.

2.4. Transfection Efficiency of siRNA. A FAM-labeled control
siRNA (green fluorescence) was used for verifying transfec-
tion efficiency.The siRNAwas transfected as described above.
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The transfection efficacy was evaluated by observation of the
green fluorescence cells versus total cells using fluorescence
microscope and flow cytometry (Becton, Dickinson and
Company, Franklin Lakes, NJ, USA). The untreated HTFs
were used as control. For flow cytometry, at least 1 × 104 cells
in each samplewere analyzed.The experiments were repeated
for at least 3 times.

2.5. Quantitative Real-Time PCR. Quantitative real-time
PCRwas used to determine the level ofCTGFmRNAofHTFs
after various treatments. Total RNA was isolated from HTFs
using RISO reagent (Biomics, Nantong, China) and treated
with DNase I. cDNAwas synthesized by reverse transcriptase
from total RNA with oligo-d (T) primers. Quantitative real-
time PCR analysis was performed with the Bio-Rad IQ5 real-
time PCR detection system (Bio-Rad, Hercules, CA, USA)
using the SYBR Master mixture (Biomics, Nantong, China).
The PCR reactions were performed in triplicate on each
cDNA template along with triplicate reactions of a house-
keeping gene, GAPDH. We used the following primers: for
CTGF, forward (5-ACTATGATTAGAGCCAACTG-3) and
reverse (5-TGTTCTCTTCCAGGTCAG-3); for GAPDH,
forward (5-GAAGGTGAAGGTCGGAGTC-3) and reverse
(5-GAAGATGGTGATGGGATTTC-3).The specific ampli-
fication was verified by melting curve analysis. The data
were normalized against GAPDH.The expression levels were
determined using the ΔΔCT method (IQ5 software version
2.0, Bio-Rad) and presented as fold changes. Experiments
were performed in triplicate with 3 biological samples from
each treatment.

2.6. Immunocytochemistry. HTFs were seeded in coverslips
before transfection of siRNA. After being stimulated by TGF-
𝛽
2
for 48 h, the cells on coverslips were washed three times

with PBS and fixed with freshly prepared 4% paraformalde-
hyde solution in 0.01M PBS for 30min at room temperature.
The fixed samples were incubated with primary antibodies:
mouse monoclonal antivimentin (1 : 50 dilution), mouse
monoclonal antikeratin (1 : 400 dilution), or mouse mono-
clonal anti-CTGF (1 : 100 dilution, Santa Cruz, CA, USA)
overnight at 4∘C in a humidified chamber. After beingwashed
three times with PBS, the samples were further reacted with
second antibodies: Alexa Fluor 488 goat anti-mouse (1 : 200
dilution, Invitrogen, Carlsbad, CA, USA) for 2 h at 37∘C
and counterstained with 5 𝜇g/mL of Hoechst 33342 (Sigma-
Aldrich, Saint-Louis, Missouri, USA). The cells were viewed
and photographed under a fluorescence microscope.

2.7. CCK-8Assay. Theeffect of CTGF-siRNAonHTFs viabil-
ity after TGF-𝛽

2
treatment was determined by cell counting

kit-8 (CCK-8, Biomics, Nantong, China) assay. This assay is
based on the cleavage of the tetrazolium salt WST-8 by mito-
chondrial dehydrogenase in viable cells. After various treat-
ments, HTFs in an exponential phase of growth were har-
vested and seeded in five 96-well plates at a density of 1 ×
105 cells/mL in a total volume of 100 𝜇L per well. After 0, 24,
48, 72, and 96 h of incubation, the viability of HTFs was ana-
lyzed by CCK-8 assay. The media were replaced by 100 𝜇L of

DMEM containing CCK-8 (10 𝜇L) to each well. After 3.5 h of
incubation at 37∘C, the absorbance at 450 nm was measured
with a Thermomax microplate reader. The experiment was
repeated three times.

2.8. Flow Cytometry. After being transfected with siRNA
and treated with TGF-𝛽

2
for 48 h, cell cycle was checked by

flow cytometry. The HTFs were collected by trypsinization
and washed twice with PBS before being resuspended at
1 × 106 cells/mL in PBS and fixed in 70% ice-cold ethanol
(v/v) overnight at 4∘C. Fixed cells were stained with 0.5mL
of propidium iodide (Sigma-Aldrich, Saint-Louis, Missouri,
USA)/RNase staining buffer (BD Pharmingen, San Diego,
CA, USA) in the dark at 4∘C for 30min.The numbers of cells
at G0/G1, S, and G2/M fractions were analyzed using a flow
cytometer (BD FACSCalibur, BD Bioscience, USA). Prolif-
eration index was calculated according to PI = (G2/M +
S)/(G0/G1 + S + G2/M).

2.9. Statistical Analysis. Statistical analysis was performed
using SPSS software (SPSS V 14.0; SPSS Inc). All results are
presented as the mean± SD. One way ANOVA was per-
formed for comparing the differences among groups. Differ-
ences with 𝑃 < 0.05 were considered statistically significant.

3. Results

3.1. Identification of Human Tenon Capsule Fibroblasts.
Vimentin and keratin are cell surface markers for fibroblast
and epithelium respectively. The cultured cells were stained
positive for vimentin and negative for keratin (Figure 1). The
results excluded the possible contamination of conjunctival
epithelia during the cell culture.

3.2. Transfection Efficiency of siRNA. The results indicated
that most HTFs displayed green fluorescence after the trans-
fection of FAM-labeled control siRNA (Figure 2(a)). HTFs
showed the highest transfection efficiency of siRNA by being
observed under fluorescence microscopy. The transfection
was efficient in that 83.7% of the cells displayed green fluores-
cence detected by FCM (data not shown) (Figure 2(b)). The
transfection efficiency implied that Lipofectamine 2000 could
effectively introduce siRNA into HTFs.

3.3. Suppression of CTGF mRNA Expression. After TGF-𝛽
2

induction, the HTFs transfected with CTGF-siRNA1, CTGF-
siRNA3, or CTGF-siRNA4 but not CTGF-siRNA2 demon-
strated the reducedCTGFgene expression.A 57.9% reduction
in CTGF transcript level was observed after being transfected
with CTGF-siRNA1 (𝑃 < 0.01), while CTGF-siRNA3 and
CTGF-siRNA4 caused 27.3% (𝑃 < 0.05) and 28.4% (𝑃 < 0.01)
reductions of the CTGF transcript levels, respectively, (Fig-
ure 3(a)) in comparison with that from HTFs without
transfection.Therefore, CTGF-siRNA1 was used in follow-up
experiments, named CTGF-siRNA. The CTGF mRNA level
increased significantly after TGF-𝛽

2
treatment for 24 h com-

pared with that of TGF-𝛽
2
(−) group (𝑃 < 0.01, Figure 3(b)).

There was no significant difference among the control siRNA
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Figure 1: Identification of human Tenon capsule fibroblasts. A vimentin and cytokeratin immunostaining technique was used to detect
fibroblast feature of the cultured cells. Fibroblast produced vimentin constitutively with the cytoplasm staining positively (in green). But
cytokeratin staining in the fibroblast is negative. Nuclei stained with Hoechst were seen in blue.
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Figure 2: Transfection efficiency of siRNA. (a) Transfection efficiency of HTFs transfected with FAM-labeled control siRNA was observed
by a fluorescence microscope. Green staining in cells stands for effective transfection. (b) FCMwas used to analyze the transfection efficiency
of siRNA. HTFs transfected with/without control siRNA were counted by FCM. Untransfected cells were marked with M1, and FAM-labeled
cells were marked with M2 (here we just show one of the results).
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Table 2: Effect of CTGF-siRNA on cell cycle of HTFs.

Group G0/G1 (%) S (%) G2/M (%)
Control 94.917 ± 1.063 1.613 ± 0.372 3.470 ± 1.131

TGF-𝛽
2
(+) 88.290 ± 0.335∗ 9.037 ± 0.258∗ 2.673 ± 0.153

CTGF-siRNA + TGF-𝛽
2
(+) 91.177 ± 1.064# 5.410 ± 0.589# 3.413 ± 0.533

Control siRNA + TGF-𝛽
2
(+) 88.390 ± 1.074 9.047 ± 0.284 2.563 ± 0.825

Serum starved HTFs were transfected with CTGF-siRNA or control siRNA before being stimulated with TGF-𝛽2 for 48 h. Flow cytometry was used to analyze
the effect of CTGF-siRNA on cell cycle (G0/G1, S, G2/M phase) after various treatments. Data were from three experiments. ∗𝑃 < 0.01 versus control group,
#
𝑃 < 0.05 versus TGF-𝛽2(+) group.
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Figure 3: siRNA inhibition of CTGF mRNA expression. Serum
starved HTFs were transfected with CTGF-siRNAs (siRNA1–
siRNA5) or control siRNA, respectively, before being stimulated
with TGF-𝛽

2
for 24 h. (a) Comparison of relative expression of

CTGF mRNA in cultured HTFs transfected with different siRNAs.
Data were from three experiments. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01 versus
TGF-𝛽

2
(+). (b) Comparison of transcription levels of CTGF in

HTFs under different conditions.Datawere from three experiments.
#𝑃 < 0.01 versus HTFs stimulated without TGF-𝛽

2
in control group.

∗𝑃 < 0.01 versus HTFs treated with TGF-𝛽
2
only.

group, Lipofectamine 2000 group, and the control group
stimulated with TGF-𝛽

2
(Figure 3(b)).

3.4. Suppression of CTGF Protein Expression. The effect of
the CTGF-siRNA on expression of CTGF protein was deter-
mined by immunocytochemical staining. As shown in Fig-
ure 4, control HTFs exhibited a weak green punctiform stain-
ing in the cytoplasm. After treatment with TGF-𝛽

2
, a distin-

guished strong pattern of punctuate patches of staining was
displayed in cells, indicating enhancedCTGF expression.The
treatment of CTGF-siRNA with the TGF-𝛽

2
stimulated cells

led to a considerable reduction of fluorescence staining inten-
sity compared with that of TGF-𝛽

2
(+) group. HTFs treated

with control siRNA exhibited a similar staining intensity and
pattern as that of the TGF-𝛽

2
treated cells.

3.5. CTGF-siRNA Inhibits Viability of HTFs. The viability of
HTFs was detected by CCK-8. As shown in Figure 5, the cell
growth showed that exogenous TGF-𝛽

2
might offer a growth

advantage for HTFs. In contrast to only TGF-𝛽
2
stimulation

group, the CTGF-siRNA treatment reduced the viability of
TGF-𝛽

2
stimulated cells by 7.88% (𝑃 < 0.01) and 10.11% (𝑃 <

0.01) at the time points of 48 h and 72 h, respectively. After
TGF-𝛽

2
treatment, the cell viability ofHTFs treatedwith con-

trol siRNA or Lipofectamine 2000 was similar to that of TGF-
𝛽
2
-treated cells, indicating a low cytotoxicity by Lipofec-

tamine 2000. There was no significant difference in HTFs
viability between the TGF-𝛽

2
(+) group and the CTGF-siRNA

group (𝑃 > 0.05) at the time points of 24 h and 96 h. This
indicated that CTGF-siRNA could effectively inhibit the pro-
liferation of HTFs at the time points of 48 h and 72 h.

3.6. Effect of CTGF-siRNA on Cell Cycle. The effect of CTGF-
siRNA on the cell cycle was evaluated by flow cytometry
(Table 2).Thepercentage ofHTFs inG0/G1 phase in theTGF-
𝛽
2
(+) group (88.290 ± 0.335%) was significantly reduced

compared with the control group (94.917 ± 1.063%) (𝑃 <
0.01) and was higher in the CTGF-siRNA group (91.177 ±
1.064%) than the TGF-𝛽

2
(+) group (𝑃 < 0.05). On the con-

trary, the percentage of HTFs in S phase in the TGF-𝛽
2
(+)

group (9.037 ± 0.258%) was increased compared with the
control group (1.613 ± 0.372%) (𝑃 < 0.01) and was lower in
theCTGF-siRNAgroup (5.410± 0.589%) than the TGF-𝛽

2
(+)

group (𝑃 < 0.05).Therewas no significant difference between
the TGF-𝛽

2
(+) group and the control siRNA group in G0/G1

phase or S phase (𝑃 > 0.05).
Flow cytometry showed that the cells treatedwithTGF-𝛽

2

had a higher value in proliferation index (PI) than the control
group (𝑃 < 0.01) (Figure 6). However, the pretreatment with
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Figure 4: Suppression of CTGF protein expression inHTFs by siRNA.HTFs were stimulated with TGF-𝛽
2
for 48 h after cells were transfected

with CTGF-siRNA or control siRNA. Immunofluorescence analysis of HTFs was performed to visualize the CTGF protein in cell matrix (in
green) after various treatments. Nuclei stained with Hoechst were seen in blue.

CTGF-siRNA decreased the PI of TGF-𝛽
2
treated cells (𝑃 <

0.05).

4. Discussion

The scar formation after GFS is consistent with the produc-
tion of connective tissue during wound repairing. TGF-𝛽 is
known to be themost potent growth factor involved inwound
healing and also a key modulator in the process of bleb fibro-
sis [24–26].There are three isoforms of TGF-𝛽 in human, and
the level of TGF-𝛽

2
is the highest in aqueous humor and other

eye tissues. After filtering operations, aqueous humor comes
into direct contact with the connective tissue of the subcon-
junctiva and stimulates fibroblasts proliferation. This might
be responsible for the failure of trabeculectomy. Our study
shows that HTFs treated with TGF-𝛽

2
had increased viability.

These cells also had an increased portion in S phase, a
decreased portion in G0/G1 phase, and higher value in PI
than the control group. These results indicated that TGF-𝛽

2

could promote the proliferation of HTFs significantly. Recent
studies have proved that treating TGF-𝛽

2
with monoclonal

antibodies or antisense nucleotides could inhibit fibroblast
proliferation and prolong the survival of experimental filter-
ing blebs in animal models [27, 28].

Researches have suggested that CTGF may mediate the
key actions of TGF-𝛽 in scar formation, such as stimulation of
cell proliferation, extracellular matrix protein synthesis, and
myofibroblast differentiation in fibroblasts [29–32]. Blockade
of CTGF expression or its functionmay effectively inhibit the
effects of TGF-𝛽. Treating CTGF with antisense oligonu-
cleotides or neutralizing antibodies could decrease TGF-𝛽-
mediated collagen synthesis in human corneal fibroblast.
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for 0,

24, 48, 72, and 96 h. The viability of HTFs was analyzed by CCK-8
assay. CTGF-siRNA suppressed the viability of TGF-𝛽

2
stimulated

cells at the time points of 48 h and 72 h, respectively. Data were from
three experiments. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01.

CTGF antisense oligodeoxynucleotide could inhibit TGF-
𝛽
1
-mediated myofibroblast differentiation and corneal-

fibroblast-seeded collagen lattices (FSCL) contraction [33,
34]. In our study, we further illustrated that siRNA targeting
CTGF could attenuate the proliferation of HTFs.

Double-stranded siRNA is an effective approach to
induce gene silencing in cells [35]. Inhibition of gene
expression through siRNA is superior to conventional gene-
blocking approaches due to the following reasons: (1) inhib-
itory effect is more potent and stable [36, 37]; (2) targeting of
gene expression ismore specific [38]; (3) blocking efficacy can
be passed on for multiple generations [37]. Therefore, there
are more potential clinical applications for siRNA [35]. Pre-
vious reports have shown that TGF-𝛽

2
coupled with CTGF

mediated the bleb-scarring process [8, 27, 39]. In the present
study, we treated the normal HTFs with exogenous TGF-𝛽

2

to simulate cell proliferation that mimic bleb formation after
filtration surgery.We came to a conclusion that TGF-𝛽

2
could

increase the expression ofCTGF inHTFs and this effect could
be abolished by pretreatment with CTGF-siRNA.

The induction of proliferation byCTGFhas been found in
some mesenchymal cells [13]. Ishibuchi et al. demonstrated
that the proliferation was constantly suppressed by CTGF-
silencing in normal and systemic sclerosis fibroblast [40].
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Figure 6: CTGF-siRNA decreases proliferation index of HTFs.
HTFs were stimulated with TGF-𝛽

2
for 48 h after cells were

transfected with CTGF-siRNA or control siRNA. PI of HTFs was
calculated according to cell cycle analyzed by flow cytometry. CTGF-
siRNA decreased the PI of TGF-𝛽

2
treated cells. Data were from

three independent experiments. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01 versus TGF-
𝛽
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Another study also showed that CTGF induced cornea
stroma fibroblasts proliferation [41]. In our study, the analysis
of cell cycle revealed that CTGF-siRNA treatment resulted in
an increased proportion inG0/G1 phase and an inverse one in
S phase. The reduction of the viability of HTFs was also
detected by CCK-8 assay. These results suggested that down-
regulation of CTGF expression could induce the cell cycle of
HTFs to arrest in G0/G1 phase and might prevent its DNA
synthesis, which might be the mechanism of inhibition of
cell proliferation after transfection of siRNA-CTGF in HTFs.
Some studies have also suggested that reduction of ECM
accumulationmay attenuate cell proliferation. To validate this
hypothesis, the effect of CTGF-siRNA on ECM in HTFs and
the relationship between ECM and proliferation are needed
to be conducted.

5. Conclusions

In summary, we showed that siRNA targeting CTGF could be
successfully transfected into HTFs in vitro and could sub-
sequently inhibit the proliferation of HTFs. These results
suggested that specific inhibitors of CTGF could have ben-
eficial effects on preventing pathogenic fibrosis in bleb after
glaucoma filtration surgery.
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Genome-wide association study (GWAS) analysis identified three new susceptibility loci for PACG. In this study, we aimed to
investigate whether these three loci in PLEKHA7, COL11A1, and PCMTD1-ST18 are associated with PAC and ocular biometric
characteristics, such as axial length (AL), anterior chamber depth (ACD), and diopter of spherical power (DS).The study was a part
of the Jiangsu Eye Study. The samples were collected from 232 PAC subjects and 306 controls from a population-based prevalence
survey conducted in Funing County of Jiangsu, China. The single nucleotide polymorphisms (SNPs) of rs11024102 in PLEKHA7,
rs3753841 in COL11A1, and rs1015213 in PCMTD1-ST18 were genotyped by TaqMan-MGB probe using the RT-PCR system. None
of the three polymorphisms showed differences in the distribution of genotypes and allele frequencies between the PAC group
and the control group. No significant association was determined between the 3 SNPs and AL, ACD, or DS of PAC subjects. We
concluded that even though PLEKHA7 rs11024102, COL11A1 rs3753841, and PCMTD1-ST18 rs1015213 are associated with PACG,
those sequence variations are not associated with PAC in a Han Chinese population. Our results also did not support a significant
role for these three SNPs in ocular biometry such as AL, ACD, and DS.

1. Introduction

Glaucoma is the second leading cause of irreversible blind-
ness worldwide. Clinically, primary glaucoma presents two
major subtypes: primary open-angle glaucoma (POAG) and
primary angle closure glaucoma (PACG). The classification
relies mainly on the anterior segment anatomy, particularly
that of the anterior chamber angle. PACG is characterized
by obstruction of aqueous fluid drainage through the trabec-
ular meshwork from the anterior chamber of the eye. The
anterior chamber depth (ACD) is a main factor affecting the
drainage of aqueous humor. PACG affects as many as 4.5
million people in China, and it has been reported that Asian
populations are at higher risk of developing PACG than other
ethnic groups [1].

Eyes with PACG usually display characteristic anatomical
features such as a shorter corneal diameter, a steeper corneal

curvature, a shallower anterior chamber, a thicker and more
anteriorly positioned lens, and a shortened eyeball, often
accompanied by hyperopic refraction error [2]. The risk
factors for developing PACG include age, family history, and
being female [3]. First-degree relatives were found to have a
6- to 9-fold increased risk of developing PACG [4]. Siblings
of Chinese patients with PAC or PACG have almost a 50%
probability of having narrow angles and aremore than 7 times
more likely to have narrow angles than the general population
[5]. Ethnic differences are also associatedwith PACG.There is
also a higher prevalence among Inuits and Asians compared
to Caucasians, suggesting a genetic predisposition for the
disorder [6].

Because the ocular anatomic features are predisposing
factors for PACG, genes involved in regulation of axial
length and structural remodeling of connective tissues may
contribute to development of PACG. Some tissue remodeling
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Table 1: Demographics of study participants.

Demographic features Control 𝑛 (%) PAC 𝑛 (%) 𝑃

Female 248 (81.05) 191 (82.33) 0.70
Male 58 (18.95) 41 (17.67)
Mean age (year) ± SD 65.08 ± 7.53 64.84 ± 8.59 0.74
Age range 50–85 50–83
Hypertension 66 (19.64) 46 (19.83) 0.69
Diabetes 24 (7.36) 20 (8.6) 0.76
Cardiovascular 10 (3.27) 4 (1.72) 0.41

genes including membrane frizzled-related protein (MFRP)
[7, 8], extracellular matrix metalloprotease-9 (MMP-9) [9–
11], and methylenetetrahydrofolate reductase (MTHFR) [12]
have been reported to be associated with PACG. Even though
heat shock protein 70 (HSP70) does not regulate tissue
remolding directly, it regulates the expression of matrix met-
alloproteases (MMPs) and is thought to be associated with
PACG [13]. However, the above findings remain controversial
and have not been replicated by independent studies.

Recently, a genome-wide association study (GWAS) iden-
tified three new susceptibility loci for PACG, including
rs11024102 in PLEKHA7, rs3753841 in COL11A1, and rs1015213
in PCMTD1-ST18 [14]. However, the mechanism of these
genes in PACG pathogenesis is unclear, and the biologi-
cal plausibility is absent. We hypothesized that PLEKHA7,
COL11A1, and PCMTD1-ST18 might contribute to PACG by
influencing ocular biometry.Thus, in this study, we attempted
to replicate the association between these three loci with
primary angle closure (PAC) instead of PACG to investigate
whether the SNPs of these three genes are associated with
ocular biometry. PAC is the earlier stage of PACG and
shares the same anatomical features; however, PAC does
not present glaucomatous optic neuropathy. Our definition
of PAC includes asymptomatic individuals with occludable
angles who have not had an acute attack as well as those
who have had an attack but received prompt treatment and
suffered no detectable nerve damage.

2. Methods

2.1. Study Subjects. The study was a part of the Jiangsu
Eye Study and was conducted according to the Declaration
of Helsinki and approved by the Ethics Committee of the
Affiliated Hospital of Nantong University. Each participant
was fully informed of the purpose and procedures involved
in the study and signed the Informed Consent Form. The
general demographic information of the participants is listed
in Table 1. All participants were recruited from a population-
based prevalence survey on eye diseases using a cluster
random sampling strategy in Funing County of Jiangsu,
China. Of the 6032 people screened, 232 people with PAC
and 306 controls were enrolled in the study. PAC subjects and
controls were matched in groups for sex and age and were
ethnically homogenous. The participants were unrelated and
self-identifiedHan Chinese.There was no difference between

the control group and the PAC group in gender, age, or
systemic disease distribution.

All study participants were residents of Funing County
of Jiangsu, China, aged 50 years and above. Each participant
received a thorough ophthalmic examination, included best-
corrected visual acuity, anterior segment photography, Gold-
mann applanation tonometry, fundus examination, optic disc
photography, visual field, objective refraction, and subjective
refraction. The depth of the peripheral anterior chamber
was determined using Van Herick technique [15]. The sub-
jects with a peripheral chamber depth less than one-third
of corneal thickness were invited for gonioscopy, A-scan
ultrasonography, and ultrasound biomicroscopy (UBM, SW-
3200S, SUOER, China) examinations. UBM examinations
were conducted in light and dark conditions in eight posi-
tions. The detailed protocol for gonioscopy and UBM was
reported previously by Barkana et al. [16]. Three measure-
ments of ACD and AL were made by A-scan to get mean
values, and mean values of binoculus were used for statistical
analyses.

PACwas defined according to the International Society of
Geographical and Epidemiologic Ophthalmology (ISGEO)
classification by Foster et al. [17]: (1) either eye has the
presence of an occluded angle (at least 180 degrees of closed
angle in which the trabecular meshwork is not visible on
gonioscopy or iris apposition to the trabecular meshwork
more than 180 degrees on UBM); (2) at least one of the fol-
lowing features was detected: peripheral anterior synechiae,
intraocular pressure >21mmHg, excessive pigment deposi-
tion on the superior trabecular meshwork, iris whirling, his-
tory of symptoms, or intraocular pressure elevated ≥8mmHg
after UBM examination in dark conditions; (3) no signs of
secondary angle closure; (4) no signs of glaucomatous optic
neuropathy and peripheral visual loss; (5) no previous ocular
surgery or laser therapy. The clinical features of the PAC
subjects are listed in Table 2.

The criteria for enrollment of the control group were (1)
peripheral chamber depth more than one-third of corneal
thickness, (2) intraocular pressure less than 21mmHg, (3)
normal optic nerve heads with cup-to-cup ratio less than 0.5,
(4) normal visual field, (5) no family history of glaucoma,
(6) no ophthalmic diseases except slight cataract, and (7):
refractive error less than three diopters.

2.2. SNP Genotyping. Genomic DNA was extracted from the
peripheral blood of each individual using the Qiagen Blood
DNA Mini Kit (Qiagen, Valencia, CA), according to the
manufacturer’s instructions and stored at −20∘C.

The samples were genotyped by TaqMan Aenotyping
Assay (Applied Biosystems, Foster City, CA, USA) using the
Real-time PCR 7500 system (Applied Biosystems, Foster City,
CA, USA). The assay IDs are C 2981015 10 for rs11024102
(an SNP in intron region), C 2947954 10 for rs3753841 (a
missense SNP), and C 7479939 10 for rs1015213 (a SNP in
intergenic region). PCR reactions were performed in a total
volume of 10 𝜇L containing 1𝜇L (10 ng) DNA, 5 𝜇L TaqMan
Universal Master Mix, 0.20𝜇L TaqMan SNP Genotyping
Assay Mix (40x), and 3.8 𝜇L Dnase-free, sterile filtered water.
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Table 2: Clinical features of PAC subjects.

Right eye (mean ± SD) Left eye (mean ± SD) Mean of both eyes (mean ± SD)
Axial length (mm) 22.17 ± 0.83 22.17 ± 0.82 22.17 ± 0.83

ACD (mm) 2.49 ± 0.29 2.45 ± 0.30 2.47 ± 0.29

Refractive (diopter) 0.53 ± 1.85 0.68 ± 1.87 0.58 ± 1.84

Tonometry (mmHg) 15.18 ± 4.31 15.78 ± 4.46 15.52 ± 4.39

Table 3: Allele frequency of SNPs in control and PAC subjects.

SNP Allele distribution/minor/major (minor %)
𝑃 OR (95% CI)

Control PAC
PLEKHA7 rs11024102 (T/C) 245/367 (40.0) 199/265 (42.9) 0.346 1.13 (0.88–1.44)
COL11A1 rs3753841 (A/G) 195/417 (31.9) 136/328 (29.3) 0.369 0.88 (0.68–1.15)
PCMTD1-ST18 rs1015213 (C/T) 13/599 (2.1) 11/453 (2.4) 0.786 1.12 (0.50–2.51)
All HWE 𝑃 values > 0.05 except for PCMTD1-ST18 in controls.

Amplification was carried out with an initial denaturation at
95∘C for 5min, followed by 40 cycles of denaturation at 95∘C
for 30 s and annealing at 60∘C for 30 s.

2.3. Statistical Analysis. Statistical analysis was performed
with SPSS version 15.0 software.Differences in age and gender
between PAC subjects and controls were assessed using
t-test and Chi-Square test, respectively. Hardy-Weinberg
equilibrium was tested using Chi-Square test. To analyze
the association of these three SNPs with PAC and controls,
the frequency of genotypes and alleles were evaluated using
Chi-Square test. 𝑃 values< 0.05 were considered statistically
significant. Logistic regression analysis was performed to
calculate the odds ratio (OR) value, the 95% confidence
interval (95% CI), and to adjust the confounding effects of
age and gender. If any positive association was found in
the initial analysis, Bonferroni correction was performed.
Three genetic models were analyzed: the additive model
defined as minor allele homozygotes versus heterozygotes
versus common allele homozygotes, the dominant model as
heterozygotes plus minor allele homozygotes versus com-
mon allele homozygotes, and the recessive model as minor
allele homozygotes versus common allele homozygotes plus
heterozygotes. The association of these three SNPs with
AL, ACD, and DS was also assessed under the additive
genetic model, dominant model, and recessive model using
𝑡-test.

3. Results

Thecall rates of all SNP genotypingwere 100% and the call ac-
curacies were 100% in a randomly selected 10% sample. All 3
SNPs conformed to Hardy-Weinberg equilibrium (𝑃 > 0.05)
except for PCMTD1-ST18 rs1015213 in controls.

None of the three polymorphisms showed differences in
the distribution of allele frequencies (Table 3) and genotypes
(Table 4) between the cases and controls.

All three SNPs were not significantly associated with
biometric parameters including ACD, AL, and DS (Table 5).

4. Discussion

This study, to the best of our knowledge, is the first
population-based study to investigate the association of
rs11024102, rs3753841, and rs1015213 with PAC and PAC
relevant biometric parameters such as ACD, AL, and DS in
a Han Chinese population. The design of a population-based
study can minimize sample selection bias often present in
hospital-based case-control study. We attempted to replicate
the association between these three loci with PAC instead
of PACG to verify the relationship between these SNPs and
anatomic features. The results show that the variations of
PLEKHA7 rs11024102, COL11A1 rs3753841, and PCMTD1-
ST18 rs1015213 were not associated with either PAC or
biometric factors in Han Chinese population.

PLEKHA7 encodes pleckstrin homology domain-
containing protein 7, which is involved in the maintenance
and stability of epithelial and endothelial adherens junctions
[18]. PLEKHA7 is expressed in the cornea, iris, and trabecular
meshwork (TM). Increased resistance to drainage of aqueous
humor through the pressure-dependent TM is believed to
be responsible for POAG [19]. However, the pathogenesis
of PACG is distinct from that of POAG. Eyes with PACG
tend to share certain anatomic biometric characteristics and
have nothing to do with aqueous humor outflow facility. In
our present study, we did not find any association between
rs11024102 and PAC, nor did we find any association between
rs11024102 and biometric parameters.

COL11A1 gene codes for one of the two𝛼-chains of typeXI
collagens. TypeXI collagen is aminor fibril-forming collagen,
controlling fibril growth, diameter, and assembly of major
collagens. It is expressed primarily in the articular cartilage
and the ocular vitreous [20]. Mutations in COL11A1 cause
Marshall syndrome, Stickler syndrome, and Stickler-like
syndrome; these disorders are all characterized by midfacial
hypoplasia, sensorineural hearing deficit, and nonprogressive
axial myopia [21]. Hyperopic and shorter axial length, but not
axial myopia, is well-known predisposing factor for PACG. In
our present study, the distribution of genotypes of rs3753841
was similar in the PAC and in the control group, as were the
biometric parameters.
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Table 4: Genotype frequency of SNPs in control and PAC subjects.

SNP Genotype distribution 𝑛 (%) General 𝑃 value Dominant p/OR (95% CI) Recessive p/OR (95% CI)
Control PAC

PLEKHA7 rs11024102 (T/C)
TT 105 (34.3) 78 (33.6)

0.283 0.87/1.03 (0.72–1.48) 0.12/1.43 (0.91–2.26)TC 157 (51.3) 109 (47.0)
CC 44 (14.4) 45 (14.4)

COL11A1 rs3753841 (A/G)
AA 145 (47.4) 116 (19.4)

0.606 0.55/0.90 (0.64–1.27) 0.34/0.75 (0.42–1.40)AG 127 (41.5) 96 (41.4)
GG 34 (11.1) 20 (8.6)

PCMTD1-ST18 rs1015213 (C/T)
CC 295 (96.4) 221 (95.3)

0.261 0.51/1.34 (0.56–3.14) 0.51/0.26 (0.01–5.49)CT 9 (2.9) 11 (4.7)
TT 2 (0.6) 0 (0.0)

Table 5: The relationship of biometric parameters with genotypes of rs1015213, rs375384, and rs11024102 in PAC group.

Genotype AL (mm) (mean ± SD) ACD (mm) (mean ± SD) Refrative power (D) (mean ± SD)

PLEKHA7 rs11024102 TT 22.16 ± 0.70 2.44 ± 0.23 0.64 ± 1.29

TC + CC 22.15 ± 0.76 2.47 ± 0.22 0.74 ± 1.63

𝑃 0.958 0.448 0.663

COL11A1 rs3753841 AA 22.11 ± 0.72 2.46 ± 0.23 0.71 ± 1.46

AG + GG 22.20 ± 0.76 2.46 ± 0.22 0.70 ± 1.58

𝑃 0.366 0.924 0.945

PCMTD1-ST18 rs1015213 CC 22.15 ± 0.72 2.46 ± 0.22 0.70 ± 1.55

CT + TT 22.29 ± 0.99 2.42 ± 0.27 0.80 ± 0.68

𝑃 0.528 0.617 0.835

Rs1015213 is located upstream of PCMTD1 and down-
stream of ST18. PCMTD1 encodes protein-l-isoaspartate
O-methyltransferase domain-containing protein 1 that is
expressed in the cornea, iris, and TM. ST18 encodes the sup-
pression of tumorigenicity 18 protein, expressed in the cornea
and lens, but not in the TM [14]. In our study, the minor
allele frequency of rs1015213 was low, which is consistent with
previous reports [14, 22]. Little is known about the function
of PCMTD1 or ST-18. There was no significant difference
between the two groups in the genotype frequency or alleles
for rs1015213 nor any significant difference between rs1015213
and biometric parameters.

Our results were not in line with Vithana et al.’s report
[14] that reported the three loci susceptible for PACG by
a GWAS study with a two-stage strategy. Sample size and
ethnic distribution are two main factors that can influence
the results of genotype association studies. Vithnan’s study
included 1854PACGcases fromanAsian population in stage 1
and 1917 PACGcases from6 sample collections (two inChina,
and one each in UK, Singapore, India, and Saudi Arabia).
The power analysis based on their data indicated that our
study is underpowered (<50%) to detect any association of
the 3 tested SNPs. However, all subjects included in this study
are Han Chinese and subjects in both groups were age and
gender matched. Moreover, the study was community based,
thus decreasing the confounding of possible population
stratification. We believe that our sample size is reasonable
to detect a biologically meaningful association if it exists.

Another possible reason that we did not replicate the
Vithana’s reportmight be due to the different definition of the

phenotypes, PAC in our study and PACG in Vithana’s study.
Because the number of PACG patients in this community
cohort did not meet the basic requirements to conduct an
independent association study, we excluded this phenotype.
Day et al. [22] conducted a genotype-phenotype analysis of
these three SNPs with the ocular biometry of 988 European
people. They found that the A allele of rs1015213 was nom-
inally associated with ACD (𝑃 = 0.046) but not associated
with AL or corneal keratometry. Rs11024102 and rs1015213
were not associated with ocular biometry, which is consistent
with our results.

Another limitation in our study is that AL and ACD
parameters are only available for the PAC group. It is time
consuming and technically demanding to invite all 6032
participants for UBM, gonioscopy, and A-scan examinations.
Additionally, the development of PACG is complex and
likely depends on polygenic inheritance. It appears that each
anatomic characteristic is not determined by a series of inde-
pendent genes acting with no relation to other components
but is instead an additive outcome of the action of a large
number of genes. The effect of each gene would be small and
difficult to distinguish individually.

5. Conclusion

The sequence variants of PLEKHA7 rs11024102, COL11A1
rs3753841, and PCMTD1-ST18 rs1015213 do not appear to
be associated with PAC and ocular biometry in our study.
Because the PLEKHA7 rs11024102, COL11A1 rs3753841, and



Journal of Ophthalmology 5

PCMTD1-ST18 rs1015213 were reported to be associated with
PACG, the lack of association of these SNPs may be due to a
different phenotype being assessed.
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Epithelial-msenchymal transition (EMT) contributes to posterior capsule opacification (PCO) type of cataract. Transcription
factors Snail is a key trigger of EMT activated by transforming growth factor 𝛽 (TGF𝛽).This study was done to investigate the effect
of Snail targeting siRNA on TGF𝛽2-induced EMT in human lens epithelial cells. TGF𝛽2 treatment of cultured human epithelial cell
line (HLEB3) upregulated the expression of Snail and the EMT relevant molecules such as vimentin and 𝛼-SMA but downregulated
the expression of keratin and E-cadherin. After the stimulation of TGF𝛽2, the HLEB3 cells became fibroblast-like in morphology,
and the junctions of cell-cell disappeared. TGF𝛽2 treatment also enhanced migration ability of HLEB3 cells. TGF𝛽2-induced Snail
expression and EMT were significantly inhibited by Snail siRNA. By analyzing the response characteristics of HLEB3 in TGF𝛽2-
induced EMTmodel with/without Snail-specific siRNA, we concluded that Snail is an element in the EMT of HLEB3 cells induced
by TGF𝛽2. Snail siRNA targeting can block the induced EMT and therefore has the potential to suppress the development of PCO.

1. Introduction

Epithelial-mesenchymal transition (EMT) is a programmed
development of biological cells characterized by loss of cell
adhesion, repression of E-cadherin expression, increased
cell mobility, and change of morphology. EMT is a highly
conserved and fundamental process not only in development,
but also in fibrosis, metastasis of tumor cells, and wound
healing [1–4]. In cataract surgery, where entire lens content
is removed, lens epithelial cells (LECs) can undergo EMT,
migrate to the posterior capsular surface, and result in fibrosis
of the posterior capsule as well as the residual anterior
capsule [4–6]. Clinically, the EMT of LECs after cataract
lens removal usually results in secondary cataract that can

present as anterior polar cataracts and/or posterior capsular
opacification [7, 8].

During EMT, epithelium cells undergo transdifferentia-
tion toward a myofibroblastic phenotype. The two cell types
have different skeletal proteins, keratin for epithelium and
vimentin for myofibroblastic. The cells derived from surface
ectoderm always express E-cadherin to form adherence to
each other. The EMT process involves transcriptional repro-
gramming of a series of genes that include 𝛼-SMAknown as a
maker ofmyofibroblast cells.Therefore, except for the distinct
expression of keratin and vimentin, the 𝛼-SMA expression is
considered as the feature of LECs transdifferentiation as well
as the loss of E-cadherin production [9–11].
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TGF𝛽 is composed of homodimeric polypeptides that
regulate many aspects of cellular function, including cell
growth, differentiation, inflammation, and wound healing
[12–14]. Numerous in vitro and in vivo studies have indicated
the role of active TGF𝛽 in promoting an aberrant differenti-
ation pathway and EMT of various epithelial tissues [15, 16].
Although five members of the TGF𝛽 family have currently
been identified, only TGF𝛽 isoforms 1, 2, and 3 have been
detected in mammals [17]. TGF𝛽1 and TGF𝛽2 are expressed
in human lens and release abundantly in the ocular media
[18]. The predominant form of TGF𝛽1 and TGF𝛽2 is in the
latent [19] but can be activated under pathological conditions
such as inflammation, fibrosis, trauma, and surgery after a 25-
kDa dimer cleaved from its latent precursor [20].The amount
of TGF𝛽 in aqueous humor after cataract surgery with
intraocular lens implantation ranged from 2.3 to 8.1 ng/mL
with 61% of it present in the active form [21]. Normally, the
activity of TGF𝛽 in the eye appears to be highly regulated
by vitreous containing molecules [8]. TGF𝛽2 is expressed at
much higher levels than the other isoforms in the aqueous
humor and vitreous and thus is likely to be a major mediator
of EMT in LECs in vivo [22, 23].

The Snail family members are a group of transcription
factors that are involved in regulation of EMT induced by
TGF𝛽 during embryonic development and tumor prog-
ression [24–28]. They are involved in many embryonic pro-
cesses, such as the ingression of the early mesodermal cells
at gastrulation and the delamination of the neural crest from
the neural tube [29]. In adult, Snail was mainly expressed
in heart, lung, brain, and skeletal muscle, but there is no
expression in most normal organs/tissues including eyes
[30]. However, Snail can be expressed in ocular tissue
under pathological conditions especially fibrotic diseases
such as corneal scarring [31], subcapsular cataract [32], and
proliferative vitreoretinopathy (PVR) [33]. Indeed, Snail is
activated to induce EMT inmammalian cells and suppress the
expression of E-cadherin [8, 34, 35]. Cho et al. have reported
the role of Snail in ETM of mouse lens epithelial cells [36].

In the present study, we sought to confirm the involve-
ment of Snail gene in TGF𝛽2-induced EMT of human LECs
and to test a novel hypothesis that the inhibition of Snail
expression by siRNA can block TGF𝛽2-induced EMT.

2. Material and Methods

2.1. Cells and Cell Culture. Human lens epithelial cell line
HLEB3 was purchased from ATCC. Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen,
CA, USA) supplemented with 15% fetal bovine serum (FBS;
Invitrogen, CA, USA). All culture medium contained no
antibiotics. The TGF𝛽2 treatment was carried out after the
cells were incubated in serum-free medium for 24 hours, and
10 ng/mL of TGF𝛽2 was added to the culture medium for the
indicated times.

2.2. Reagents and Antibodies. Recombinant human TGF𝛽2
was purchased from Peprotech (Rocky, Hill, NJ, USA). Anti-
E-cadherin and keratin antibodies were purchased from Cell

Table 1: siRNA sequences for snail targeting and negative control.

siRNA
duplex siRNA duplex sequences (5-3)

P1 Sense: GAAUGUCCCUGCUCCACAAGCdTdT
Antisense: GCUUGUGGAGCAGGGACAUUCdTdT

P2 Sense: GCGAGCUGCAGGACUCUAAUCdTdT
Antisense: GAUUAGAGUCCUGCAGCUCGCdTdT

P3 Sense: CCUUCGUCCUUCUCCUCUACUdTdT
Antisense: AGUAGAGGAGAAGGACGAAGGdTdT

P4 Sense: CAGAUGUCAAGAAGUACCAGUdTdT
Antisense: ACUGGUACUUCUUGACAUCUGdTdT

P5 Sense: UUCUCCGAACGUGUCACGUdTdT
Antisense: ACGUGACACGUUCGGAGAAdTdT

Four siRNAs (P1–P4) were designed from the coding sequence of the human
Snail gene.The siRNA duplex sequences are listed. A nonspecific, scrambled
siRNA duplex as negative control (P5) was used as a control.

Signaling (Beverly, MA, USA). Anti-Snail and vimentin anti-
bodies were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Anti-𝛼-SMA antibody was purchased from
Abcam (Cambridge,MA,USA). CY3/FITC tagged secondary
antibodies were from BOSTER (Wuhan, China).

2.3. siRNA and Transfection. According to Elbashir’s prin-
ciple [37], four siRNAs (P1–P4) targeting human Snail
and one negative control siRNA (P5) were designed using
web-based software (http://www.ambion.com/techlib/misc/
siRNA finder.html) and synthesized chemically (Biomics,
Nantong, China) (Table 1). The siRNAs were transfected
into HLEB3 cells by liposome Lipofectamine 2000 according
to the manufacturer’s protocol (Invitrogen, CA, USA). The
siRNA treatment was performed before the TGF𝛽2 stimula-
tion.

2.4. Quantification of Snail mRNA. Total RNA of HLEB3
cells was extracted for cDNA synthesis using RISO reagent
(RISO; Biomics, Nantong, China). cDNA was synthesized by
MLV reverse transcriptase using 2 𝜇g total RNA in a total
volume of 20 𝜇L (QuantiTect, Qiagen, Germany). The Snail
transcript was detected by quantitative RT-PCR using iCy-
cler iQ System (Bio-Rad Laboratories, Hercules, CA, USA)
and SYBR Green QPCR Master Mix (Biomics, Nantong,
China). The primers for snail are forward 5-TCGTCC-
TTCTCCTCTACTTCAG-3 and reverse 5-CGTGTGGCT-
TCGGATGTG-3, which amplify a 201 bp target. For the
internal control, GAPDH was amplified using primers for-
ward 5-GAAGGTGAAGGTCGGAGTC-3 and reverse 5-
GAAGATGGTGATGGGATTTC-3, which amplify a 226 bp
target. Following PCR, a thermal melt profile was per-
formed for amplicon identification. The specificity of the
amplification reactions was also confirmed by agarose gel
electrophoresis. The relative expression was presented as fold
changes after normalizing to the GAPDH control.

2.5. Immunofluorescent Staining. HLEB3 cells were grown
on glass coverslips before siRNAs were transfected and then
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Figure 1: TGF𝛽2-induced expression of Snail mRNA in a dose-dependent manner. (a) Representative agarose gel electrophoresis images of
Snail and house gene expression after TGF𝛽2 treatment. (b) The summary of triplicated experiments. ∗𝑃 < 0.05 compared with TGF𝛽2 (−)
(0 ng/mL). #𝑃 < 0.05 compared with the group treated with 10 ng/mL TGF𝛽2.
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Figure 2: The time course of TGF𝛽2-induced expression of Snail mRNA. (a) Representative agarose gel electrophoresis images revealed
TGF𝛽2-induced early expression of Snail. (b)The summary of triplicated experiments. ∗𝑃 < 0.05 compared with TGF𝛽2 (−) (0 h). #𝑃 < 0.05
compared with TGF𝛽2 (+) (1 h).

exposed to 10 ng/mL of TGF𝛽2 for 1 hour. Cells were fixed
with 4% paraformaldehyde for 30min at 4∘C, followed by
incubation with 0.1% Triton X-100 and 3% BSA for 2 h
in room temperature for permeabilization and blocking.
The primary antibodies (1 : 100) against Snail, vimentin, E-
cadherin, keratin, or 𝛼-SMA diluted in PBS were placed
on cells for overnight at 4∘C, respectively, followed by
incubation with CY3-conjugated goat anti-rabbit or FITC-
conjugated goat anti-mouse immunoglobulin (1 : 200) for 2
hours at 37∘C in the dark. The nuclei were counterstained
with Hoechst 33258 (Invitrogen, CA, USA). Images were
acquired with a fluorescence microscope (DM4000B, Leica,
Germany).

2.6. Transwell Assay. Transwell apparatuswith 8𝜇mpore size
membrane (Costar, Cambridge,MA,USA)was used to detect
the migration ability of HLEB3 cells. The siRNAs-treated
HLEB3 cells were exposed to 10 ng/mL of TGF𝛽2 for 48 h.
Serum-free DMEM containing 1 × 105 cells in 100 𝜇L was
added into the upper chamber; the lower chamber contained
500𝜇L of 15% FBS-containing medium. After incubation at
37∘C for 24 h, membranes were swabbed with a cotton swab,
soaked in 0.1% crystal violet for 10min, and thenwashedwith
PBS. The number of cells attached to the lower surface of the

polycarbonate filter was counted at 100x magnification under
a light microscope.

2.7. Statistical Analysis. All results are expressed as the
mean ± SD.The data were analyzed with ANOVA and SNK-q
test using SPSS17.0.𝑃 < 0.05was considered to be statistically
significant.

3. Results

3.1. Expression of Snail Induced by TGF𝛽2. To determine
whether the expression of Snail is regulated by TGF𝛽2, we
examined the expression and intracellular localization of
Snail in HLEB3 cells. RT-PCR results indicated that, in the
absence of TGF𝛽2, there was no Snail expression in HLEB3
cells whereas the level of Snail mRNA was significantly
elevated in cells stimulated with TGF𝛽2. TGF𝛽2-induced
Snail expression was does dependent, and the expression was
detected as early as 0.5 h after the treatment (Figures 1 and
2).

Consistent with the mRNA expression, Snail protein
synthesis was induced after stimulation by TGF𝛽2. In the
absence of TGF𝛽2, the cells showed no immunoreactivity for
the protein. However, Snail protein production was greatly
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Figure 4: Efficiency of four siRNAs (P1–P4) on Snail expression.
Serum starved HLEB3 cells were transfected with human Snail
siRNAs (P1–P4) and negative control (P5) before being stimulat-
ed with TGF𝛽2 for 1 hour. Snail expressions were significantly
decreased with the siRNA treatment.The data were collected from 3
experiments. ∗𝑃 < 0.05 compared with siRNA (−)/TGF𝛽2 (+)
(10 ng/mL).

increased in the presence of TGF𝛽2, and immunostaining
was detected mainly in the nucleus and nearby cytosol
(Figure 3).

3.2. Efficiency of siRNAs Inhibition of Snail Expression. Four
Snail siRNAs (P1–P4) inhibited the expression of SnailmRNA
expression after TGF𝛽2 treatment by 55.00% (P1), 74.85%
(P2), 49.85% (P3), and 43.98% (P4), respectively (𝑃 < 0.05),
while the negative control siRNA (P5) showed no effects
(Figure 4). Because P2was themost efficient in the inhibition,
it was used in the following experiments.

3.3. Role of Snail in TGF𝛽2-Induced EMT of HLEB3. The
Snail siRNA (P2) reduced the Snail protein expression as well
as the mRNA level induced by TGF𝛽2 (Figure 5). Although
LECs are derived from surface ectoderm, they express
vimentin [38] as well as the epithelial surface marker, keratin,

siRNA P2 P5 
+++

−−

−TGF𝛽2

Figure 5: siRNA inhibition of Snail protein expression. Serum
starved HLEB3 cells were transfected with human Snail siRNA
(P2) and negative control (P5) before being stimulated with TGF𝛽2
for 8 hours. Cells were stained with anti-Snail antibody (red)
and counterstained with Hoechst (blue). Images were taken by
fluorescence microscope (400x).
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Figure 6: siRNA inhibition of EMT relevant molecules. Serum
starved HLEB3 cells were transfected with human Snail siRNA (P2),
negative control siRNA (P5).Then cells were stimulatedwith TGF𝛽2
for 24 hours. Various cellular proteins were detected by immunoflu-
orescence staining. Images were taken by fluorescence microscope
(400x).

and E-cadherin. The vimentin is expressed physiologically in
an appropriate amount while overexpression is an evidence
of EMT. Immunofluorescence analysis for EMT relevant
proteins revealed that keratin, E-cadherin, and vimentin
were expressed in normal HLEB3 cells but not 𝛼-SMA.
The TGF𝛽2-induced repression of keratin and E-cadherin
production was significantly abolished by the Snail targeting
siRNA. The increase of vimentin and 𝛼-SMA by TGF𝛽2 was
inhibited by the siRNA treatment (Figure 6).

The observation of the morphology of HLEB3 cells
showed that untreated HLEB3 cells were polygonal with tight
junction. After the stimulation of TGF𝛽2, the cells became
longer and slimmer, spindly shaped as fibroblast, and the
junctions of cell-cell were lost. Snail targeting siRNA reversed
those morphological changes (Figure 7).
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Figure 7: Morphological changes of HLEB3 cells. Serum starved HLEB3 cells were transfected with human Snail siRNA (P2) and negative
control siRNA (P5) before the cells were stimulated with TGF𝛽2. The morphology of the cells was observed under inverted microscope. (a)
TGF𝛽2-induced cells became spindly shaped. (b) Snail targeting siRNA prevented the cells from the TGF𝛽2-induced morphological change
(200x).
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Figure 8: Inhibition of migration ability by Snail siRNA. Serum starved HLEB3 cells were transfected with human Snail siRNA (P2),
negative control siRNA (P5) before the cells were stimulated with TGF𝛽2 for 48 h. Transwell assay was used to detect the migration ability of
cells. (a) Crystal violet stained transmembrane cells under light microscope (100x). (b) The count of migrated HLEB3 cells from triplicated
experiments.∗𝑃 < 0.05 compared with siRNA (−)/TGF𝛽2 (+) (10 ng/mL).

There were few untreated HLEB3 cells that passed
through the polycarbonate. The migration of TGF𝛽2-treated
cells was markedly higher than the untreated cells (𝑃 <
0.05).The treatment of Snail siRNA (P2) significantly blocked
the increased migration stimulated by TGF𝛽2 (𝑃 < 0.05)
(Figure 8).

4. Discussion

In this study, we successfully established a human LEC EMT
model and found that Snail targeting siRNA can efficiently
inhibit TGF𝛽2-induced EMT of human LECs, which has not
been reported previously. The data indicated the potential to
use siRNA approach to suppress development of PCO after
cataract surgery.

At present, surgery is the only effective treatment of cata-
ract to restore impaired vision. Unfortunately, many patients
suffer a secondary loss of vision over time because of PCO.
PCO is themost common long-term complication of cataract
surgery.The incidence of PCO is approximately 50% in adults
and 100% in children [39–42]. It usually causes a decrease
in visual acuity by blocking the visual axis and striae or
folds in the posterior capsule. In addition, traction-induced
intraocular lens (IOL) malposition, which needed further
corrective surgery, can occur during PCO.

PCO is usually caused by the proliferation, migra-
tion, EMT, collagen deposition, and lens fiber regeneration
of residual LECs [43–46] because the surgery induces a

wound-healing response in the lens. Usually, proliferation
of the remaining LECs starts within a few hours after
cataract surgery [47]. Proliferation and migration of LECs
may precede EMT, and the two events are thought to be
independently regulated [48, 49]. Therefore, postsurgical
medical inhibition of LECs’ proliferation, migration, and
EMT would be an option for preventing PCO.

Myofibroblasts play a central role in the process of tissue
fibrosis and scarring. This cell type is derived from both acti-
vated fibroblasts and epithelial cells including LECs. Expres-
sion of 𝛼-SMA, a marker for fibroblast-myofibroblast con-
version, is mediated by Smads [50]. The transdifferentiation
in which an epithelial cell changes its phenotype to a
myofibroblast involves many transcription factors including
ZEB (Sip1/dEF1), bHLH (E47/Twist), and Snail1/2 [51–54].
These transcription factors are upregulated by TGF𝛽 and
directly suppress E-cadherin promoter, which is essential in
the maintenance of epithelial phenotype. Expression of Snail,
the master transcription factor involved in an early step of
the EMT, is considered as an important factor in the tissue
fibrosis in the eye [7].

We focus on Snail because of its relation in cellular pro-
liferation and differentiation. Snail is a member of a family of
zinc finger-containing transcriptional repressors. Snail family
is implicated in the transcriptional repression of E-cadherin
by interacting with the E-box sequence in the proximal E-
cadherin promoter. So, the function of the gene is associated
with suppression of the epithelial phenotype [55]. The gene
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had been shown to be a master gene for early stage of EMT
[51, 56, 57].

Cho et al. had reported that TGF𝛽 induced Snail expres-
sion in mouse lens epithelial cells [36]. It is also reported
that Slug (Snail2, another member of Snail superfamily)
was expressed in anterior polar cataracts and human lens
epithelial cell lines [58].

RNA interference has become a standard method for
in vitro knockdown of any target gene of interest. siRNA
can incorporate into a protein complex that recognizes and
cleaves target mRNA [59]. Compared to small chemicals for
the purpose of inhibition, siRNA mimics RNAi that is a
common phenomenon in living creature and is believed to
be safe and efficient in the inhibition of a specific gene expres-
sion. Four siRNAs against Snail were used to avoid off-target
effects. Our data suggested that all the designed siRNAs
inhibited the expression of Snail notably.

In this study, we have demonstrated that Snail is an
early responder of TGF𝛽 in EMT of human LECs. TGF𝛽2-
treated HLEB3 cells lose their epithelium character and gain
mesenchymal feature. Snails are implicated in the repression
by interacting with the E-box sequence in the proximal E-
cadherin promoter, which is associated with morphologic
changes in cells that occur during EMT in embryonic devel-
opment and in tumor cell invasion [27, 34, 35].We confirmed
the similar mechanism in HLEB3 cells. TGF𝛽2 changed the
polygonal LECs to elongated shape and lost contact with their
neighbors. These cells gained notable migration ability. We
presumed that the loss of cells’ junction is caused by Snail-
induced E-cadherin’s reduction and the contractive property
of 𝛼-SMA contributes to the migration. We found that all
these EMT relevant changes were blocked by targeting Snail.

In conclusion, our data indicated that TGF𝛽2 induces
Snail expression and EMT of human LECs, and Snail is an
essential factor in this process. Snail targeting siRNA inhibits
Snail expression and EMT in human LECs, and might be a
candidate strategy to prevent subcapsular cataract including
PCO.
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[25] C. Côme, V. Arnoux, F. Bibeau, and P. Savagner, “Roles of the
transcription factors Snail and slug during mammary morpho-
genesis and breast carcinomaprogression,” Journal ofMammary
Gland Biology and Neoplasia, vol. 9, no. 2, pp. 183–193, 2004.

[26] E. Rosivatz, I. Becker, K. Specht et al., “Differential expression
of the epithelial-mesenchymal transition regulators Snail, SIP1,
and twist in gastric cancer,” American Journal of Pathology, vol.
161, no. 5, pp. 1881–1891, 2002.

[27] E. Batlle, E. Sancho, C. Franci et al., “The transcription factor
Snail is a repressor of E-cadherin gene expression in epithelial
tumour cells,”Nature Cell Biology, vol. 2, no. 2, pp. 84–89, 2000.

[28] H. G. Pálmer, M. J. Larriba, J. M. Garćıa et al., “The transcrip-
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Semicarbazide-sensitive amine oxidase/vascular adhesion protein-1 (SSAO/VAP-1), a dual-function molecule with adhesive and
enzymatic properties, is expressed on the surface of vascular endothelial cells of mammals. It also exists as a soluble form
(sVAP-1), which is implicated in oxidative stress via its enzymatic activity and can be a prognostic biomarker. Recent evidence
suggests that VAP-1 is an important therapeutic target for several inflammation-related ocular diseases, such as uveitis, age-
related macular degeneration (AMD), and diabetic retinopathy (DR), by involving in the recruitment of leukocytes at sites of
inflammation. Furthermore, VAP-1 plays an important role in the pathogenesis of conjunctival inflammatory diseases such as
pyogenic granulomas and the progression of conjunctival lymphoma. VAP-1 may be an alternative therapeutic target in ocular
diseases. The in vivo imaging of inflammation using VAP-1 as a target molecule is a novel approach with a potential for early
detection and characterization of inflammatory diseases.This paper reviews the critical roles of VAP-1 in ophthalmological diseases
which may provide a novel research direction or a potent therapeutic strategy.

1. Introduction

Vascular adhesion protein-1 (VAP-1) is a homodimeric sia-
lylated glycoprotein originally discovered in inflamed syn-
ovial vessels by Salmi and Jalkanen in 1992 [1]. VAP-1 is a
multifunctional molecule that possesses enzymatic activity
known as semicarbazide-sensitive amine oxidase (SSAO) and
is involved in the leukocyte recruitment cascade. The VAP-1
molecule consists of an extracellular part, which harbors the
catalytic site, a transmembrane segment, and a short intracel-
lular N-terminal tail [2, 3]. On the plasma membrane, VAP-1
normally forms a homodimer of two 90 kDa glycoproteins.
The extracellular part of each monomer consists of three
domains (D2–D4). VAP-1 has a relatively narrow substrate
channel formed by domains D4 and D3, and a key leucine
(469 in human) guards the entry of substrates. The large D4
domains, from each subunit, form the dimer interface and
each also contains a catalytic site, buried at the base of a deep
cleft.

VAP-1 exists as membrane-bound and soluble forms in
the plasma. Its major sources are endothelial cells, smooth

muscle cells, and the adipocytes [4]. VAP-1 is expressed on the
endothelium of human tissues such as skin, brain, lung, liver,
and heart under both normal and inflamed conditions [4–8].
In the ocular tissues of humans and rats, VAP-1 is localized
on the endothelial cells of retinal and choroidal vessels [9–12].
VAP-1 labeling showed the highest intensity in both arteries
and veins of neuronal tissues: retina and optic nerve, the
moderate intensity in scleral and choroidal vessels, and the
lowest intensity in the iris vasculature [10]. Moreover, VAP-1
intensity was significantly higher in the arteries compared to
veins [10].

Under normal conditions, VAP-1 is mainly absent from
the endothelial cell surface and is stored within intracellular
granules, while on inflammation, it is rapidly translocated
to the endothelial cell surface and facilitates the recruit-
ment of leukocytes into the inflamed tissues together with
other leukocyte adhesion molecules [13] (Figure 1). In fact,
previous studies have elucidated that VAP-1 is involved in
the molecular mechanisms of acute ocular inflammation
[11], inflammation-associated ocular angiogenesis [12], and
leukostasis under diabetic conditions [10]. Indeed, VAP-1
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Figure 1:Under normal conditions, VAP-1 ismainly absent from the
endothelial cell surface and is stored within intracellular granules,
while on inflammation, it is rapidly translocated to the endothelial
cell surface and facilitates the recruitment of leukocytes into the in-
flamed tissues together with other leukocyte adhesion molecules.

inhibition may be a novel and potent therapeutic strategy
in the treatment of ocular inflammatory diseases. Notably,
SSAO/VAP-1 contributes to inflammation not only through
its role as an adhesion molecule but also through its function
as an enzyme by causing the formation of cytotoxicmolecules
such as hydrogen peroxide, aldehyde, and ammonia [14].
These molecules are involved in the pathophysiology of ocu-
lar inflammation [15, 16], and their inhibition, for instance,
through antioxidants, recovers the integrity of the blood-
aqueous barrier in endotoxin-induced uveitis (EIU) animals
[17].

Here we give an overview on the new research progresses
of VAP-1 in the ocular diseases including uveitis, age-related
macular degeneration (AMD), diabetic retinopathy (DR),
and ocular tumor.The connection between VAP-1 and ocular
diseases will be elucidated and may provide a new research
direction for the diagnosis and treatment of these ocular dis-
eases.

2. VAP-1 in Acute Inflammation of
Endotoxin-Induced Uveitis

Uveitis is regarded as a sight-threatening disease. Compli-
cations such as cystoid macular edema, glaucoma, vascular
occlusion, and proliferative vitreoretinopathy are common
causes of permanent vision loss [18–21]. EIU is one of animal
models to establish new therapeutic targets for treating
human uveitis, which is marked by a vasodilatation of the
iris and vascular changes in the ciliary body, accompanied
by an increased vascular permeability and breakdown of the
blood-aqueous barrier [22–24]. The leukocytes infiltrate into
the anterior chamber, vitreous cavity, and retina from ciliary
body and iris in conjunction with protein extravasation into

the aqueous humor. As part of this inflammatory response,
endothelial adhesion molecules are upregulated. For exam-
ple, endothelial P-selectin, which mediates the first step
of the leukocyte recruitment, the tethering, and rolling,
is upregulated in retinal vessels of EIU animals [25, 26].
Furthermore, intercellular adhesion molecule-1 (ICAM-1),
which mediates the subsequent step of firm leukocyte adhe-
sion to the vascular endothelium, is increased in the retina of
EIU animals [27, 28]. Functional inhibition of P-selectin [29]
or ICAM-1 [28] prevents the infiltration of leukocytes into the
inflamed ocular tissues during EIU, and thus attenuates the
inflammatory response at the early stages of rolling and firm
adhesion.

In 2008, Noda et al. investigated the role of VAP-1 in an
established model of EIU. VAP-1 is constitutively expressed
in the normal retina, and its expression is elevated together
with SSAO activity during EIU [11]. Their data also indicate
that VAP-1 inhibition substantially suppresses retinal inflam-
mation during EIU on a molecular, cellular, and organ level.
For example, VAP-1 inhibition in EIU animals significantly
suppressed leukocytes recruitment to the anterior chamber,
vitreous, and retina, as well as retinal endothelial P-selectin
expression. The diameter of the retinal veins and arteries of
EIU animals, 24 h after LPS injection, was significantly larger
than the corresponding retinal vessels in normal animals.
However, VAP-1 inhibition reduced the diameter of corre-
sponding retinal veins and arteries 24 h after LPS injection,
compared with vehicle-treated rats even though the differ-
ence did not reach statistical significance. To sum up, VAP-
1 is crucially involved in leukocyte infiltration into ocular
tissues during acute inflammation of EIU. VAP-1 inhibition
may even prevent leukocyte recruitment at the early stage of
rolling and become a novel strategy in the treatment of uveitis
(Table 1).

3. VAP-1 in the Choroidal Neovascularization

Choroidal neovascularization (CNV) is the main cause of
severe vision loss in patients with age-related macular degen-
eration (AMD) [30]. Inflammation plays a critical role in
the formation of CNV lesions and may contribute to the
pathogenesis of both the nonexudative and exudative forms
of AMD [31, 32]. For example, inflammatory cells are found
in surgically excised CNV lesions from AMD patients [33–
36] and in autopsied eyes with CNV [37–39]. In particular,
macrophages have been implicated in the pathogenesis of
AMDdue to their spatiotemporal distribution in the proxim-
ity of the CNV lesions in experimental models and humans
[40–42]. Macrophages are a source of proangiogenic and
inflammatory cytokines, such as vascular endothelial growth
factor (VEGF) [43] and tumor necrosis factor (TNF)-𝛼 [44],
both of which significantly contribute to the pathogenesis of
CNV [45, 46]. Furthermore, druse which has proven to be
one of the earliest signs of AMDcontainsmany inflammatory
molecules [47, 48]. Some inflammatorymolecules such as the
complement components C3a and C5a are proinflammatory
and can induce VEGF [49].

As an endothelial adhesion molecule involved in leuko-
cyte recruitment under inflammatory conditions, VAP-1
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Table 1: The function of vascular adhesion protein-1 in ocular diseases.

Eye diseases Possible role of VAP-1 Reference
Uveitis VAP-1 is involved in leukocyte infiltration into ocular tissues. [11]

NVC During acute inflammation, VAP-1 regulates both firm adhesion and transmigration; VAP-1 contributes to the
recruitment of macrophages to CNV lesions and has a novel link with angiogenesis.

[12, 50]

DR In chronic low-grade inflammation, VAP-1 may only regulate transmigration; sVAP-1 is increased and
correlated with oxidative stress in the vitreous fluid. [10, 64]

Tumor VAP-1 is correlated with the angiogenesis and tumor growth. [71, 72]
VAP-1: vascular adhesion protein-1.

was recently showed to contribute to the recruitment of
macrophages to CNV lesions in a rat laser-induced AMD
model and had a novel link with angiogenesis [12]. In their
study, VAP-1 was found to be expressed in the choroid and
retina, exclusively in the vessels, and localized in the vessels of
the CNV lesions. Inhibition of VAP-1 significantly decreased
CNV size, fluorescein angiography leakage, and the accu-
mulation of macrophages in CNV lesions [12]. Further-
more, VAP-1 blockade significantly reduced the expression of
inflammation-associated molecules such as tumor necrosis
factor (TNF)-𝛼, monocyte chemoattractant protein (MCP)-
1, and intercellular adhesion molecule (ICAM)-1 [12].

Most recently, in a mouse laser-induced CNV model,
VAP-1 inhibition significantly attenuated CNV formation in
a dose-dependent manner and reduced macrophage infiltra-
tion into CNV lesions [50]. Furthermore, VAP-1 blockade
decreased the expression of ICAM-1 and MCP-1, both of
which played a pivotal role in macrophage recruitment [50].
Thus, VAP-1 blockade reduced macrophage recruitment into
CNV lesion indirectly via suppression of other adhesion
molecules. Previous studies have demonstrated that marked
suppression of VEGF is crucial for the suppression of CNV
formation in the laser-inducedCNVmodel [51, 52]. However,
in this study VAP-1 blockade showed weak inhibitory effects
on VEGF, a key molecule for angiogenesis, whereas CNV
formation was significantly suppressed. It may indicate that
VAP-1 inhibition ameliorates ocular angiogenesis through
mechanism(s) other than VEGF expression. Further evalu-
ation is needed to elucidate the detailed mechanism(s). In
conclusion, the current data suggest that VAP-1 may be an
attractive molecular target in the treatment of CNV forma-
tion of AMD (Table 1).

4. VAP-1 in Chronic Low-Grade Inflammation
of Diabetic Retinopathy

Diabetic retinopathy (DR) is one of the main microvascular
complications of diabetes and a leading cause of adult vision
loss [53, 54]. Recent studies have elucidated that chronic,
low-grade inflammation underlies much of the vascular
complications of DR [55, 56].Manymolecular and functional
changes that are characteristics of inflammation have been
detected inDR.The recruitment of leukocytes has been found
to be significantly increased in retinas of diabetic animals
[57–59] andmight contribute to the capillary nonperfusion of
diabetic retinopathy. Leukocytes firmly adhering to capillary

endothelial cells via adhesion molecules induce apoptotic
changes in retinal endothelial cells.

As demonstrated through several lines of evidence, VAP-
1 seems to be a key player in the inflammation associated
with DR. In 2009, Noda et al. investigated the role of VAP-1
in DR. Contrastively, retinal VAP-1 expression was higher in
diabetic animals compared to the normal controls; however,
the difference did not reach statistical significance [10]. Their
results also suggested that VAP-1 principally regulated the
step of leukocyte transmigration, with little influence on the
preceding step of firm adhesion [10]. This provides a clear
distinction between the role of VAP-1 in acute and chronic
inflammation. During acute inflammation VAP-1 regulates
both firm adhesion and transmigration [11], while in chronic
low-grade inflammation, such as found during diabetes,
VAP-1may only regulate transmigration. In conclusion, VAP-
1 contributes to the inflammatory outcome of DR. VAP-1
inhibition may be beneficial in the treatment and prevention
of DR. Further investigation may provide a better under-
standing of the role of VAP-1 in DR.

VAP-1 also exists as a soluble form in serumwhich retains
its enzymatic function [60]. Like other soluble adhesion
molecules, sVAP-1 modulates lymphocyte adherence. In fact,
sVAP-1 appears to augment lymphocyte binding to endothe-
lial cells [61]. Much attention has recently been paid to the
elevated serum concentration of sVAP-1 in patients with type
1 and type 2 diabetes [61, 62]. In type 2 diabetes, sVAP-1 even
serves as an independent prognostic marker for the diabetic
complications and predicts the risk for cardiovascular and
cancer mortality in these patients [63]. Moreover, patients
with DR display significantly higher plasma SSAO activities
compared to patients without DR [61] (Table 1).

In a recent clinical study, Murata et al. [64] demonstrated
that sVAP-1 is increased and correlated with oxidative stress
in the vitreous fluid of patients with PDR. Furthermore, reti-
nal capillary endothelial cells produce the membrane-bound
form of VAP-1 and release sVAP-1 when stimulated with high
glucose or inflammatory cytokines such as TNF-𝛼 and IL-
1𝛽. MMP-2 (matrix metalloproteinases-2) and MMP-9 can
degrade type IV collagen, laminin, and fibronectin, the main
constituents of the basement membrane; thereby, MMPs play
a crucial role in the degradation of basement membrane
during angiogenesis [65, 66]. MMP-2 and MMP-9 are the
proteinases predominantly responsible for VAP-1 shedding
from retinal capillary endothelial cells [64]. The present data
provide evidence on the link between sVAP-1 and type IV
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collagenases in the pathogenesis of PDR. Therefore, further
studies are needed to clarify the relationship between sVAP-1
and other ocular diseases.

5. VAP-1 in Ocular Tumor

The relationships between VAP-1 and tumors have been
reported. In human skin melanoma, VAP-1 protein expres-
sion was significantly decreased in intratumoral vessels [67].
It has been demonstrated that the 5-year survival of melano-
ma patients with low VAP-1 protein expression in intratu-
moral blood vessels was lower than that of those patients
with high VAP-1 expression [67]. Strong expression of VAP-
1 on tumor endothelium could distinguish human hepato-
cellular carcinoma from colorectal hepatic metastases [68].
Furthermore, some studies indicate that patients with low
sVAP-1 levels have significantly worse prognosis of colorectal
cancer and that sVAP-1 is an independent marker of hepatic
and lymph node metastasis in these patients [69]. A similar
correlationwith low sVAP-1 and poor prognosis was reported
in gastric cancer [70].

Lately, Fukuhara et al. examined the immunolocalization
of VAP-1 in pyogenic granuloma and extranodal marginal
zone B-cell lymphoma (EMZL) as common human con-
junctival tumors. They showed strong expression of VAP-1
protein in intratumoral blood vessels of pyogenic granuloma,
a benign inflammatory conjunctival tumor, and relatively
lower expression in EMZL, a malignant inflammatory tumor
[71]. Moreover, the microvessel density was high in pyogenic
granuloma compared to that in EMZL [71].Their data suggest
that VAP-1 plays an important role in the pathogenesis and
development of conjunctival inflammatory diseases such as
pyogenic granulomas, whereas the relatively lower expression
of VAP-1 in intratumoral microvessels might be correlated
with the progression of conjunctival lymphoma.

Furthermore, VAP-1 is involved in angiogenesis and
tumor growth via controlling the migration of Gr-1+CD11b+
myeloid cells, which comprise immature macrophages and
dendritic cells playing a pivotal role in tumor angiogenesis
[72]. VAP-1 may support tumor progression. VAP-1 deficient
mice melanoma and lymphoma tumors grew more slowly
than in wild-type animals [72]. The tumors in VAP-1−/−
host had defective angiogenesis and impaired recruitment of
myeloid-derived suppressor cells (MDSCs). Notably, if the
MDSCs were ablated from the mice, VAP-1 deficiency no
longer protected the animals. Moreover, genetic experiments
with transgenic mice expressing an enzymatically inactive
mutant of VAP-1 showed that the effects onMDSC accumula-
tion were dependent on the oxidase activity of VAP-1. There-
fore, VAP-1 enhances local malignant lymphoma growth by
increasing the recruitment of myeloid leukocytes into the
tumors. These data suggest that VAP-1 contributes to the
development of conjunctival EMZL. Since tumor cells utilize
the catalytic activity of VAP-1 to recruit myeloid cells into
tumors, and to support tumor progression, small-molecule
VAP-1 inhibitors could be an effective immunotherapy for
the inhibition of tumor progression [73]. Currently Salmi
and Jalkanen [74] hypothesize that the VAP-1 express-
ing in neoangiogenic vessels of the tumor bind MDSC. As

a consequence, the intratumoral numbers of this particular
protumorigenic leukocyte subtype are selectively increased,
with a concomitant stimulation of the neoangiogenesis and
enhancement of the immunosuppressing gene signature of
the tumor microenvironment. In conclusions, VAP-1 may be
an alternative therapeutic target in ocular tumors (Table 1).

6. The Role of VAP-1 in Molecular Imaging

The special structure of the eye provides a unique oppor-
tunity for noninvasive light-based imaging of fundus vas-
culature. Using adhesion-molecule-conjugated fluorescent
microspheres (MSs) in live animals, researchers showed early
endothelial changes in ocular microvessels at an early stage
[75], which were previously detectable only by the most sen-
sitive in vitro techniques, such as immunohistochemistry or
PCR. This novel method also allows evaluation of leukocyte-
endothelial interaction in the retinal and choroidal capillaries
flow or identification of specific molecular changes during
disease. Molecular imaging is defined as the ability to visual-
ize and quantitatively measure the function of biological and
cellular processes in vivo [76, 77]. In vivo molecular imaging
has a great potential to impact medicine by detecting diseases
or screening diseases in early stages, identifying extent of
disease, selecting disease- and patient-specific therapeutic
treatment, applying a directed or targeted therapy, and mea-
suring molecular-specific effects of treatment. Inflammation
and tracing of inflammatory cells have been a key topic in
molecular imaging in recent years. An ideal target for in
vivo imaging of inflammation would be a molecule that is
normally absent from the endothelium of healthy tissues but
is induced at the onset of inflammation.

According to our previous summarization, VAP-1 may be
suitable as an imaging target in the diagnosis and treatment
of ocular inflammatory diseases. A recent paper using the
technique of in vivo molecular imaging showed that VAP-1
was expressed in the resting and angiogenic corneal blood
vessel endothelial cells but not in lymphatic vessels [78].
Moreover, the study demonstrated a higher VAP-1 expression
in angiogenic than normal blood vessels, which revealed the
key role of VAP-1 in angiogenesis-related diseases [78]. In
the study, IL-1–inducedM2macrophage infiltration as well as
lymph-and angiogenesis were blocked by VAP-1 inhibition,
whereas VEGF-A-induced lymph- and angiogenesis were
unaffected by VAP-1 inhibition [78]. These results indicate
a critical role for VAP-1 in lymph- and angiogenesis-related
macrophage recruitment. To sum up, VAP-1 might become
a new target for the treatment of inflammatory lymph- and
angiogenic diseases, including cancer.

The proof of concept regarding the use of VAP-1 as an
imaging target was also obtained with iodinated monoclonal
antibodies against VAP-1. They were used to detect skin
and joint inflammation in the pig [79]. Currently, VAP-1
was investigated as a potential target for in vivo imaging
of inflammation by means of PET [80]. Panning of phage
display libraries with recombinant VAP-1 has led to the
identification of the first cellular counter-receptors of VAP-
1. These experiments showed that VAP-1 binds to Siglec-
9 and Siglec-10 proteins both in cell free protein-protein
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interaction assays and in different cell-based models [80–83].
Siglecs belong to a family of lectin molecules, which bind
to sialic acids and mediate various adhesive and signaling
events both within the immune system and elsewhere in
the body [84]. The cellular distributions of Siglec-9 and -10
are very different: Siglec-9 is expressed on all granulocytes,
whereas Siglec-10 is present mainly on B-cells. Based on
molecular modeling, it is plausible that both Siglecs can
present specific arginine residues into the enzymatic cavity
of VAP-1. Although the side chain of arginine terminates in
a complex guanidinium structure rather than in normal pri-
mary amine, the arginine 293 of Siglec-10 has been experi-
mentally demonstrated to function as a substrate of VAP-1
[81]. Thus, these molecules can apparently serve as surface-
bound substrates of VAP-1. Siglec-VAP-1 interaction can be
utilized for the imaging of inflammation and cancer in vivo
[82]. Short synthetic Siglec-9 peptides (containing the VAP-
1 interacting core sequence) localize selectively to sites of
inflammation in vivo in VAP-1 expressing transgenic mice
but not in VAP-1 deficient mice. From the clinical point of
view, a VAP-1-specific imaging agent could be valuable for the
detection of infection/inflammation during its early stages.
As a diagnostic tool, the method could differentiate between
inflammation and cancerous growth or bacterial infection
from sterile inflammation [85].

7. Conclusions and Future Perspectives

Aberrant leukocyte trafficking to sites of inflammation is
often harmful leading to tissue damage.Therefore, molecules
responsible for the harmful traffic are theoretically excellent
targets to prevent inflammations. VAP-1 acts via direct inter-
actions with its counter-receptors, and more importantly,
exerts its effects via the end-products of its enzymatic
activity. The inhibitors of VAP-1 may be anti-inflammatory
and antiangiogenic agents to decrease the inflammation in
ophthalmological diseases. The end-products of VAP-1 are
proinflammatory, so they would be beneficial to suppress
VAP-1 and alleviate inflammatory reactions. In comparison
to other trafficking-associated molecules, VAP-1 provides
pharmaceutical industry with unique targets for the design of
novel molecule-targeted therapies of inflammatory diseases.
Moreover, VAP-1 may be an alternative therapeutic target in
tumors. The in vivo imaging of inflammation using VAP-1 as
a targetmolecule is a novel approachwith a potential for early
detection and characterization of inflammatory diseases and
has obvious clinical significance. Based on the properties and
results obtained so far from preclinical and clinical studies,
VAP-1 may provide a novel research direction or a potent
therapeutic strategy for ophthalmological diseases, including
inflammatory lymph- and angiogenic diseases, including
cancer.
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