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Abstract

There are an estimated 285 million people with visual impairment worldwide, of whom 39 million
are blind. The pathogenesis of many eye diseases remains poorly understood. The human eye is
currently an emerging proteome that may provide key insight into the biological pathways of
disease. We review proteomic investigations of the human eye and present a catalogue of 4842
non-redundant proteins identified in human eye tissues and biofluids to date. We highlight the
need to identify new biomarkers for eye diseases using proteomics. Recent advances in proteomics
now allow the identification of hundreds to thousands of proteins in tissues and fluids,
characterization of various post-translational modifications, and simultaneous quantification of
multiple proteins. To facilitate proteomic studies of the eye, the Human Eye Proteome Project
(HEPP) was organized in September 2012. The HEPP is one of the most recent components of the
Biology/Disease-driven Human Proteome Project (B/D-HPP) whose overarching goal is to
support the broad application of state-of-the-art measurements of proteins and proteomes by life
scientists studying the molecular mechanisms of biological processes and human disease. The
large repertoire of investigative proteomic tools has great potential to transform vision science and
enhance understanding of physiology and disease processes that affect sight.
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1 Introduction

There are an estimated 285 million people with visual impairment worldwide, of whom 39
million are blind [1]. The main causes of blindness include age-related macular
degeneration, glaucoma, corneal opacities, diabetic retinopathy, trachoma, and vitamin A
deficiency. The global health cost of visual impairment and blindness was an estimated $3
trillion in 2010 [2]. The underlying pathophysiology of many blinding eye diseases remains
poorly understood. The identification of individuals who are at high risk for visual
impairment and blindness from eye diseases is problematic. Despite existing treatments such
as anti-angiogenic drugs, topical medications, surgery, and laser photocoagulation, millions
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of patients with age-related macular degeneration, glaucoma, and diabetic retinopathy still
progress to visual impairment and blindness.

The human eye is a complex organ that comprises the tear film, conjunctiva, cornea,
aqueous humor, iris, ciliary body, lens, vitreous humor, retina, choroid, sclera, and optic
nerve. The adjacent tissues, or ocular adnexae, consist of the lacrimal apparatus, eyelids,
extraocular muscles, and orbit. There are certain structural qualities of the eye that make it
unique in the human body, such as the transparency of the cornea, the focal abilities of the
crystalline lens, and the light receptive qualities of the retina. Small disturbances in these
delicate tissues can result in impaired vision and blindness.

Proteomics can provide new insights into the pathogenesis of eye disease by characterization
of the diversity and quantity of proteins — including their isoforms and posttranslational
modifications — in both health and natural aging versus those that occur with disease or upon
treatment. There is also the possibility that the application of proteomics may lead to the
discovery of biomarkers that identify individuals at risk for disease, monitor responses to
treatment, and reveal biological pathways of disease. The goals of this review are: (1) to
summarize the progress that has been made in proteomic investigations of the human eye,
(2) to highlight the need for identification of new biomarkers for specific eye diseases, and
(3) to show how the tremendous advances in proteomics can be used to gain insight into the
pathogenesis of eye diseases. Finally, we present the new initiative, the Human Eye
Proteome Project, that was organized at the recent Human Proteome Organization (HUPO)
11t World Congress in Boston, September 9-13, 2012 and recognized as an official
initiative of HUPO by the Biology/Disease Human Proteome Project (B/D-HPP) [3] in
December 2012. The overarching goal of the B/D-HPP is to support the broad application of
state-of-the-art measurements of proteins and proteomes by life scientists studying the
molecular mechanisms of biological processes and human disease [3].

2 Proteomes of human eye tissues and fluids

2.1 Tears

The proteomes of the different tissues of the human eye and its associated fluids have only
been partially characterized. Most studies have been conducted with the more accessible
compartments of the eye, i.e., tears, aqueous humor, and vitreous humor. In part this is due
to the limited availability of samples and limited volume and quantity of different ocular
tissues and biofluids. The number of non-redundant proteins identified in various tissues and
fluids of the eye are shown in Figure 1.

The tear film consists of an outer lipid layer, a middle aqueous layer, and an inner mucous
layer that overlies the corneal and conjunctival epithelium. The human tear proteome has
been investigated in normal subjects [4-8]. A recent study identified 1466 non-redundant
proteins in tears, the largest number of tear proteins to date [7]. One obstacle to the
proteomic analysis of tears is that highly abundant proteins such a lactoferrin, lysozyme,
secretory IgA, and albumin mask the proteins that are present in lower abundance [6]. The
method of tear collection can also influence the results, as the protein profile of tears can be
quite different between closed eyes and open eyes [7] and between collection using
Schirmer strips versus capillary tubes [6]. Post-translational modifications such as
phosphorylation and glycosylation have been reported in tear proteins [4]. In a study of six
healthy volunteers followed over seven days, no significant variability in tear protein
profiles from day-to-day or between eyes of the same individual was found [8].

Dry eye syndrome, as defined at a recent expert group meeting, is “a multifactorial disease
of the tears and ocular surface that results in symptoms of discomfort, visual disturbance,
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and tear instability with potential damage to the ocular surface. It is accompanied by
increased osmolarity of the tear and inflammation of the ocular surface” [9]. Dry eye
syndrome is common, with a reported age-adjusted prevalence of dry eye syndrome among
men and women of about 4% and 8%, respectively, in the U.S. [10,11]. The tear proteome
has been compared in patients with and without dry eye syndrome using a variety of
techniques for tear collection, sample processing, and mass spectrometry instrumentation
[12-18]. Three studies used isobaric tag for relative and absolute quantitation (iTRAQ) to
compare the tear proteome in patients and controls [14,16,18]. In a discovery phase study
using iTRAQ and LC-nano ESI-MS/MS (Q-Star XL, Applied Biosystems), Zhou and
colleagues identified 91 non-redundant proteins in tears, of which a-enolase, a-1-acid
glycoprotein 1, S100 A8 (calgranulin A), S100 A9 (calgranulin B), S100 A4, and S100 A5
(calgizzarin) were upregulated, and prolactin-inducible protein (PIP), lipocalin-1,
lactoferrin, and lysozyme were downregulated in dry eye syndrome compared with controls
[14]. Using iTRAQ and an Orbitrap mass spectrometer (LTQ-Orbitrap-XL, Thermo
Scientific), Srinivasan and colleagues identified 386 proteins in tears, of which ezrin,
apolipoprotein, g gamma-3 chain C region, vitamin D-binding protein, and peroxiridoxin
were upregulated, and lysozyme, lipocalin-1, lactotransferrin, and IgA-alpha were
downregulated in dry eye syndrome compared with controls [18]. While these two iTRAQ
studies conducted by independent groups had comparable findings in the downregulated
proteins, there was no overlap between the studies in upregulated proteins associated with
dry eye syndrome. Many of the downregulated proteins, such as lysozyme, lactotransferrin,
and lipocalin, are related to antibacterial protection of the ocular surface [18].

The human tear proteome has also been studied in a variety of other conditions, such as
keratoconus [19-21], autoimmune thyroid eye disease [22], blepharitis [23],
conjunctivochalasis [24], diabetic retinopathy [25], primary open angle glaucoma and
pseudoexfoliative glaucoma [26], in contact lens wearers [27], and in patients on chronic use
of topical glaucoma medications [28] and after ocular surface surgery [29].

The number of non-redundant proteins described in the normal human cornea has rapidly
increased from 138 proteins in 2005 [30] to 2070 proteins in 2011 [31] and 3248 proteins in
2012 [32], largely due to advances in mass spectrometry instrumentation. The main causes
of corneal blindness worldwide are vitamin A deficiency (xerophthalmia), onchocerciasis,
trachoma, and leprosy [33]; these conditions occur primarily in developing countries and
have not been the subject of proteomic investigations.

Corneal diseases often manifest within one of the layers of the cornea. To account for these
differences, Dyrlund and colleagues [32] separated the cornea into sub-proteomes consisting
of epithelium and Bowman's layer, the stroma, and Descemet's membrane and endothelium.
Some of the major corneal diseases that result in visual disability and blindness in developed
countries include Fuchs endothelial corneal dystrophy and keratoconus. Fuchs' dystrophy is
the third leading indication for corneal transplantation in the United States [34]. Fuchs'
dystrophy is characterized by the progressive loss of corneal endothelial cells and thickening
of Descemet's membrane. Loss of corneal endothelial cells can lead to corneal thickening,
loss of transparency of the cornea, and impaired vision. The progression of Fuchs' dystrophy
is associated with changes in the size, shape, and density of endothelial cells, increased
deposition of collagen VI1I in Descemet's membrane, and loss of Na*-K*-ATPase pump
sites [35]. Recent proteomic investigations of human corneal endothelium by Jurkunas and
colleagues have implicated transforming growth factor-beta-induced protein (TGFBIp),
clusterin, and peroxiredoxins in Fuchs' dystrophy [36,37]. The pathogenesis of Fuchs'
dystrophy appears to be related to oxidative stress and its effects on the endothelium [35].

Proteomics. Author manuscript; available in PMC 2014 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Semba et al.

Page 4

Keratoconus is a condition of unknown cause in which the cornea assumes a conical shape
as a result of non-inflammatory thinning of the corneal stroma. Keratoconus is one of the
most common indications for corneal transplantation [38]. The incidence of keratoconus is
about 2 per 100,000/year [38]. The proteome of the cornea has been studied in keratoconus
using 2-dimensional gel electrophoresis and mass spectrometry [39-41]. One study
suggested that additional biochemical methods such as immunohistochemistry may be
helpful in distinguishing contaminating versus endogenous cytokeratins in the cornea
proteome [42]. In addition to the more common conditions, rare corneal diseases that are
under investigation include lattice and granular corneal dystrophies, linked with
accumulations of transforming growth factor beta induced protein (TGFBIp). More than
fifty different mutations in TGFBIp have been described [43,44], of which many are
characterized by TGFBIp deposits in the cornea causing severe visual impairment. A recent
study by Karring and colleagues describes the sub-proteomes of protein deposits isolated
from patients suffering from either lattice or granular corneal dystrophy [45].

2.3 Aqueous humor

In studies of human aqueous, controls or presumably healthy subjects have been defined as
adults undergoing elective cataract surgery [46-49] due to the ethical issues involved in
collecting aqueous humor from the eyes of patients with no ocular disease. An aqueous
sample of 100-150 pL can be obtained from the anterior chamber of the eye during surgery.
Bennett and colleagues collected aqueous humor from ten patients during cataract surgery
and reported a mean total protein concentration of 0.36 mg/mL (range 0.21-0.57 mg/mL)
[49]. A total of 198 unique proteins were identified the aqueous of cataract patients, of
which the predominant molecular functions were associated with binding (protein, metal
ion, heparin, and DNA) and inhibition of proteolytic activity [49]. Another recent study that
used an LTQ Orbitrap reported 676 unique proteins in aqueous humor, of which most
proteins had catalytic, enzymatic, and structural properties. Most of the quantified proteins
were in the concentration range of 0.1 to 2.5 ng/mL [48].

Major eye diseases that may be related, in part, to alterations in the aqueous humor include
primary open angle glaucoma, uveitis, corneal graft rejection, and possibly Fuchs' dystrophy
and keratoconus. Primary open angle glaucoma is the leading cause of irreversible blindness
worldwide [50]. Elevated intraocular pressure is a risk factor for primary open angle
glaucoma, as chronic elevated pressures may lead to loss of nerve fibers in the optic nerve,
visual field loss, and blindness. The proteome of the human aqueous humor has been studied
in patients with primary open angle glaucoma [51-56]. Sacca and colleagues compared the
aqueous humor proteome in fourteen patients with glaucoma and eleven patients undergoing
cataract surgery using antibody microarray. Thirteen proteins were significantly increased in
glaucoma patients that were involved in inflammation (ELAM 1), cholesterol delivery
(apolipoprotein B and E), muscle cell differentiation and function (myotrophin, myoblast
determination protein 1, myogenin, vasodilator-stimulated phosphoprotein, ankyrin-2),
stress response and removal of damaged proteins (heat shock 50 and 90 kDa proteins,
ubiquitin fusion degradation 1-like), and signal transduction and neural development
(phospholipase C  and ) [56].

The aqueous proteome has been investigated in patients with acute corneal graft rejection
[55], myopia [58], Fuchs' dystrophy [59], and primary congenital glaucoma [60]. Kim and
colleagues compared aqueous humor in three patients with age-related macular degeneration
and three controls with cataracts. Using a linear trap quadrupole mass spectrometer (LTQ-
XL, Thermo Fisher), they identified 158 non-redundant proteins in aqueous. Seven aqueous
biomarkers of sufficient abundance were compared in cases and controls using multiple
reaction monitoring (MRM). Of these, four were significantly increased in the patients with
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age-related macular degeneration: pigment epithelium-derived factor, plasma protease C1
inhibitor, TGFBI, and ceruloplasmin [61].

2.4 1Iris and ciliary body

2.5 Lens

2.6 Vitreous

2.7 Retina

The proteome of the human iris and ciliary body has not been well characterized.

The lens is a transparent and avascular tissue composed of epithelial and fiber cells. The lens
fibers have the highest protein content in the body: >35% of their wet weight [62]. About
90% of the lens proteins are structural proteins known as crystallins in three distinct
families: a-crystallin, B-crystallin, and y-crystallin. As noted in a recent review by Kyselova,
crystallins are extremely long-lived with virtually no protein turnover, thus providing an
ideal opportunity for the study of post-translational modifications [62]. Cataract, the
opacification of the lens, is a reversible cause of impaired vision and blindness — over 1.2
million cataract operations are performed in the U.S. alone at a cost of over $3.4 billion [63].
Risk factors for cataract include age, diabetes, smoking, and chronic ultraviolet light
exposure [64], factors that could all potentially contribute to pathologic alterations of lens
crystallins.

The proteins of the human lens have been studied using a variety of mass spectrometry
approaches [65-75]. The most abundant post-translational modifications of crystallins with
advancing age and cataracts are deamidation [68,72,74] and phosphorylation [65,75]. Huang
and colleagues characterized the phosphoproteome of the human lens and identified 32
phosphoproteins and 73 phosphorylation sites [75]. Recent studies have also reported S-
methylation [68], and glycation [68] of lens crystallins. Kyselova reviewed some of the
older literature that described post-translational modifications in lens proteins [62].

humor

In studies of the human vitreous, most studies have defined controls or presumably healthy
eyes as patients undergoing vitrectomy for idiopathic macular hole due to the ethical issues
involved in collecting vitreous from healthy human eyes. Several studies have compared the
proteome of vitreous humor in patients with varying severity of diabetic retinopathy in
comparison with patients with macular holes [76-85]. One group described 460 non-
redundant proteins in human vitreous [81].

The retina consists of the neuroretina and retinal pigment epithelium. The two most common
blinding retinal diseases are age-related macular degeneration and diabetic retinopathy. Age-
related macular degeneration is the leading cause of visual loss among adults aged 65 or
older in developed countries [86]. With the growing population of older adults, the
prevalence of advanced age-related macular degeneration will increase by 50% to nearly 3
million in 2010 [87]. The global cost of visual impairment due to age-related macular
degeneration alone is currently an estimated $343 billion, including $255 billion in direct
health care costs [88]. Despite advances in treatment and prevention, age-related macular
degeneration has no effective cure and remains the leading cause of irreversible blindness in
older adults.

Crabb and colleagues described oxidative protein modifications such as cross-linked
vitronectin and metalloproteinase inhibitor-3, carboxyethyl pyrrole protein adducts, and
carboxymethyllysine, in drusen from eyes with age-related macular degeneration [89] and
lipofuscin from retinal pigment epithelium in eye bank specimens [90]. Ferrington and
colleagues used 2-dimensional gels and matrix-assisted laser desorption ionization (MALDI-
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TOF) mass spectrometry to study the proteome of the retinal pigment epithelium [91],
central and peripheral retina [92], and mitochondria of the retinal pigment epithelium [93] in
age-related macular degeneration. In a study of retinal pigment epithelial blebs, basigin and
matrix metalloproteinase-14 were identified in blebs and were more common in age-related
macular degeneration [94].

Two-dimensional gels and mass spectrometry were used to investigate the proteome of the
retinal pigment epithelium in early diabetic retinopathy [95] and vitreous in diabetic macular
edema [96]. Proteomic studies have also been conducted in idiopathic macular telangiectasia
[97] (a rare condition), and with retinal pigment epithelial cells isolated from an autopsy eye
[98].

The proteome of the isolated choroid has not been well characterized. Crabb and colleagues
described the proteome of the macular Bruch membrane/choroid complex in age-related
macular degeneration [99]. In the region of the macula, Bruch membrane and choroid were
dissected free from the overlying retina pigment epithelium and used for proteomic study. A
total of 897 non-redundant proteins were identified, of which 56 proteins were elevated and
43 proteins were reduced in eyes with age-related macular degeneration compared with
controls. A majority of the elevated proteins were involved in immune response and host
defense, including complement proteins, a-defensins 1-3, protein S100s, crystallins,
histones, and galectin-3 [99].

2.9 Optic nerve

2.10 Sclera

In a proteomic analysis of the optic nerve head in normal eyes and eyes with primary open
angle glaucoma, elevated peptidyl arginine deiminase 2, an enzyme that converts arginine to
citrulline, was found in the optic nerve head of glaucoma eyes but not in normal eyes [100].
Further study showed that myelin basic protein was a major citrullinated protein in primary
open angle glaucoma [100]. Two studies described the proteome of lamina cribrosa cells
cultured from the optic nerve [101,102].

The proteome of human sclera has not been well characterized. The sclera may be of interest
for proteomic investigations of the trabecular meshwork and Schlemm's canal, which drains
aqueous humor from the eye and influences intraocular pressure. Bhattacharya and
colleagues have developed an enrichment strategy to study intracellular proteases in the
trabecular meshwork proteome [103].

3 Compilation of the current human eye proteome

The supplementary data from the various papers described above were used to retrieve the
corresponding protein accession humbers). The papers included in the compilation of the
human eye proteome were those in which the authors applied proteomics and mass
spectrometry methods to characterize the proteome of specific eye tissues and biofluids. The
compilation did not include studies in which low abundance proteins, such as vascular
endothelial growth factor, were described using immunological methods rather than mass
spectrometry and proteomics. IP1 accessions were converted to UniProt accessions either by
lookup in the IPI [105] database or by blast searches (>90% sequence homology). All
obsolete proteins, duplicate identifications, and contaminations (e.g. trypsin and non-human
proteins) were then removed. For all protein lists with one or more non Swiss-Prot proteins
(TrEMBL, NCBI, etc.), UniProt [106] and IPI [105] were used to create a FASTA file of
sequences that were run through the CD-HIT Web Server clustering tool [106]. The tool was
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used to cluster highly similar proteins with sequence homology above 90% over the entire
protein in order to ensure the removal of duplicate entries and isoform redundancy in protein
lists from individual papers. Protein lists were imported into MS Data Miner (v.1.1.3) [107],
and this platform was used to generate subproteome lists for tears, cornea, aqueous humor,
lens, vitreous humor, retina, and choroid (Supplementary Table 1). In total, 4842 non-
redundant proteins have been identified, 4080 of which are Swiss-Prot proteins. Some
caveats deserve mention in regard to the compiled lists of proteins: (1) some reported
isoforms have no accompanying peptide data, thus, it is not possible to determine whether a
peptide amino acid sequence that is unique to the specific isoform was actually observed, (2)
the unambiguous identification of proteins in older instrumentation is less certain, (3) older
peptide databases contain some redundancy, (4) criteria used for protein identification varied
widely among different studies (Supplementary Table 2), and (5) source of material included
both surgical and postmortem samples, which could influence findings. Thus, the true list of
proteins from each subproteome is likely to be smaller than the compiled lists. In the future,
the redundancy of protein identifications and quality of reporting of peptide data from the
eye could be improved with standards established by the Human Eye Proteome Project
(section 6 below). Informed by the history of the Plasma Peptide Atlas, it is certain that a
high overall false discovery rate would emerge from these data if a standardized analysis,
like the TransProteomicPipeline (TPP), were applied to the raw spectra. As shown in
Supplementary Table 2, many studies identified proteins based upon one or more peptides,
and false discovery rates greater than 1% were commonly used. If highly stringent criteria
such as those used to create the Plasma Peptide Atlas were applied, the number of
identifications would certainly be expected to shrink from the provisional list of 4842
proteins shown in Supplementary Table 1. The Plasma Peptide Atlas has a stringent 1
percent false discovery rate at the protein level (corresponding to a 0.2 percent FDR at the
peptide level). The resulting Plasma Peptide Atlas [108] of 1929 canonical proteins also
excludes any ambiguous matches.

4 Plasma biomarkers for eye disease

As noted earlier, there is a need to identify biomarkers that can identify subjects at risk for
disease and to monitor response to treatment. No discovery phase investigations of the
plasma proteome have been undertaken for major blinding eye diseases such as age-related
macular degeneration, primary open angle glaucoma, and diabetic retinopathy. In addition,
the relationship between plasma proteins and proteins found in tears, aqueous, and vitreous
remains poorly understood. The retina and choroid are highly vascularized and may shed
proteins into the circulation. In addition, the ciliary body produces aqueous humor, which
circulates through the anterior chamber of the eye, exits via the trabecular meshwork and
Schlemm'’s canal, and enters the circulation through episcleral veins. Thus, plasma proteins
may provide important clues to biological processes that occur in the eye.

In order to learn whether proteins detected in the current human eye proteome are present in
plasma, we compared the former with the latest version of the Human Plasma Peptide Atlas.
IP1 accessions from the plasma list were converted to UniProt accessions and compared with
the human eye proteome. There were 1317 proteins common to both eye and plasma, 3525
proteins unique to the eye, and 611 proteins unique to plasma (Supplementary Table 3).

4.1 Age-related macular degeneration

Age-related macular degeneration is a disorder of the macular area of the retina
characterized by soft or confluent drusen, areas of increased pigment in the outer retina or
choroid associated with drusen, and areas of depigmentation or hyperpigmentation of the
retinal pigment epithelium. Late stages of macular degeneration can be either non-
neovascular (dry, atrophic, or nonexudative) characterized by drusen and geographic
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atrophy, or neovascular, characterized by choroidal neovascularization and its sequelae [86].
The major epidemiological risk factors for age-related macular degeneration include
increasing age, smoking, obesity, white race, and low intake of dietary antioxidants
[100-111]. Genetic association analyses have identified variants in and around complement
factor H and the ARMS2/HTRAL region with increased susceptibility to age-related macular
degeneration [112]. Although susceptibility genes play a role in over half of cases, many
individuals carrying macular degeneration risk phenotypes never develop the disease, and
only a fraction with diagnosed disease progress to advanced age-related macular
degeneration with visual loss.

Age-related inflammatory processes, as reflected by elevated plasma C-reactive protein
[113], and complement dysregulation appear to be involved in the etiology of disease, but
understanding of the precise biological mechanisms is far from clear. In one case-control
study, elevated plasma carboxyethylpyrrole was elevated in patients with age-related
macular degeneration compared with controls [114].

4.2 Primary open angle glaucoma

Primary open angle glaucoma is a multifactorial, chronic degenerative optic neuropathy
characterized by loss of retinal ganglion cells and their axons, optic nerve cupping, and
visual field loss [115]. Several circulating biomarkers have been associated with primary
open angle glaucoma, including antibodies against neuron specific enolase, antibodies to
heat shock proteins, and brain-derived neurotrophic factor, as summarized in two recent
reviews [116,117]. The diagnosis of primary open angle glaucoma is often difficult to make,
thus, the accurate classification of cases and controls will be a challenge to proteomic
studies of glaucoma.

4.3 Diabetic retinopathy

Diabetic retinopathy is the leading cause of blindness in working-aged persons in the United
States [118]. Known risk factors, such as duration of diabetes, hemoglobin A;. levels,
hypertension, hyperlipidemia, pregnancy, and renal disease, only explain a limited amount
of variance in the risk of diabetic retinopathy [118]. The underlying pathogenesis of diabetic
retinopathy is poorly understood [119]. The search for circulating biomarkers for diabetes
and diabetic retinopathy in particular remains unsatisfactory. Elevated plasma levels of
markers for inflammation and hemostasis are non-specific and have limited use as
biomarkers for prediction of diabetic retinopathy [120]. An interesting approach for future
studies may be to compare biomarkers of diabetic retinopathy with biomarker candidates for
diabetic nephropathy and diabetic neuropathy.

5 Advances in proteomics and their potential clinical applications in
ophthalmology and vision science

Major advances in mass spectrometry instrumentation, proteomic methodologies, and
bioinformatics have dramatically transformed the field within the last few years. These
advances are familiar to established investigators in proteomics and are summarized here to
orient new investigators as to the potential transformative role of the proteomics revolution
in ophthalmology and vision science.

Early proteomic studies of the eye used the traditional protein separation method of two-
dimensional gel electrophoresis combined with iontrap or MALDI-TOF mass spectrometry.
Higher resolving power and mass measurement accuracy have been facilitated with the
advent of the Orbitrap mass spectrometer [121,122] and the TripleTOF (AB Sciex) with a
scan rate of 100 Hz allowing for the identification of more proteins. New depletion columns
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allow the removal of the most highly abundant proteins from plasma and aqueous, thus
allowing the identification of a greater number of proteins of lower abundance. With these
new developments, it is now possible to observe thousands of proteins in tissues and body
fluids, something that was not possible even five years ago.

The quantitation of proteins can be either relative, using label-free methods (spectral counts,
extracted ion chromatograms, and SWATH), or stable-isotope labeling such as iTRAQ
[123], stable-isotope labeling by amino acids in cell culture (SILAC) [124], or isotope-coded
affinity tags (ICAT) [125], or absolute, using methods such as stable-isotope labeled
synthetic peptides [126]. Selected reaction monitoring (SRM) (also synonymous with
multiple reaction monitoring, or MRM) is coming into wide application for the quantitation
of multiple proteins across large numbers of samples [127]. SRM utilizes the triple
quadrupole (QQQ) mass spectrometer that has the capability to act as mass filters and can
selectively monitor for specific analytes, thus allowing for rapid quantification of
predetermined sets of proteins. A novel and innovative data-independent acquistion
available with the TripleTOF instrument, SWATH, uses fragment ion spectral libraries for
qualitative and quantitative probing of proteomic samples in a single LC-MS/MS injection
[128].

Protein isoformps that arise from alternative splicing of mMRNA or from single nucleotide
polymorphisms (SNPs) are the subject of increasing interest [129-131]. Each isoform that
results from alternative splicing can have different biological roles. Structure prediction
modeling can be applied to infer structural and functional consequences of alternative
splicing of proteins [132]. SNPs can presumably affect the function of the protein by altering
its structural configuration. Improvements in chromatography and separation methods may
help facilitate the detection of protein isoforms [131]. Bioinformatic tools and protein
databases are also being expanded to facilitate the identification of protein isoforms. Post-
translational modifications (PTMSs) represent a challenging area of study, as many PTMs are
labile to mass spectrometry analyses and a single protein can have multiple PTMs. PTMs
such as phosphorylation, acetylation, and glycosylation are common. Specific methods have
been developed to identify certain PTMs [133-136]. New mass spectrometry
instrumentation, such as the Orbitrap Elite, is able to detect more PTMs. O-GIcNAcylation,
a PTM that is being increasingly recognized as interacting with protein phosphorylation, is
amenable to study using electron transfer dissociation for ionization of peptides.

Protein complexes are involved in the majority of cellular processes, and affinity
purification-mass spectrometry and in vivo tagging with fluorescent probes can facilitate
both the characterization of particular protein complexes and their localization in the cell
[137,138]. In situ click chemistry utilizes synthetic ligands to facilitate protein capture [139]
and will likely advance the study of protein complexes in different tissues.

Formalin-fixed paraffin-embedded tissues are routinely prepared by pathology laboratories
and are available in archives. The use of such tissues for proteomic analyses was initially
overlooked, as the assumption was made that tissue fixation would obviate their use.
However, recent studies show that robust proteomic analyses can be conducted with
formalin-fixed paraffin-embedded tissues, and that these fixed tissues are largely equivalent
to frozen tissue [140-142]. In addition, analysis of archival specimens stored for a decade
showed no evidence of deterioration in the proteome [140].

Other innovative developments that will facilitate the study of the ocular proteome include
single molecule ELISAs that can detect serum proteins to the subfemtomolar level [143],
and advances in imaging that allow measurements of proteins down to single-molecule
sensitivity [144].
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6 The Human Eye Proteome Project

The audacious goal of the Human Eye Proteome Project is to characterize the proteome of
the human eye in health and disease in order to gain insight into the pathophysiology of eye
diseases and to contribute to new preventive and therapeutic modalities for the prevention of
visual disability and blindness. The Human Eye Proteome Project is an open initiative of
HUPO that welcomes all interested scientists.

The provisional mission of the Human Eye Proteome Project is: (1) To develop tools for the
identification and quantification of proteins in the human eye, and to apply these tools to
identify disease pathways that will lead to new therapeutic interventions and biomarkers for
the prevention and treatment of blinding eye diseases, (2) To build a network and
community of scientists who will work together and facilitate common interests in the
application of proteomics to eye diseases, (3) To characterize the proteome of the normal
human eye during the entire life cycle, including protein variants and post-translational
modifications, (4)To establish standard operating procedures for study of the human eye
proteome, such as the processing, dissection, and storage of eye bank eyes, collection of
tears, aqueous humor, and vitreous, collection of ocular tissues during surgery, and storage
of samples, (5) To establish standards for the reporting of proteomic data in order to develop
a high-confidence human eye proteome reference set in PeptideAtlas and to compare the eye
proteome with the plasma proteome in the plasma PeptideAtlas, (6)To establish repositories
of human samples to facilitate exchange and collaboration, (7) To collect eye proteome data
and research protocols from members for open access, and (8) To raise funds for exchange
of post-doctoral fellows, symposia at HUPO, and collaborative symposia with the
Association for Research in Vision and Ophthalmology (ARVO). Further development of
the Human Eye Proteome Project will take place in special sessions at the annual World
HUPO meetings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic diagram of the human eye with the number of non-redundant proteins identified
in various tissues and biofluids.
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