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Abstract
To elucidate how the deficiency of a major corneal proteoglycan lumican affects corneal
homeostasis, we used mass spectrometry to derive the proteome profile of the lumican-deficient
and the heterozygous mouse corneas and compared these to the wild type corneal proteome. 2,108
proteins were quantified in the mouse cornea. Selected proteins and transcripts were investigated
by western blot and quantitative RT-PCR, respectively. We observed major changes in the
composition of the stromal extracellular matrix (ECM) proteins in the lumican-deficient mice.
Lumican deficiency altered cellular proteins in the stroma and the corneal epithelium. The ECM
changes included increases in fibril forming collagen type I and VI, fibromodulin, perlecan,
laminin β2, collagen type IV, nidogen/entactin and anchoring collagen type VII in the Lum+/− and
the Lum−/− mouse corneas, while the stromal proteoglycans decorin, biglycan and keratocan were
decreased in the Lum−/− corneas. Cellular protein changes included increases in alcohol
dehydrogenase, superoxide dismutase and decreases in epithelial cytokeratins 8 and 14. We also
detected proteins that are novel to the cornea. The proteomes will provide an insight into the
lumican-deficient corneal phenotype of stromal thinning and loss of transparency and a better
understanding of pathogenic changes in corneal and ocular dystrophies.
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1. Introduction
The healthy cornea is an avascular connective tissue-rich barrier of the eye that is both
transparent and refractive for normal vision. The stroma, underlying the stratified
epithelium, is a key regulator of corneal transparency and refraction, and it is comprised of
specialized mesenchymal cells, the keratocytes and a collagen-rich extracellular matrix
(ECM) they produce [1]. Injury, infection and corneal diseases can alter the exquisitely
balanced cellular and the ECM content of the cornea and compromise its transparency,
refractive power and barrier properties. The primary ECM constituents of the corneal stroma
are fibrillar collagen types I, III and V and the small leucine-rich repeat proteoglycans
(SLRPs), lumican, decorin, biglycan, keratocan and osteoglycin/mimecan [1]. Another
SLRP, fibromodulin, is present in the developing cornea but restricted to the corneal
periphery at maturity [2]. While the major protein components of the cornea have been
identified, little is known of the corneal proteome, or how it is regulated by the major ECM
components. The proteomics field has made significant advances in quantitative protein
profiling by using isobaric tags for relative and absolute quantification (iTRAQ) that allow
simultaneous analysis of four (iTRAQ 4 plex) or eight (iTRAQ 8 plex) different samples [3].
Thus, recent studies of the ocular surface in health and disease are beginning to incorporate
these proteomic approaches [4, 5].

Lumican is present in the interstitial ECM of the cornea, skin, intestinal submucosa,
cartilage and bone [6]. Lumican is normally expressed by the mesenchymal fibroblasts, and
transiently by the injured epithelia [7, 8]. In vitro collagen fibrillogenesis assays and
subsequent in vivo studies show that lumican and the other SLRP members of the cornea
bind collagen and regulate collagen fibril growth [9–12]. The lumican-deficient (Lum−/−)
mice have cloudy corneas that are 40% thinner than those of the wild type mouse [9, 13].
Our previous studies showed that the loss of corneal transparency in the Lum−/− mice was
linked to abnormal collagen fibril architecture and increased light scattering [11, 14, 15]. We
further found that wound healing in the Lum−/− corneas was delayed, and the stromal cells
showed reduced apoptosis and increased proliferation, suggesting lumican-deficiency to
have a broad pleiotropic effect in the cornea [16, 17]. By contrast, deficiencies of the other
corneal SLRPs, decorin {Danielson, 1997 #254}, biglycan {Zhang, 2009 #8761},
fibromodulin {Chakravarti, 2003 #2177; Chen, 2010 #6268} and keratocan {Meek, 2003
#9218} present a milder corneal phenotype. Therefore, we selected the lumican-null corneas
for an in-depth proteomic analysis, and compared the corneal proteomes of lumican-
expressing (Lum+/+, Lum+/−) and lumican-deficient (Lum−/−) mice. We performed a
multiplexed relative quantification of proteins by LC-MS/MS mass spectrometry using three
different iTRAQ tags for Lum+/+, Lum+/− and Lum−/− corneal protein extracts. About 2,108
proteins were identified and quantified in the corneal extracts. These included several known
cellular proteins, extracellular matrix collagens and proteoglycans, as well as proteins not
previously linked to the cornea. Absence of one or both Lum alleles was associated with
increases in several oxidative stress-related proteins, increased collagen type I, VI and
decreases in the lumican-related SLRPs, decorin, biglycan and keratocan.

2. Materials and Methods
2.1. Materials

The enzyme chondroitinase ABC was purchased from Associates of CAPE Cod
incorporated. TCEP (Tris (2-carboxyethyl) phosphine), cysteine blocking agent (methyl
methanethiosulfonate) and SYBR Green master mix were purchased from Applied
Biosystems. Sequencing grade trypsin was from Promega. The oligonucleotide primers for
PCR analyses were purchased from Eurofins Mwg Operon. KH2PO4, acetonitrile, KCl,
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formic acid, guanidine-HCl, sodium acetate, Tris-HCl, trifluoroacetic acid (TFA) and NaCl
were from Sigma. TRIZOL and SuperScript III first-strand synthesis system were from
Invitrogen.

Rabbit anti-decorin (LF113) and anti-biglycan (LF159) were kindly provided by Dr. L.
Fisher (NIH-NICDR). The following antibodies and reagents were purchased from Santa
Cruz Biotech: goat anti-rabbit and anti-goat IgG-perixodase, and antibodies against β-Actin,
Krt8, IGFBP2. The anti-Adh1 was obtained from Cell Signaling and Aldh1a1 from Abcam.
The chemiluminescent HRP antibody detection reagent was obtained from Denville
Scientific Inc. The source of the anti-collagen antibodies were as follows: Col6a1 from Dr.
Monli Chu (Thomas Jefferson University), Col12 and Col14 were kindly provided by Dr.
Manuel Koch (University of Cologne).

2.2. Protein sample preparation for mass spectrometry
Lum+/+, Lum+/− and Lum−/− mice were generated as we described before [9]. All animals
were housed in a specific pathogen-free mouse facility at Johns Hopkins University,
according to protocols approved by the Animal Care and Use Committee. For the
proteomics study, eight corneas per genotype were harvested from 8 week-old mice, rinsed
in ice-cold PBS with protease inhibitor, and then frozen in liquid nitrogen (2.0 ml
Biomasher, USA Scientific). After adding 150 μl of 0.5% SDS, the samples were
centrifuged at 15,000 g for 30 sec, sonicated for 1 min and centrifuged again at 15,000 g for
10 min. Since many of the commercially available cocktail protease inhibitors contain free
amino groups, which compete for labeling with iTRAQ reagents, we did not include any
protease inhibitors in the lysis buffer. Protease activity was minimized by lysing the samples
directly in 0.5% SDS and subjecting the samples to ultrasonication, which is expected to
cause denaturation and solubilization of proteins. Moreover, the samples were maintained on
ice until the addition of trypsin to minimize any residual endogenous protease activity. The
protein concentration in the supernatant was measured using the Bradford assay kit (Bio-
Rad) and further confirmed by SDS-PAGE.

2.3. iTRAQ labeling
The Lum+/+, Lum+/− and Lum−/− mouse corneal protein samples were differentially labeled
using the iTRAQ reagent from Applied Biosystems (Fig. 1). Briefly, 70 μg of protein was
treated with 2 μl of reducing agent TCEP at 60°C for 30 min; and alkylated with 1 μl of
cysteine blocking agent at room temperature for 10 min. Subsequently, the samples were
diluted in iTRAQ dissolution buffer to reach a final SDS concentration of 0.025%. The
protein samples were digested with 5 μg of sequencing grade trypsin for 12 h at 37 °C. The
Lum+/+, Lum+/− and Lum−/− digested samples, in a final volume of 35 μl were labeled with
the iTRAQ reagents 114, 115 and 116 respectively, in 70 μl of ethanol for 2 h at room
temperature, and the reactions were terminated by adding 100 μl water. The dried samples
were reconstituted in a strong cation exchange (SCX) solvent (10 mM potassium phosphate
buffer, pH 2.85, in 25% acetonitrile), combined and adjusted to the final volume of 1ml by
solvent A (5 mM KH2PO4, 30% acetonitrile, pH 2.7). The combined mixture was
fractionated by SCX chromatography on a Polysulfoethyl A column (PolyLC, USA), using
Agilent 1100 HPLC system. The peptides were fractionated by a linear gradient between
solvent A and solvent B (5 mM KH2PO4, 30% acetonitrile, 350 mM KCl, pH 2.7) to obtain
24 fractions. Each fraction was desalted by a C18 column, eluting with 0.1% TFA in 60%
acetonitrile. Finally the fractions were dried, resuspended in fresh 0.1% formic acid and
replicate aliquots of each fraction were analyzed by mass spectrometry.
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2.4. Nanoflow electrospray ionization tandem mass spectrometry (MS) analysis
Mass spectrometry of the peptide fractions was carried out on an LTQ Orbitrap Velos
(Thermo Fisher Scientific), interfaced with an Agilent 1200 nanoflow liquid
chromatography system. The fractions were enriched (5 μl/min) on a trap column (5 μm,
100 Å, 75 μm × 2 cm, Magic C18 AQ Michrom Bioresources), and then separated on an
analytical column (5 μm, 100 Å, 75 μm × 10 cm, Magic C18 AQ Michrom Bioresources)
with the delivery of nanoflow solvent. The resolutions of precursor and product ion scans
were 60,000 and 7,500 at m/z 400, respectively. The twenty most abundant peptides were
selected for data dependent MS/MS analysis. Higher-energy collision dissociation mode
(HCD) was used for MS/MS scans.

2.5. MS data analysis
The MS data was analyzed using the Proteome Discoverer 1.2 software workflow (Thermo
Fisher Scientific). This software workflow consists of a spectrum selector and a reporter ion
quantifier which include Mascot and Sequest search nodes. The data was also processed
using Xtract feature of the Proteome Discoverer under the Mascot search component of the
workflow. For both nodes, the same search parameters were selected, which include iTRAQ
label at tyrosine, oxidation of methionine, deamidation at aspargine and glutamine as
variable modifications. iTRAQ label at the N-terminus and lysine, methylthio label at
cysteine were used as fixed modifications. The data was searched against the NCBI Refseq
mouse protein database containing 31,183 proteins for analysis. Using the Proteome
Discoverer workflow, the data from Mascot and Sequest search nodes were merged to
obtain average values from replicates. The reporter ion window tolerance and target false
discovery rate (FDR) were fixed at 10 ppm and 0.01, respectively. The precursor range was
set at 600 to 8,000 Da. The results were analyzed by Proteome Discoverer software, and
unique peptide(s) was used to calculate accurate relative protein content. The peptide and
protein data were extracted using high peptide confidence and top one peptide rank filters.
The FDR was calculated by enabling the peptide sequence analysis using decoy database.
Peptide levels with ≤ 1% FDR were included in our analysis. The average ratio and
percentage variability were used for protein quantification wherever multiple peptides were
identified for a protein. The NCBI (www.ncbi.nlm.nih.gov/) and the GeneCards data base
(www.genecards.org/ Crown Human Genome Center, Department of Molecular Genetics,
the Weizmann Institute of Science) were used for gene annotation and functional
categorization of the proteins detected by mass spectrometry.

2.6. Quantitative Real-Time PCR (qRT-PCR)
Total RNA was extracted using the TRIZOL reagent from eight corneas of Lum+/+, Lum+/−

and Lum−/− mice. First-strand cDNA was prepared using the SuperScript III first-strand
synthesis system, with 5 ng/μl random hexamers. The gene transcripts were measured by
qRT-PCR using the SYBR Green master mix. The sense and antisense primers were mixed
to obtain a final concentration of 2 pg/μl for each reaction. All primer information is listed in
Table 1. Amplification was performed using the following PCR program: 50 °C for 2 min,
95 °C for 10 min, followed by 45 cycles of 95 °C for 15 sec, 60 °C for 1 min. Control
reaction mixtures without reverse transcriptase were included in all experiments. All
reactions were normalized against the mouse Gapdh gene qRT-PCR. The threshold cycle
(Ct) for each reaction was determined using the Applied Biosystems software. At least two
independent RT-PCR reactions were carried out for each gene. The results are presented as
expression relative to Gapdh. Relative expression is defined as 2−ΔCT, where the threshold
cycle difference is (Ct of gene - Ct of Gapdh).
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2.7. Proteoglycan and collagen extraction and western blot
To extract proteoglycans, the mouse corneas were homogenized in 20 fold weight/volume of
freshly prepared 4 M guanidine-HCl, 50 mM sodium acetate, pH 5.8, containing the HALT
proteinase inhibitor cocktail (Sigma), and incubated with shaking at 4 °C for 48 h. After
centrifuging at 14,000 g for 20 min at 4 °C, the samples were dialyzed by the Slide-A-Lyzer
Dialysis Cassette (Thermo Scientific, MW cut off 10 KD) against 150 mM Tris-HCl, 150
mM NaCl, pH 7.3. The BCA Protein Assay Kit (Thermo Scientific) was used to determine
protein concentration. The extracts were digested with chondroitinase ABC at 0.001 units/
10–100 μg of tissue for 24 h at 37 °C to remove glycosaminogycan side chains. Samples (10
μg each) were resolved in 10% bis acrylamide gels electro blotted using a Bio-Rad system at
30 V overnight at 4 °C. For the collagens, 12 corneas were extracted in 1% SDS in 62.5 mM
Tris-HCl, pH 6.8 overnight at 4 °C. The extracted material was centrifuged at 14,000 g and
the supernatant boiled in reducing SDS sample loading buffer for electrophoresis in a 4–
12% Bis-Tris gel at 200 V for 1 h. To extract cellular proteins, 8 corneas were homogenized
in T-PER detergent containing HALT proteinase inhibitor. The gels were electro blotted as
described above. Primary antibodies were used at the following concentrations: anti-Dcn
and Bgn at 1:100, Aldh1a1-1:1,000, Krt8- 1:500, Krt14-1:500, Igfbp2-1:500, Adh1-1:1,000,
β-Actin-1:500, Col12-1:3,000, Col14-1:3,000 or Col6a1-1:500. Goat anti-rabbit and anti-
goat IgG-perixodase were used as secondary antibodies at 1:5,000 with the HygloQuick
spray for 1 min.

3. Results
3.1. MS analysis of iTRAQ-labeled peptides

Analysis of the 24 iTRAQ labeled peptide fractions from each replicate on the LTQ-
Orbitrap Velos generated ~1.2 million MS/MS spectral search inputs resulting in ~130,000
peptide spectral matches. A total of 2,173 unique proteins were identified from two replicate
analyses at the 1% FDR level. The proteins with shared peptides were ranked based on the
score and the peptides were grouped to remove redundancy. Further, the proteins with equal
scores were ranked based on their sequence coverage. Differentially regulated proteins were
preferentially selected based on two or more unique peptides and presence in both replicates.

A total of 2,173 proteins were identified. Among these 2,108 proteins could be quantified,
the remaining had low reporter ions and were not investigated further (Supplemental Table 1
and Fig. 2A). Following a functional classification that is relevant to the cornea [18, 19], we
grouped all the proteins detected into five broad functional categories: housekeeping/
metabolic, barrier integrity, redox/oxidative stress, extracellular matrix, transcription/gene
regulation and unknown. Housekeeping proteins, including metabolic and soluble enzymes,
comprise the largest fraction (72%) of all the proteins detected, while the remaining
functional groups contain 2 to 8% of the proteins (Fig. 2B). The overall status of these 2,108
proteins in the Lum+/− and Lum−/− compared to the wild type corneas is shown in Table 2.
In the Lum+/− and Lum−/− compared to the wild type corneas, not surprisingly the largest
group of 1640 proteins were unchanged, while 113 and 47 were increased and decreased,
respectively (Table 2). Without any change in Lum+/−, another 100 and 86 were decreased
and increased, respectively in the Lum−/− corneas. With no change in Lum−/−, 41 were
decreased and another 70 increased in Lum+/−. Only 11 proteins showed opposite trends in
the Lum+/− and Lum−/− extracts compared to the controls. However, the fold changes were
too small to consider these to be of significance. The complete set of raw mass spectrometry
data (.raw files) generated from this study is available through the Tranche server
(http://proteomecommons.org/tranche). The raw data files used for genome annotation may
be retrieved using the stable URL https://proteomecommons.org/dataset.jsp?i=75719 and
75726.
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3.2. Protein changes in Lum+/− and Lum−/− mouse corneas
Considering an increase of ≥ 1.5 fold in any one sample compared to the wild type we
identified 78 proteins (Table 3). Approximately 38 of these showed increases in both Lum+/−

and Lum−/− corneas. These included metabolic enzymes such as alcohol dehydrogenase 1,
detoxification and antioxidant related S-formyl glutathione hydrolase and growth-inhibitory
metallothionein-2. Using a cutoff of ≤ 0.6 fold change in any one (Lum+/− or Lum−/−)
sample compared to the wild type cornea, we obtained 43 proteins that were decreased
(Table 4). Unlike the up regulated proteins, most of the decreases occurred primarily in the
absence of both Lum alleles. These included proteins related to oxidative stress,
peroxiredoxin 3 and flavin reductase, immune-related complement C3 and the cytokeratins
8, 14 and 19.

Several extracellular matrix proteins were altered in response to lumican deficiency (Table
5). Basement membrane proteins perlecan, nidogen/entactin, laminin β2 and Collagen type
VII (α1 chain) were elevated in the Lum+/− and the Lum−/− corneas. In the interstitial
stromal ECM, the known corneal SLRPs decorin, biglycan and keratocan were decreased in
the Lum−/− corneas. Two other SLRPs, podocan and PRELP, not known to be associated
with the cornea, were slightly increased in the Lum−/− corneas. Fibromodulin, another
SLRP, known to be present in the corneal-scleral junction [2], was markedly increased in the
Lum−/− corneas. Certain corneal collagens, fibril-forming collagen type I and V, and
collagen type VI (Col6a1 and Col6a2), another widely present form, were increased in both
Lum+/− and Lum−/− compared to Lum+/+ mice. Other ECM proteins, fibrillin-1 and TGFβ I,
also showed some lumican-dosage effects, and were increased in the Lum+/− and the Lum−/−

corneas. The collagen type II, a component of cartilaginous tissues, and not known to be
present in mammalian corneas, was detected by MS and increased with lumican deficiency.
The associated unique peptide (LTGPIGPPGPAGANGEK) used for its identification clearly
relates to Col2a1 and suggests its presence in mammalian corneas.

3.3. Quantitative Real-Time PCR (qRT-PCR) of selected genes
For selected proteins we examined their gene expression by qRT-PCR on total RNA from
each group (Table 6). In agreement with the increased protein levels detected by mass
spectrometry, we detected increases in the expression of Dpt, Igfbp2, Fbn-1, Fmod and
Col1a1 (Table 6). On the other hand, Krt8, Bgn, Kera and Dcn gene expression was
decreased coinciding with corresponding decreases in their protein levels measured by mass
spectrometry. Calm3 and Rab8A, which showed very little change in the encoded proteins,
were also relatively unchanged at the transcript level. Altogether, the gene expression
patterns coincided reasonably well with the protein profiles.

3.4. Western blot of selected proteins
We used western blotting techniques to further examine changes in proteins of particular
interest to the cornea. The corneal stromal SLRPs decorin and biglycan, detectable after
chondroitinase ABC digestion of the glycosamonoglycan side chains, were decreased in the
Lum−/− samples confirming the mass spectrometry trends (Fig. 3A). The stromal collagen
type VI, type XII and type XIV were considered to have increased slightly with lumican-
deficiency by MS and western blotting (Fig. 3B). By MS, cytokeratin 8 appeared to have
decreased and the western blot analysis also indicated its decrease in the Lum−/− corneas.
Also, in concordance with the mass spectrometry data, the western blots showed very little
change in aldehyde dehydrogenase 1 (Aldh1a1), a hall mark of the corneal stroma, and
increases in Igfbp2, another known component of the cornea, in the Lum−/− the corneas,
confirming the MS data. Alcohol dehydrogenase 1, markedly increased by mass
spectrometry, also appeared to have increased by western blotting (Fig. 3C).
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4. Discussion
The proteomes of the heterozygous and the lumican-deficient mouse corneas compared to
the wild type show a broad range of changes in cellular and extracellular matrix proteins.
The results suggest that lumican deficiency disrupts normal cellular metabolic functions
possibly involving the epithelial and the stromal cells. In addition, significant changes are
seen in proteins of the basement membranes and interstitial ECM.

Increases in several basement membrane proteins, perlecan [20], nidogen/entactin [21],
several laminin isoforms [22] and the basement membrane anchoring collagen type VII [23],
in the Lum+/− and Lum−/− corneas, suggest that lumican deficiency in the cornea perturbs
the basement membrane, and the adjacent corneal epithelium somehow. Accordingly,
several epithelial proteins were altered. For example mucin-4, a membrane tethered mucin
found in the corneal and conjunctival epithelia [24], was decreased with lumican-deficiency.
Cytokeratin 8 is considered to be a conjunctival epithelial cytokeratin; its presence in the
corneal epithelium is controversial due to antibody cross reactivity [25]. However, by mass
spectrometry cytokeratin 8 was detectable in the wild type mouse cornea, and reduced in the
Lum+/− and the Lum−/− corneas.

Lumican is a major stromal protein; not surprisingly the corneal stroma of Lum+/− and
Lum−/− mice was affected in a number of ways. The ECM collagens seemed to be
particularly sensitive to lumican-dosage effects; the fibril forming collagen type I (Col1a1
and Col1a2) was increased. The fibril associated collagen types XII and XIV, were also
increased in the Lum+/− and the Lum−/− corneas. Other collagen binding SLRPS of the
cornea, keratocan, decorin and bigycan, were decreased, and the limbal/scleral SLRP
fibromodulin, was increased in the Lum−/− corneas. These changes provide a molecular
understanding of the abnormal collagen fibril structure seen in the Lum−/− mice. In very
general terms, it seems that lumican deficiency leads to an immature cornea that may have
increased fibrillar collagens, and possibly their turnover, while fibromodulin, which is
reduced in the adult cornea remains at higher levels. Others have also reported a lumican-
dosage effect on keratocan levels in the cornea [26]. Contrary to our findings in the cornea
of the Lum−/− mice, in tendons we reported a decrease in fibromodulin [27]. In the same
study, we also found a marked increase in lumican in the tendons of the Fmod+/− and
Fmod−/− mice. Thus, the inter-relationship between these SLRPS is tissue specific and
likely to depend on the cell types and other components of the ECM. Increases in certain
ECM proteins, such as collagen type VI, suggest activities related to ECM repair and
remodeling in the lumican-deficient corneas. Interestingly, the TGFβ inducible protein
(kerato-epithelin) or BIGH3, known to promote collagen VI aggregation, was also elevated
in the Lum+/− and Lum−/− corneas. Mutations in BIGH3 and abnormal deposits of this
protein are associated with a number of corneal dystrophies [28]. Other protein changes
relating to ECM remodeling and TGFβ signals that we detected in the Lum−/− corneas
include increased Ltbp4 (latent TGF binding protein 4), fibulin 5 and fibrillin 1. Some ECM
related changes we see in the Lum−/− corneas may also be orchestrated by the IGF signaling
pathway, since Igfbp2, a regulator of IGF ligands and signaling via the IGF1 receptor, was
elevated in the Lum+/− and the Lum−/− corneas.

The cornea, like the lens contains several crystallins and large amounts of specific soluble
enzymes, such as aldehyde dehydrogenase, enolase, glutathione S-transferase, gelsolin and
transketolase, that in addition to metabolic functions, are thought to reduce light scattering
and increase the transparent and refractive quality of the cornea and its resident cells [29–
31]. In the current study, we detected aldehyde dehydrogenase, several glutathione S-
transferase subtypes and gelsolin in the mouse cornea, but found no difference in these
between the Lum+/− and the Lum−/− corneas, either by mass spectrometry or western
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blotting. However, alcohol dehydrogenase (Adh1) was markedly increased in the Lum+/−

and the Lum−/− corneas. Although alcohol dehydrogenases have not been explicitly
discussed as corneal crystallins, they are present in the lens and the cornea at high levels.
The alcohol dehydrogenase enzymes convert vitamin A (retinol) to retinoic acid that
mediate functions of the retinoic acid and retinoid X receptors in gene transcription relevant
to corneal health, ocular development and morphogenesis [32, 33]. The reason for Adh1
increased in the lumican-deficient mouse corneas is unclear at the moment, but stress-related
metabolic changes in the stromal keratocytes may be one possibility.

Our mass spectrometry data also detected several proteins that are relatively novel to the
cornea. Kininogen 1, novel to the cornea, was reduced in the Lum−/− corneas. Based on its
role as a regulator of vascular endothelial cell apoptosis [34], it may have an anti-
angiogenesis function in the cornea. Not reported in the cornea before, Lrg1 is a leucine rich
glycoprotein that was markedly decreased in the Lum−/− corneas. It has the leucine rich
repeat as in the other SLRP members of the cornea, and may be an acute phase response
protein [35]. An ECM protein nephronectin, known for its role in kidney development [36]
was increased in the Lum−/− corneas. We speculate that its known interactions with α8β1
integrin and role in promoting GDNF (glial cell-derived neurotrophic) expression may be
relevant to corneal epithelial migration and health [37, 38].

We speculated if the proteomic changes seen in lumican deficiency resemble pathogenic
changes in corneal diseases. Keratoconus is a complex corneal thinning disease involving
environmental factors and effects of multiple genes, where excessive ECM remodeling and
oxidative stress may be pathogenic responses of the cornea [39]. The lumican-deficient
corneal proteome also shows overall changes in the stromal ECM, and in the balance of anti-
oxidants and redox sensors. However, there were no clear overlaps in specific proteins
between keratoconus and the Lum−/− mouse corneas. For example, Adh1, which was down
regulated in keratoconus corneas [40], was increased in the Lum−/− mice; while superoxide
dismutase, known to be decreased in keratoconus stromal cells, was increased in the Lum−/−

corneas. With respect to other changes, collagen type XII reported as decreased in
keratoconus [41], was increased in the Lum−/− corneas. Myopia, another complex multi
factorial disease, involves increased axial length, and biochemical and biomechanical
alterations in the sclera and the cornea. Specific forms of myopia have been linked to Lum
[42] and IGF polymorphisms [43]. Lumican and fibromodulin deficient mice show
biochemical and biomechanical connective tissue changes and increased axial growth of the
eye [44]. The proteome of the Lum−/− cornea presented in this study shows changes in
Igfbp2 and underscores IGF signaling in ocular axial growth and may help to unravel
molecular changes in myopia. To the best of our knowledge, this mass spectrometric
analysis reports the largest collection of proteins in the corneal proteome. Differences in the
corneal proteome of the wild type and lumican-deficient mouse cornea may shed some light
on signals controlling ocular growth and biomechanical changes in the sclera and cornea.
Our study further demonstrates that disturbances in stromal extracellular matrix impact the
health of the stromal and the epithelial cells and overall corneal homeostasis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
An outline of sample preparation and iTRAQ labeling for LC-MS/MS.
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Fig. 2.
Overall protein changes in Lumican-deficient (Lum+/− and Lum−/−) compared to wild type
mouse corneas. (A) Log ratio of fold increase and decrease in Lum−/− corneas compared to
Lum+/+ corneas. Highlighted areas of the graph show significant changes in proteins; (B)
The 2,108 identified proteins were classified into 5 broad functional categories. The largest
“housekeeping” category includes, housekeeping cellular proteins, metabolic and catabolic
enzymes and many soluble proteins that are often described as corneal crystallins.
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Fig. 3.
Western blot of selected proteins from extracts of Lum+/+ and Lum−/− corneas with protein-
fold change detected by iTRAQ mass spectrometry shown along the right margin. (A) The
core proteins of the corneal SLRPs decorin (Dcn) and biglycan (Bgn) are detectable after
Chondroitinase ABC digestion to remove the GAG side chains of the proteoglycans; (B)
ECM collagens were detected in SDS extracted fractions of the cornea loaded in three
different doses. Actin was used as a comparative loading control; (C) The following cellular
proteins were detected: Aldh1a1-aldehyde dehydrogenase 1a1; Krt8-cytokeratin 8; Igfbp2–
Insulin growth factor binding protein 2; Adh–alcohol dehydrogenase 1.
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Table 1

Sequence of primers

Name of Primers Sequence of primers (From 5′ to 3′)

Dpt-F ACGCGGCGAGCCTAAACGTT

Dpt-R AGGGCCGGCATGGAATGGTACC

CalML3-F TCGTCAGTGCAGCCGAGCTG

CalML3-R GCACCTGGCTGTGCCAGTCT

Efemp1-F GCCCGGGCAGGAAAGTTGCG

Efemp1-R ATCCATCGGTGCATTGCGTGTATG

Rab8A-F GTCCAGCGACCAGTGGCGAGG

Rab8A-R GGCCGTGTCCCATATCTGCAGTTTA

Bgn-F GCACCTCTACGCCCTGGTCTTG

Bgn-R TCCGCAGAGGGCTAAAGGCCT

Kera-F GCTCTTCTTGGTGACCAGTCATCC

Kera-R GGTTGCCATTACAGCACCTTGCT

Fmod-F TCCAGGGCAACAGGATCAATGAGTT

Fmod-R TGCGCTGCGCTTGATCTCGT

Col1a1-F TGCTGGCCCCAAGGGTCCTT

Col1a1-R GGCTGCCAGGACTGCCAGTG

Dcn-F TCTTGGGCTGGACCATTTGAA

Dcn-R CATCGGTAGGGGCACATAGA

Fbn1-F CCGTGGCGAATGCATCGACGT

Fbn1-R CGCGTGACATGAAAGCCCGC

Krt14-F AGATCGCCACCTACCGCCGT

Krt14-F TGGTGGAGGTCACATCTCTGGATG

Krt 8-F AGATTGAAGCCCTCAAAGGCCAGA

Krt 8-R CATCCCAGACTCCAGCCTGCTCTC

Gapdh-F TGGTCCCAGGATCTTACAGAA

Gapdh-R TTGTCTCCTGCGACTTCA
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Table 2

Protein changes in lumican-deficient compared to wild type mouse corneas.

Lum−/−/Lum+/+

Lum+/−/Lum+/+

No change (0.8 – 1.4 fold) Decreased (≤ 0.8 fold) Increased (≥1.4 fold)

No change (0.8 – 1.4 fold) 1640 41 70

Decreased (≤ 0.8 fold) 100 47 6

Increased (≥1.4 fold) 86 5 113
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