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Abstract

Purpose—To identify the proteins that are relevant to eye research and develop assays for the 

study of a set of these proteins.

Experimental Design—We conducted a bibliometric analysis by merging gene lists for human 

and mouse from the National Center for Biotechnology Information FTP site and combining them 

with PubMed references that were retrieved with the search terms “eye”[MeSH Terms] OR “eye”

[All Fields] OR “eyes”[All Fields].

Results—For human and mouse eye studies, respectively, the total number of publications was 

13,525 and 23,895, and the total number of proteins was 4,050 and 4,717. For proteins in human 

and mouse eye studies, respectively, 88.7% and 81.7% had five or fewer citations. The top fifty 

most intensively studied proteins for human and mouse eye studies were generally in the areas of 

photoreceptors and phototransduction, inflammation and angiogenesis, neurodevelopment, lens 

transparency, and cell cycle and cellular processes. We proposed selected reaction monitoring 

assays that were developed in silico for the top fifty most intensively studied proteins in human 

and mouse eye research.

Conclusions and clinical relevance—We conclude that scientists engaged in eye research 

tend to focus on the same proteins. Newer resources and tools in proteomics can expand the 

investigations to lesser-known proteins of the eye.
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1 Introduction

Proteomics is beginning to gain greater attention in the field of eye research, owing to recent 

advances that have been made in protein chemistry, mass spectrometry, and bioinformatics 

[1]. Although proteins are an essential link between genotype and phenotype, the 

mechanisms by which genomic variation is translated to disease phenotypes through 

proteins is not well understood in general [2]. The level of complexity between the genome 

and specific phenotypes increases tremendously at the protein level due to protein isoforms, 

single nucleotide polymorphisms, post-translational modifications (PTMs), and protein 

degradation.

The biology and disease oriented branch of the Human Proteome Project (B/D-HPP) was 

organized in 2010. The 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. This will be accomplished through 

the generation of research and informational resources that will support the routine and 

definitive measurement of the process or disease relevant proteins.” [2]. Specifically, the 

B/D-HPP seeks to identify proteins that are relevant to a particular field and generate assays 

and reagents for these proteins [2]. The dissemination of selected reaction monitoring 

(SRM) assays may help accelerate research in many different fields.

Our specific aims were to identify the proteins that have been most intensively studied in 

eye research and provide new tools for the investigation of the top fifty proteins in human 

and mouse eye research, respectively. The number of scientific publications was used as the 

indicator of how intensively a protein was studied in eye research.

2 Materials and Methods

In order to identify the proteins that have received the greatest attention in eye research, 

human and mouse gene information was retrieved from the National Center for 

Biotechnology Information FTP site. PubMed references with the search terms “eye”[MeSH 

Terms] OR “eye”[All Fields] OR “eyes”[All Fields] were downloaded from PubMed. The 

lists of human and mouse gene were then combined to creative respective lists of proteins 

for human and mouse eye research, respectively. The earliest publication on PubMed was 

from 1813, and the earliest reference to a gene was from 1924. There were few publications 

prior to 1970 (only 3 for human and 24 for mouse eye research).

PANTHER was used to classify protein function. For the top fifty proteins in human and 

mouse eye research, respectively, heat maps were used to show the number of publications 

per year, and STRING was used to examine functional protein networks. NeXtProt was used 

as the main reference for human proteins and their associated diseases, number of isoforms, 

variants, and PTMs using gold level criteria. UniProt was used as the main reference for 
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mouse proteins and their associated diseases and number of isoforms. REACTOME and 

Gene Ontology were used to identify groups of proteins involved in specific biological 

pathways studied in human eye research: complement cascade, Wnt signaling, VEGF 

signaling, apoptosis, visual phototransduction, etc. We did not find published SRM assays 

for forty-eight of the top fifty proteins in human eye research and forty-nine of the top fifty 

proteins in mouse eye research in the peer-reviewed scientific literature. SRM assays were 

constructed in silico using Skyline (MacCoss Lab, University of Washington, Seattle, WA), 

a commonly used theoretical prediction and selection algorithm [3] and following the 

guidelines for SRM assay development of Kuzyk and colleagues [4]. None of the SRM 

assays have been applied in vivo.

3 Results

A total of 4,050 proteins were found in human eye studies (Supporting Information Table 1). 

A total of 4,717 proteins were found in mouse eye studies (Supporting Information Table 2). 

The total number of publications for human and mouse eye studies, respectively, was 13,525 

and 23,895. PANTHER was used to classify protein function for the 4,050 proteins in 

human eye studies (Figure 1a) and 4,717 proteins in mouse eye studies (Figure 1b). The 

molecular functions and detection of the top fifty human eye proteins in the different tissues 

and biofluids of the human eye are presented in Supporting Information Table 3. The 

molecular functions of the top fifty mouse eye proteins are present in Supporting 

Information Table 4.

PAX-6 was the top among the fifty most intensively studied proteins in both human (Table 

1) and mouse (Table 2) eye research. Heat maps showing the frequency of publication per 

year for the top fifty proteins in human and mouse eye research are shown in Figures 2a and 

2b, respectively. The functional protein networks of the top fifty most intensively studied 

proteins in human eye research revealed three clusters representing photoreceptors and 

phototransduction, inflammation and angiogenesis, and proteins involved in lens 

transparency (Figure 3a). The functional protein networks of the top fifty most intensively 

studied proteins in mouse eye research revealed three clusters that represented 

photoreceptors and phototransduction, neurodevelopment, and cell cycle and cellular 

processes (Figure 3b).

We further examined the overlap between the fifty most intensively studied proteins in 

human and mouse eye research. There were fifteen proteins that were common to both 

human and mouse eye studies: paired box protein PAX-6, vascular endothelial growth factor 

A, rhodopsin, alpha-crystallin A chain, retinoid isomerohydrolase, peripherin-2, pituitary 

homeobox 2, tyrosinase, lens fiber major intrinsic protein, alpha-crystallin B chain, gap 

junction alpha-8 protein, cone-rod homeobox protein, cellular tumor antigen p53, rod 

cGMP-specific 3′,5′-cyclic phosphodiesterase subunit beta, and homeobox protein SIX3.

The least-studied proteins comprised a large proportion of the proteins in both human and 

mouse eye studies, as mentioned above. Of the 4,050 proteins in human eye studies, the 

percentages of proteins with 5, 4, 3, 2, or 1 citation(s) were 2.5%, 3.8%, 7.6%, 17.6%, and 

57.2%, respectively. Of the 4,717 proteins in mouse eye studies, the percentages of proteins 
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with 5, 4, 3, 2, or 1 citation(s) were 3.2%, 4.4%, 8.3%, 16.0%, and 49.8%, respectively. In 

other words, 88.7% of proteins in human eye studies and 81.7% of proteins in mouse eye 

studies had five or fewer citations.

To facilitate the use of mass spectrometry for the quantification of these top proteins, we 

have proposed SRM assays for the top fifty proteins in human and mouse eye research as 

presented in Supporting Information, Tables 5 and 6. The list of the top proteins as 

characterized by a bibliometric approach, corresponds to what Van Eyk has called “popular 

proteins.” A complementary approach is to identify “priority proteins” based upon 

biological pathways. Biological pathways that are currently under intensive investigation in 

eye research include the complement cascade, Wnt signaling, VEGF signaling, apoptosis, 

visual phototransduction, degradation of extracellular matrix, cell response to hypoxia, 

oxidative stress-induced senescence, ERK activation, signaling by the TGF-beta receptor 

complex, and the inflammasome. A provisional list of 1416 “priority proteins” is shown in 

Supporting Table 7. Only 16 of the top 50 most intensively studied human eye proteins 

overlapped with the provisional list of priority proteins.

4 Discussion

In the present study, we identified over 4000 proteins that have been studied in human eye 

research and over 4700 proteins that have been studied in mouse eye research. There were 

nearly 80% more scientific publications for proteins in eye research for mouse than for 

humans. The underlying reason for the difference is not clear, but one could speculate that 

mouse eye proteins have been more frequently studied due to the greater available of eye 

tissues from mice than from humans. The ten most intensively studied proteins in human 

and mouse eye research are discussed below.

Paired box protein PAX-6 (PAX6) has been the most intensively studied protein in both 

human and mouse eye studies. PAX6 plays a multi-level role in the morphogenesis of the 

eye, especially in the development of the lens, cornea, and retina [5]. PAX6 is a 

transcriptional factor that binds with DNA through interactions with two N- and C-terminal 

domains, termed PAI and RED, respectively. Three isoforms of PAX6 are produced via 

alternative splicing. The ratio between the canonical form, isoform 1, and isoform 5a varies 

among tissue types [5]. PTMs of PAX6 include phosphorylation and ubiquitination. 

Multiple variants have been reported in PAX6. Mutations in Pax-6 are associated with small 

eye (Sey) in mouse [6] and aniridia (partial or complete absence of the iris) in humans [7].

Myocilin is a 504 amino acid glycoprotein that was initially identified because it is induced 

in the eye by glucocorticoid treatment [8,9]. Myocilin is found in the trabecular meshwork, 

cornea, lamina cribosa, ciliary body, iris, vitreous, retina, optic nerve, and aqueous humor 

[10]. The structure of myocilin includes a signal peptide sequence for cleavage as a secreted 

protein and a C-terminal olfactomedin domain. Over 70 glaucoma-associated variants have 

been identified in myocilin, of which >90% are located in exon 3 that codes for the 

olfactomedin domain [9]. Most myocilin variants that contain an amino acid substitution are 

not secreted but accumulate within the endoplasmic reticulum as homo- or heterodimers [9]. 

The function of myocilin is not well understood [9,10].
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Pigment epithelium-derived factor (PEDF) is a secreted glycoprotein that belongs to the 

serpin (serine protease inhibitor) family [11]. PEDF has heparin- and collagen-binding sites, 

and an unusual asymmetric distribution of charged amino acid residues, with basic and 

acidic regions on the opposite poles of the protein [12,13]. PEDF has neurotrophic and anti-

angiogenic effects [11] and provides protection against oxidative stress in diabetic 

retinopathy [14]. PEDF inhibits retinal neovascularization induced by vascular endothelial 

growth factor [15].

Vascular endothelial growth factor-A (VEGF-A), a member of the vascular permeability 

factor/VEGF family, is a disulfide-bonded dimeric glycoprotein that plays a central role in 

angiogenesis [16]. VEGF-A has 17 isoforms that arise from alternative promoter usage, 

alternative splicing, and alternative initiation. The VEGF-A164/165 isoform, named after the 

total number of amino acid residues in mouse and human proteins, respectively, has been 

most intensively studied because of its role in angiogenesis [16]. VEGF-A binds with VEGF 

receptors 1 and 2, two high affinity tyrosine kinase receptors [17], and with neuropilin-1 

[18]. Neutralization of VEGF-A with ranibizumab, a recombinant monoclonal antibody, was 

shown to prevent visual loss in neovascular age-related macular degeneration (AMD) [19]. 

Other antibodies against VEGF-A have shown similar effects in treatment of AMD.

Complement factor H (CFH) is a 1213 amino acid glycoprotein that plays a central role in 

the complement system. The complement system of innate immunity is involved in cellular 

integrity, microbial killing, immune surveillance, tissue homeostasis, and mediation of 

inflammatory responses [20]. Complement is involved in the recognition of diseased or 

damaged host cells, regulation of cellular immune responses, and interaction with the 

coagulation cascade. CFH plays a role in limiting complement-mediated damage to healthy 

host cells [21]. CFH has multiple binding sites, including those for C3b, heparin, C-reactive 

protein, and sialic acid. Two variants of CFH, Y402H and I62V, are strongly associated with 

the risk of AMD [22]. Immunohistochemical studies have demonstrated that CFH is present 

within vascular lumens and perivascular spaces around large blood vessels, in the 

choriocapillaris, intercapillary septa, Bruch’s membrane, and in large choroidal vessels and 

stroma in eyes with AMD [23].

Bestrophin-1 (BEST1) is a 585 amino acid transmembrane protein that is involved in 

intracellular calcium signaling [24]. There are three isoforms that arise through alternative 

splicing. BEST1 is most strongly localized in the cytosol close to the basolateral membrane 

of the retinal pigment epithelium (RPE) [24]. Mutations in BEST1 cause a variety of retinal 

degenerations, the best known being Best’s vitelliform macular dystrophy, or Best’s disease. 

Mutations in BEST1 are associated with increased accumulation of lipofuscin, a yellow 

aging-associated pigment, in the RPE, but the underlying pathophysiology is not well 

understood [25].

Retinal-specific ATP binding cassette transformer (ABCA4) is in the family of ABC 

transporters, a ubiquitous set of integral membrane proteins present in all living organisms 

[26]. ABCA4 has two transmembrane domains, two nucleotide-binding domains (ATP-

binding cassettes), and two extracellular domains [26]. ABCA4 is located in the disk 

margins of photoreceptor outer segments. The reason for the restricted localization of 
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ABCA4 within the rod outer segments is not clear [26]. ABCA4 seems to play a role in the 

clearance of all-trans-retinal from disk membranes after photoexcitation of rhodopsin [26]. 

Mutations in ABCA4 are associated with Stargardt disease [27], fundus flavimaculatus [28], 

cone-rod dystrophy, and a form of retinitis pigmentosa [26].

X-linked retinitis pigmentosa GTPase regulator (RPGR) is a 1020 amino acid protein that 

has six isoforms arising from alternative splicing. Isoform 6, or RPGRORF15 is highly 

expressed in photoreceptors and is implicated in retinal disease. RPGR contains a glycine/

glutamic-acid rich domain near the C-terminal end that accounts for up to 80% of RPGR 

mutations [29]. RPGR is found in centrioles, ciliary axonemes, and microtubular transport 

complexes [29]. RPGR plays a role in microtubular transport through the ciliary structures 

that connect the inner and outer segments of photoreceptors [29,30]. X-linked forms of 

cone-rod dystrophy, cone dystrophy, and macular atrophy have been associated with 

RPGRORF15 mutations.

Age-related maculopathy susceptibility protein 2 (ARMS2) is a 107 amino acid protein that 

has been implicated in AMD. ARMS2, a recent gene in evolution, is present only in humans 

and higher primates [31]. No homologous gene has been annotated in lower vertebrates or 

other organisms [32]. ARMS2 has nine predicted phosphorylation sites but no remarkable 

structural motifs. Recent studies show there are two isoforms of ARMS2: isoform A, the 

canonical form and isoform B that arises as a splice variant [33,34]. The function of ARMS2 

is not well understood. ARMS2 has been localized to retina and RPE [35]. The A69S risk 

variant of ARMS2 is strongly associated with AMD [22]. Since ARMS2 is in strong linkage 

disequilibrium with serine protease HTRA1, it is unclear whether ARMS2, HTRA1, or both 

proteins are involved in the pathogenesis of AMD.

Rhodopsin (RHO), a visual pigment found in rod photoreceptors in the retina, is essential for 

the process of vision. RHO is a member of the G-protein-coupled-receptor family. The 

structure of RHO includes a transmembrane protein moiety, opsin, which contains a ligand-

binding site for retinal on the extracellular side of the transmembrane bundle [36]. The 

absorption of photons causes the isomerization of 11-cis retinal to all-trans retinal, 

conformation changes in rhodopsin, and downstream signal transduction [36]. Mutations in 

rhodopsin are associated with congenital stationary night blindness and retinitis pigmentosa 

(RP) [37].

Rod cGMP-specific 3′,5′-cyclic phosphodiesterase subunit beta (Pde6b) has been 

extensively studied in mouse models for autosomal recessive retinitis pigmentosa [38]. Rod 

phosphodiesterase (PDE) is a membrane-associated protein that consists of two catalytic 

subunits, rod cGMP-specific 3′,5′-cyclic phosphodiesterase subunit alpha (Pde6a) and 

Pde6b, and two gamma inhibitory subunits [38]. PDE plays a role in phototransduction by 

hydrolyzing the cGMP second messenger. Natural mouse models with the Pde6b mutations 

have been used to evaluate pharmacological treatments and gene therapy for protecting 

photoreceptors from apoptosis [38].

Visual system homeobox 2 (Vsx2) is a transcription factor that controls the morphogenesis 

of the eye [39,40]. Vsx2 is a 361 amino acid protein that contains a 60 amino acid 
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homeodomain, or DNA binding module composed of three alpha helices [39]. Mutations in 

Vsx2 are associated with microphthalmia in humans [39,40] and mice [41].

Retinoid isomerohydrolase (Rpe65) is an RPE-specific protein that plays an important role 

in the visual cycle by converting all-trans retinyl esters to 11-cis-retinol [42]. Rpe65 is 

bound to smooth endoplasmic reticulum in RPE cells, but the exact mechanism of this 

binding is unclear [42]. In humans, mutations of Rpe65 are associated with Leber’s 

congenital amaurosis, recessive RP, fundus albipunctatus, and autosomal dominant RP with 

choroidal involvement [43].

Tubulin beta-3 chain (Tubb3) is a component of microtubules. Microtubules form the 

cytoskeleton and consist of heterodimers of alpha- and beta-tubulin. Tubulin has a wide 

range of PTMs, including acetylation, phosphorylation, detyrosination, polyglycylation, and 

polyglutamylation [44]. Tubb3, one of six tubulins found in mammals, has expression 

mainly limited to neurons [45]. In humans, TUBB3 mutations are associated with congenital 

oculomotor nerve hypoplasia and later-onset peripheral axon degeneration [45].

Microphthalmia-associated transcription factor (Mitf), a member of the family of basic 

helix-loop-helix leucine-zipper microphthalmia-related transcription factors, is a regulator of 

melanocytes and has pleiotrophic roles in RPE cells, mast cells, and osteocytes [46]. There 

are nine isoforms of Mitf. PTMs of Mitf include phosphorylation, sumoylation, and 

ubiquitination. The target genes for Mitf include those involved in pigmentation, cell cycle, 

survival, motility and invasion, metabolism, and oxidative stress [47]. Defects in Mitf cause 

microphthalmia in mice.

Insulin gene enhancer protein ISL-1 (Isl1), a transcription factor of the LIM-homeodomain 

protein family, is a 349 amino acid that is essential in development of many cell types, 

including retina [48]. Isl1 has two tandemly arrayed LIM domains near the N terminus that 

mediate protein-protein interactions and an adjacent homeodomain that binds DNA [49]. 

ISl1 regulates promoters of insulin, glucagon, and somatostatin genes.

POU domain, class 4, transcription factor 2 (Pou4f2) is a 411 amino acid transcription factor 

that is expressed in developing and adult retinal ganglion cells [50]. Pou4f2 is one of three 

members of the POU4F family, all of which are expressed only in ganglion cells of the 

retina [51]. Selective ablation of Pou4f2 had no impact on long-term survival of retinal 

ganglion cells in adult mice [51]. Pouf4f2 has been of interest in glaucoma research, since 

glaucomatous optic atrophy is characterized by a progressive loss of retinal ganglion cells.

Paired box protein Pax-2 (Pax2) is a transcription factor that is required for optic fissure 

closure in the developing eye [52]. Astrocytes, the earliest glial cell population in optic 

nerve development, play a role in retinal angiogenesis and formation of the brain-retinal 

barrier [53]. Pax2 mutations are associated with a renal-coloboma syndrome that involves 

the eye, ear, central nervous system, and urogenital tract in humans and mice [54,55].

A bibliometric analysis conducted in 2011 showed that about three-quarters of protein 

research focuses on the 10% of proteins that were known before the human genome was 

mapped [56]. Most of the diseases or processes associated with the ten most intensively 
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studied proteins of the human eye are related to development or single gene disorders such 

as retinitis pigmentosa. Some of the proteins that are being investigated, such as ARMS2, 

have gained recent attention mainly because of strong disease associations at the genetic 

level. As noted by the investigators of the 2011 bibliometric analysis, scientists have an 

apparent reluctance to work on unknown or lesser-known proteins. The reasons for this are 

unclear but may possibly have to do with greater risk in grant applications, as it is harder to 

explain rationale and significance for proteins that have unknown functions [56]. In 

addition, the intensity with which certain proteins were studied was related to the 

availability of chemical probes for the particular protein [56]. The present analysis 

corroborates the observation that most proteins of the eye have not been well studied: over 

57% of proteins in human eye research and nearly 50% of proteins in mouse eye research 

had one citation only. A limitation of this study is that many older references may have had 

less stringent quality control than are currently used in claiming identification of proteins. 

Another limitation is that the proteins identified as “priority proteins” for human eye 

research will likely grow and change in the future. What we have proposed here is a starting 

point based upon some of the most intensely studied biological pathways in human eye 

research.

Recent advances in proteomics, bioinformatics, and mass spectrometry instrumentation 

should help expand scientific investigations to lesser-known proteins in eye research. 

Discovery work on proteomes of specific tissues and cell types has been greatly facilitated 

by data-dependent acquisition approach using Orbitrap mass spectrometers [57] or data-

independent approaches (e.g. SWATH) [58]. Targeted methods for selective protein 

quantitation such as SRM most often use triple quadrupole mass spectrometers. SRM assays 

were recently used for quantification of a large number of human tear proteins [59]. The 

SRM assays proposed in the present paper for human and mouse eye proteins can be applied 

for protein quantification. All instruments can quantitate proteins without the need for 

antibodies or specific chemical probes, although these can employed when increased 

sensitivity is required to deal with dynamic range constraints [60,61]. Protein interaction 

studies can be used to determine binding partners and infer their functional networks 

[62,63]. Many strategies are available to identify and quantify different PTMs, such as 

phosphorylation, O-GlcNAcylation, and glycosylation [64–66]. Specific isoforms and 

variants arising from single nucleotide polymorphisms can be targeted by SRM assays. 

Application of these new advances should help both discovery and hypothesis-based 

research about the rich diversity of proteins involved in biological processes of the eye and 

vision and in health and disease. These newer tools will help scientists investigate proteins 

that remain “hidden in plain sight” [56].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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List of abbreviations

ABCA4 retinal-specific ATP binding cassette transformer

AMD age-related macular degeneration

ARMS2 age-related maculopathy susceptibility protein 2

B/D-HPP Biology/Disease - Human Proteome Project

BEST1 bestrophin-1

CFH complement factor H

Isl1 insulin gene enhancer protein ISL-1

Mitf microphthalmia-associated transcription factor

Pax2 paired box protein Pax-2

PAX6 paired box protein PAX-6

Pde6a rod cGMP-specific 3′,5′-cyclic phosphodiesterase subunit alpha

Pde6b rod cGMP-specific 3′,5′-cyclic phosphodiesterase subunit beta

PEDF pigment epithelium-derived factor

PDE phosphodiesterase

Pou4f2 POU domain, class 4, transcription factor 2

RHO rhodopsin

RP retinitis pigmentosa

RPE retinal pigment epithelium

RPE65 retinoid isomerohydrolase

RPGR X-linked retinitis pigmentosa GTPase regulator

SRM selected reaction monitoring

Tubb3 tubulin beta-3 chain

VEGF-A vascular endothelial growth factor-A

Vsx2 visual system homeobox 2
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Statement of clinical relevance

Research on the biology of the eye and underlying molecular mechanisms of eye disease 

can be advanced through the larger application of state-of-the-art quantification and 

characterization of protein and proteomes. This study utilized a bibliometric analysis to 

identify the most intensively studied proteins in human and mouse eye research. Selected 

reaction monitoring assays have been developed in silico for the top fifty most 

intensively studied proteins in human and mouse eye research.
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Figure 1. 
Pie diagram of protein functions in (a) human and (b) mouse eye research classified by 

PANTHER.
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Figure 2. 
(a) Heat map of the fifty most studied proteins in human eye research, 1974–2014. The first 

publication associated with both a gene and eye for human research in PubMed appeared in 

1974. (b) Heat map of the fifty most studied proteins in the mouse eye research, 1924–2014. 

The first publication associated with both a gene and eye for mouse research in PubMed 

appeared in 1924. The heat map does not represent a full year for 2014, but only what was 

published on PubMed by 10/20/14.
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Figure 3. 
Functional protein networks among the top 50 most studied proteins for (a) human and (b) 

mouse eye.
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