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Abstract

Purpose: Fuchs endothelial corneal dystrophy (FECD) is a progressive corneal disease that 

impacts the structure and stiffness of the Descemet’s membrane (DM), the substratum for corneal 

endothelial cells (CECs). These structural alterations of the DM could contribute to the loss of the 

CECs resulting in corneal edema and blindness. Oxidative stress and transforming growth factor-β 
(TGF-β) pathways have been implicated in endothelial cell loss and endothelial to mesenchymal 

transition of CECs in FECD. Ascorbic acid (AA) is found at high concentrations in FECD and 

its impact on CEC survival has been investigated. However, how TGF-β and AA effect the 

composition and rigidity of the CEC’s matrix remains unknown.

Methods: In this study, we investigated the effect of AA, TGF-β1 and TGF-β3 on the deposition, 

ultrastructure, stiffness, and composition of the extracellular matrix (ECM) secreted by primary 

bovine corneal endothelial cells (BCECs).
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Results: Immunofluorescence and electron microscopy post-decellularization demonstrated a 

robust deposition and distinct structure of ECM in response to treatments. AFM measurements 

showed that the modulus of the matrix in BCECs treated with TGF-β1 and TGF-β3 was 

significantly lower than the controls. There was no difference in the stiffness of the matrix 

between the AA-treated cell and controls. Gene Ontology analysis of the proteomics results 

revealed that AA modulates the oxidative stress pathway in the matrix while TGF-β induces the 

expression of matrix proteins collagen IV, laminin, and lysyl oxidase homolog 1.

Conclusions: Molecular pathways identified in this study demonstrate the differential role of 

soluble factors in the pathogenesis of FECD.

Keywords

Extracellular matrix (ECM); Fuchs endothelial corneal dystrophy (FECD); Atomic force 
microscopy (AFM); Proteomics; Ascorbic acid; Transforming growth factor- β

1. INTRODUCTION

The corneal endothelium is a metabolically active layer that acts as a critical barrier and 

pump to maintain a deturgescent state within the corneal stroma allowing for transparency. 

Loss of the barrier function leading to loss of endothelial cells (CECs), corneal edema, 

and opacity is a hallmark of corneal endothelial dystrophies like Fuchs endothelial corneal 

dystrophy (FECD) that is primary resolved through corneal transplantation (Cross et al., 

1971; Mustonen et al., 1998). Progressive loss of CECs in FECD is associated with 

significant changes in the Descemet’s membrane (DM), both at molecular and structural 

levels, with increased occurrence of excrescences (often rich in matrix/matricellular 

proteins) called guttae. Further, with late-onset of FECD, marked thickening of the DM 

is observed with interspersed layers of wide-spaced collagens (Bourne et al., 1982; Levy et 

al., 1996), primarily due to excessive production of extracellular matrix (ECM) proteins: 

collagen IV, fibronectin, and laminin by the CECs (Gottsch et al., 2005b; Weller et 

al., 2014). Such changes in the DM in FECD alter the biomecha(Ali et al., 2016)nical 

environment via tissue softening, in comparison with normal healthy individuals (Xia et al., 

2016). More recently, using an early onset FECD model, we demonstrated softening of the 

DM in Col8a2 mutant mice preceded loss of CECs suggesting a role for the ECM in the 

pathology (Leonard et al., 2019). Changes in these biomechanical properties are purported 

to be accompanied by biochemical, compositional, and morphological alterations to the DM 

that are capable of markedly regulating subsequent cellular behavior and fate (Ali et al., 

2016). It is thus imperative to understand bidirectional CEC-ECM interactions in the context 

of etiology and progression of FECD. A number of factors may play a role in altering the 

cellular microenvironment.

FECD has been associated with several genetic mutations and cellular pathways linked to 

dysfunctions in the ECM, oxidative stress, RNA toxicity, and cellular transdifferentiation. 

For example, mutations in genes encoding collagen (Col8A2), laminin subunit gamma 1 

(LAMC1), transcription factors TCF4 and ZEB1, sodium borate transporter (SLC4A11), 

glutamate decarboxylase (AGBL1), lipoxygenase homology domain 1 (LOXHD1), and 

myotonic dystrophy type 1 protein kinase (DMPK) are strongly associated with FECD 
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(Afshari et al., 2017; Baratz et al., 2010; Desir et al., 2007; Gottsch et al., 2003; Gottsch 

et al., 2005a; Liskova et al., 2007; Mootha et al., 2017; Riazuddin et al., 2012; Vincent et 

al., 2009). However, the frequency of these mutations as well as their clinical presentation 

vary among different populations suggesting that FECD is a multifactorial condition with 

dysregulation of various signaling pathways reflecting the complexity of the pathology 

(Magovern et al., 1979; Nanda and Alone, 2019; Rosenblum et al., 1980; Wilson and 

Bourne, 1988; Zhang et al., 2006).

Multiple cellular pathways such as endothelial to mesenchymal transition (EnMT) RNA 

toxicity, oxidative stress, and apoptosis contribute to endothelial cell loss in FECD (Gottsch 

et al., 2003; Goyer et al., 2018; Nanda and Alone, 2019). Specifically, EnMT contributes 

to disease progression by modifying the ECM through altered deposition and remodeling 

of multiple collagen isoforms (I, III and XVI), fibronectin, and agrin in the DM (Goyer 

et al., 2018; Weller et al., 2014). Transforming growth factor-β (TGF-β) superfamily, 

specifically TGF-β1 and TGF-β3 isoforms, have been implicated to perturb cell signaling 

and to remodel the underlying matrix (DM) of CECs in progression of FECD (Reneker 

et al., 2010; Tandon et al., 2010). Activation of the TGF-β pathway results in EnMT, 

redox imbalance, oxidative stress, increased production of ECM proteins (e.g. laminin, 

fibronectin) and matrix remodeling, and inhibition of cell growth (Liu and Desai, 2015; Liu 

and Pravia, 2010; Okumura et al., 2017; Okumura et al., 2013; Pozzer et al., 2017; Usui et 

al., 1998; Wipff et al., 2007). Prolonged exposure to activated TGF-β leads to intracellular 

accumulation of ECM proteins and induction of the unfolded protein response (UPR). This 

process ultimately triggers endoplasmic reticular (ER) stress, leading to apoptosis and CEC 

loss (Okumura et al., 2017; Okumura et al., 2013) thus exacerbating the pathology.

Ascorbic acid (AA), a potent antioxidant and cyto-protectant found in high concentrations 

in the aqueous humor of the mammals (Reiss et al., 1986; Ringvold et al., 1998), has been 

shown to promote cell survival by enhancing the regenerative capacity in CECs derived from 

animals and humans in vitro (Jurkunas et al., 2010; Kim et al., 2017; Shima et al., 2011), 

likely by ameliorating oxidative stress (Jurkunas et al., 2010; Kim et al., 2017; Shima et al., 

2011). Although AA is recognized as a potent antioxidant, it is also capable of stimulating 

ECM production in several cell types (Choi et al., 2008; Franceschi et al., 1994; Hata and 

Senoo, 1989; Tagler et al., 2014), including corneal stromal cells (Ren et al., 2008). It 

is thus evident that pro-inflammatory/pro-fibrotic cytokines (e.g., TGFβ) and antioxidants 

(e.g., AA) are both capable of modulating ECM deposition; how these matrices differ in 

composition, morphology, or biomechanics remain to be seen.

Ascertaining causal effects of AA or TGF-β on matrix remodeling using in vivo models 

are difficult to interpret. Thus, in vitro models such as ECM deposition by cells in culture, 

termed as cell derived matrices (CDM), present a viable alternative. The complex, organized 

mixture of macromolecules (structural and otherwise) presented by CDM in vitro partly 

mimic the extracellular microenvironment found in vivo and may be utilized to study cell-

ECM interactions and delineate the specific roles that cells or ECM play in the pathology 

(Vlodavsky, 2001; Yamada and Cukierman, 2007). Since matrices differ by cell type, to 

understand FECD, is imperative that primary CECs are utilized in vitro. Primary human 

CECs are often isolated from donor corneal tissues deemed unsuitable for transplant; the 
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primary cause for rejection is low endothelial cell count with unknown etiology. This 

combined with an absence of donor ocular history presents an interesting challenge in 

knowing if the CECs isolated are truly normal. Thus, alternative sources, such as bovine or 

porcine, may be essential.

In this study we utilized primary CECs isolated from bovine eyes (BCECs) to investigate 

the effect of AA (cytoprotectant to oxidative stress) and TGF-β isoforms (TGF-β1 

and TGF-β3; EnMT simulants) on the ECM protein deposition, structure, stiffness, and 

composition (Fig. 1). We hypothesized that similar to observed reports, EnMT simulants 

would result in softening of the cell derived matrix with associated changes in matricellular 

proteins contributing to pathology, while AA would have minimal effect and may secrete 

matricellular proteins that help alleviate oxidative stress. Together we posited that such 

an approach would be an important tool to study molecular mechanisms underlying 

FCED. In doing so, we were able to connect how these soluble factors modulate ECM 

composition and influence its rigidity. Finally, through quantitative proteomic analysis, 

we further correlated these findings with distinct cell signaling pathways to provide new 

insights into how AA and TGF-β influence the ECM of the cells. More importantly, we 

anticipate that generation of bovine CEC-derived ECM would be an important tool to study 

molecular mechanisms underlying the bidirectional interactions between CECs and their 

microenvironment in the context of FCED.

2. MATERIAL AND METHODS

2.1 Antibodies and Reagents

Pan-collagen (ab24117) and fibronectin (ab6584) antibodies were purchased from Abcam. 

Fluorophore conjugated phalloidin (A12380) was purchased from Life Technologies. 

Dulbecco’s Phosphate-Buffered Saline (DPBS), Hank’s Balanced Salt Solution (HBSS) 

and low glucose DMEM media (Hyclone) were obtained from GE healthcare life sciences. 

Fetal bovine serum (S11050H) was procured from Atlanta Biologicals™. TrypLE™ Express 

solution and gentamicin were purchased from Gibco. Penicillin-Streptomycin-Amphotericin 

(PSA) mixture was obtained from Lonza.

2.2 Isolation of bovine corneal endothelial cell line (BCECs)

Fresh bovine whole globes were obtained within 24 hours of euthanasia from Sierra for 

Medical Sciences (Whittier, CA). To isolate primary BCECs, the extraocular muscles and 

periocular tissues were removed from the globes by dissection. Eye globes were rinsed once 

in sterile PBS and then the cornea was excised at the limbus and before the start of the 

scleral line. Harvested corneas were placed endothelial side up in 12-well plates (Corning 

inc., NY) and soaked for 20 mins in sterile PBS containing 1% PSA and 0.5% Gentamicin. 

Afterwards, 300 μl of TrypLE™ Express solution was applied to the endothelial side of each 

cornea and corneas were incubated for another 20 mins at 37 °C and 5% CO2. Following 

incubation, the endothelial side of each cornea was gently rubbed with a soft cell scraper. 

Dislodged primary cells were pooled into a 15 ml tube (collected cells from 10 corneas were 

pooled into one tube). Cells were centrifuged at 250×g for 5 mins. Supernatant was aspirated 

and pellet was re-suspended in Low Glucose DMEM containing 10% FBS, 1% PSA and 
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0.5% Gentamicin. Cells were then plated in 25 cm2 flasks and were fed with fresh media 

every 3 days until they became confluent. Cells from three to five independent preparations 

were utilized for all experiments described in this study below.

2.3 ECM deposition by BCECs

ECM deposition was conducted on glass slides (VWR VistaVision™) and rounded coverslips 

(TED PELLA, Inc). Glass substrates were functionalized with amine groups to enhance 

cell/ECM adhesion as described elsewhere (Yemanyi et al., 2020b). Briefly, glass was coated 

with 3-aminopropyl trimethoxysaline (Sigma Aldrich, MO) overnight using a vacuum 

desiccator. Coated slides then were placed in an oven and were baked at 200 °C for 20 

mins. Slides were sterilized with direct UV light for at least 45 mins in cell culture cabinet 

and each glass slide was placed in a 4-well plate (Thermo Scientific) for proteomics. For 

immunocytochemistry and AFM, round coverslips (10 mm) were placed in 24-well plates 

(Thermo Scientific). Primary BCECs at a density of 2.5 × 106 cells and 2 × 105 cells were 

seeded on glass slides and coverslips, respectively, and incubated for 24 hours at 37 °C 

and 5% CO2. Cells were either untreated (control) or were treated with TGF-β1 (1 ng/ml), 

TGF-β3 (1 ng/ml), and ascorbic acid (AA) (50 μg/ml) twice a week for 6 weeks, following 

which cell derived matrices were obtained. To induce matrix production by the CECs, 

various concentrations of the TGF-β (0 ng/ml-100 ng/ml) has been used, (Usui et al., 1998) 

but TGF-β at a concentration of ≥1 μg/ml can be toxic to both the cornea and CECs (Liang 

et al., 1996). Therefore, to minimize the toxicity effects and to induce matrix production, a 

concentration of 1 ng/ml was chosen for this study. AA at concentrations between 10 to 265 

μg/ml showed a very low toxicity when tested on the growth rate of CECs obtained from 

different species (Proulx et al., 2007; Shima et al., 2011). Therefore, AA at a concentration 

of 50 μg/ml was selected for this study.

2.4 Decellularization and ECM harvesting

Prior to decellularization, media was removed from each slide and washed twice with 

HBSS. Decellularization was performed as described previously (Yemanyi et al., 2020a). 

Briefly, slides were serially incubated 5 times with 20mM NH4OH solution containing 

0.05% Trition X-100. Afterwards, slides were washed 5 times with HBSS. The efficiency 

of decellularization was confirmed immediately by light microscopy and subsequently by 

immunocytochemistry. For proteomic analysis, decellularized glass slides were incubated 

with ECM extraction buffer (4 M guanidine hydrochloride, 10 mM dithiothreitol (DTT), 

1:1000 DNAse I (0.05-0.375 U/μl) and 1:100 Halt protease inhibitor cocktail (Thermo 

Scientific)) for 3 minutes on ice and then samples were scraped into a 1.5 ml Eppendorf 

tubes. Samples were stored at −80°C until submitted to UC Davis Proteomics Core for 

analysis.

2.5 Immunocytochemistry

Samples prior to and after decellularization were fixed with 4% formaldehyde for 20 

mins at room temperature. Afterwards, both samples were gently washed twice with PBS. 

Samples that were not decellularized were permeabilized with 0.1% Triton X-100 for 5 

mins at room temperature. All samples were then washed once with PBS and then blocked 

in blocking buffer (10% [v/v] FBS/10% [v/v] SuperBlock in PBS) for 1 hour at 37°C. 
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Coverslips were then washed 3 times with PBS and incubated with primary pan-collagen or 

fibronectin antibodies for 1 hour at 37°C. Samples were then washed 3 times with PBS and 

incubated with species appropriate secondary antibody for another hour at 37°C. Following 

the incubation with secondary antibody, samples were washed with PBS for 3 times. To 

label F-actin, samples were incubated with Alexa Fluor-568 conjugated Phalloidin for 60 

min at room temperature in the dark. Following incubation, samples were washed in PBS 

and counter stained with DAPI (0.5 μg/ml) for 5 minutes at room temperature. Slides were 

washed again with sterile PBS and mounted on a glass slides using Mowiol (an aqueous 

mounting medium comprised of polyvinyl alcohol and glycerol made in 0.2M Tris-Cl buffer 

(pH 8.5); DABCO (1,4-diazabicyclo-[2,2,2]-octane) was used as anti-fade) as the mounting 

medium.

2.6 Scanning electron microscopy (SEM)

Decellularized coverslips of controls and treated samples were fixed in Karnovsky’s fixative 

for at least 1 week. The samples were rinsed with 0.1M phosphate buffer and then post-fixed 

for 2 hours in 1% buffered osmium tetroxide. Dehydration was initiated through ascending 

concentrations of ethanol with three changes of 100% and transitioned 1:1 with propylene 

oxide and completed using two changes of pure propylene oxide. Critically point dried 

samples were then mounted on stubs and coated with gold using sputter coater (Pelco 

Sputter Coater SC-7, Ted Pella Inc., CA). SEM images were taken at the UC Davis 

Biological Core Facility using Philips XL30 instrument.

2.7 Atomic force microscopy on ECM

Atomic force microscopy (AFM) was used to measure the mechanical properties of the 

ECM from four independent experiments/BCEC-derived ECM preparations. Briefly, force 

versus indentation curves were obtained using the MFP-3D Bio AFM (Asylum Research, 

Santa Barbara, CA) mounted on a Zeiss Axio Observer inverted microscope (Carl Zeiss, 

Thornwood, NY). To functionalize the cantilever, a dry borosilicate glass bead with a 

nominal radius of 4.9-5.6 μm (Thermo Scientific, Fremont, CA) was glued to the end of a 

silicon nitride PNP-TR-50 cantilever with calibrated spring constant (κ) of 55-246 pN nm−1 

and length of 100 μm (Nano World, Switzerland). Deflection sensitivity of the probes was 

measured by taking the average of five force curves on a glass slide in DPBS immediately 

before the experimental samples. The spring constant of each cantilever probe used for the 

indentation measurements was determined using a thermal tuning method. To measure the 

stiffness of the ECM, freshly decellularized coverslips were adhered to the AFM dishes 

using cyanoacrylate glue. All samples were equilibrated in HBSS for at least 60 min prior 

to obtaining measurements to minimize thermal drift. For all samples, five force curves at 2 

μm s−1 were obtained from 5-10 random positions. Elastic modulus (E) of each sample was 

obtained by fitting the indentation force vs. the indentation depth of the sample and further 

by applying the Hertz model for a spherical indenter, as shown in Eq. (1),

F = 4
3

E
(1 − ν2)

δ3 ∕ 2R

Eq. 1
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where F  is the force applied by the indenter, E is Young’s modulus, ν is Poisson’s ratio 

(assumed to be 0.5 for biological samples (Herrmann, 1965)), δ is the indentation depth, and 

R is the radius of the borosilicate bead.

2.8 Protein extraction for proteomics

Bradford assay (Thermo Scientific) was performed to determine protein concentration of 

ECM extracts from five independent primary BCEC-derived preparations/experiments for all 

treatment groups. Proteins were precipitated and roughly 150 μg of protein was used for 

trypsin digestion. Pellets were solubilized in 100 μl of 6 M urea, 200 mM of dithiothreitol 

(DTT) was added to a final concentration of 5 mM and samples were incubated for 30 

min at 37°C. Next, 20 mM iodoacetamide (IAA) was added to a final concentration of 15 

mM and incubated for 30 min at room temperature, followed by the addition of 20 μL 

DTT to quench the IAA. Lys-C (Lysyl Endopeptidase, Wako Chemicals USA) was added to 

the sample and incubated for 2 hours at 30°C. Samples were then diluted to >1M urea by 

the addition of 50 mM AMBIC (ammonium bicarbonate), trypsin was added and digested 

overnight at 37°C. The following day, samples were desalted using Macro Spin Column 

(Nest Group).

2.8.1 Tandem Mass Tag (TMT) 10plex labeling—Desalted peptides were 

reconstituted in 30 μl of 50 mM TEAB (Tri Ethyl Ammonium Bicarbonate) and quantified 

using Pierce Fluorescent Peptide assay (Thermo Scientific). Each sample was diluted with 

50 mM TEAB to 0.40 μg/μl; 10 μg of peptide was used per replicate. Samples were labeled 

using 10plex Tandem Mass Tag (TMT) Labeling Kits (Thermo Scientific). Briefly 20 μl of 

each TMT label (126N-131N) was added to each digested peptide sample and incubated for 

one hour. The reaction was quenched with 1 μl of 5% hydroxylamine and incubated for 15 

minutes. A pooled sample was created by taking 1μg of all 20 samples (20 μg total) and then 

split into two 10 μg aliquots. Each pooled sample was labeled with the TMT 11 plex (131C) 

reagent and added to the two separate TMT 10 Plex experiments. All labeled samples were 

then mixed together in two sets of 11 samples and lyophilized to near dryness. TMT labeled 

samples were reconstituted in 0 .1% TFA and the pH was adjusted to 2 with 10% HCl. The 

combined sample (20 μg) was separated into 8 fractions by Pierce High-pH Reverse-Phase 

Peptide Fractionation kit (Thermo Scientific) with an extra wash before separation to remove 

extra TMT label reagent. The eight fractions were dried almost to completion.

2.8.2 LC-MS/MS—LC separation was done on a Dionex nano Ultimate 3000 (Thermo 

Fisher Scientific) with a Thermo Easy-Spray source. The digested peptides were 

reconstituted in 2% acetonitrile/0.1% trifluoroacetic acid and 5 μl of each sample was loaded 

onto a PepMap 100Å 3U 75 um x 20 mm reverse phase trap where they were desalted online 

before being separated on a 100 Å 2U 50-micron x 150 mm PepMap EasySpray reverse 

phase column. Peptides were eluted using a 180-minute gradient of 0.1% formic acid (A) 

and 80% acetonitrile (B) with a flow rate of 200 nL/min. The separation gradient was 2% to 

5% B over 1 minute, 5% to 10% B over 9 minutes, 10% to 20% B over for 27 minutes, 20% 

to 35% B over 10 minutes, 35%B to 99%B over 10 minutes, a 2 minute hold at 99%B, and 

finally 99% B to 2%B held at 2% B for 5 minutes.
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2.8.3 MS3 synchronous precursor selection workflow—Mass spectra were 

collected on a Fusion Lumos mass spectrometer (Thermo Fisher Scientific) in a data 

dependent MS3 synchronous precursor selection (SPS) method. MS1 spectra were acquired 

in the Orbitrap: 120K resolution, 50ms max inject time, and 5 x 105 AGC target. 

MS2 spectra were acquired in the linear ion trap with a 0.7 Da isolation window, CID 

fragmentation energy of 35%, turbo scan speed, 50 ms max inject time, 1 x 104 AGC target, 

and maximum parallelizable time turned on. MS2 ions were isolated in the ion trap and 

fragmented with a HCD energy of 65%. MS3 spectra were acquired in the Orbitrap with a 

resolution of 50K, a scan range of 100-500 Da, 105 ms max inject time, and 1 x 105 AGC 

target.

2.8.4 TMT IRS normalization and data analysis—RAW data files were processed 

and quantitated as previously described (Plubell et al., 2017). Briefly, raw files were 

processed with Proteome Discoverer 2.2 (Thermo Scientific) using the default MS3 

SPS method with the following quantitative settings. Intensity was used for the TMT 

quantification and no normalization, imputation, or scaling was applied. All MS/MS samples 

were analyzed using Sequest HT to search all canonical Bovine sequences from Uniprot 

and 110 common laboratory contaminants (http://thegpm.org) plus an equal number of 

reverse decoy sequences assuming the digestion enzyme trypsin. Sequest-HT was searched 

with a fragment ion mass tolerance of 0.20 Da and a parent ion tolerance of 10.0 PPM. 

Carbamidomethyl of cysteine and TMT6plex of lysine were specified in Sequest-HT as 

fixed modifications. Oxidation of methionine and acetyl of the n-terminus were specified in 

Sequest-HT as variable modifications. Q-values computed by Percolator(Käll et al., 2007) 

were used to assign peptide confidence.

The default proteome discoverer PSM export report was processed using the PAWS pipeline 

modified for TMT quantitation (Wilmarth et al., 2009). This was used for inferring proteins, 

filtering (min intensity = 500, Perolator q-value = 5%, min 2 peptides per protein) and 

summing SPS MS3 reporter ion intensity (from unique peptides) to the protein level. 

Output from PAWS was analyzed using R to calculate the IRS normalized total reporter 

ion intensities and groups were compared with each other and to the controls using 

edgeR(Robinson et al., 2010).

2.8.5 Quantitative proteomics data analysis—GraphPad Prism was used to 

calculate differential expression of the found proteins for each condition from five 

independent experiments. Multiple t-tests and a stringent 5% false discovery cutoff was used 

to for each treatment. Identified proteins and their genes were used to further classify their 

molecular activity and their biological pathways. Gene classification, molecular function, 

and protein pathway analysis was conducted using Protein ANalysis THrough Evolutionary 

Relationships (PANTHER) classification system (http://www.pantherdb.org, version 13.1) 

(Mi et al., 2013; Thomas et al., 2003).

2.9 Image and Statistical analysis

Fluorescent intensity of the immunostained ECM were quantified using ImageJ (NIH). 

Graphs were compiled using GraphPad Prism 8 software for Windows (GraphPad Software, 
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Inc; La Jolla, CA). Results are expressed as means ± standard deviation (S. D). Elastic 

moduli values obtained from approximately 30 data points each from four independent 

experiments were represented as SuperPlots (Lord et al., 2020) to demonstrate variability 

and data spread. Differences between each treatment were compared using one-way 

ANOVA followed by Tukey’s multiple comparison test in GraphPad Prism 8 software with P 
< 0.05 considered significant.

3. RESULTS

3.1 Structure and morphology of ECM in response to AA, TGF-β1 and TGF-β3

Immunostaining performed on samples prior to decellularization showed a uniform layer 

of hexagonal endothelial cells in all groups: control and those treated with AA or TGF-β1/

TGF-β3 (Fig. 2). Efficiency of the decellularization was confirmed with all the samples co-

stained with phalloidin and DAPI. No DAPI or F-actin was detected after decellularization 

suggesting efficient removal of cellular material. Deposition of ECM in response to AA 

and TGF-β was confirmed by immunostaining for pan-collagen and fibronectin, major 

components of the ECM (Fig. 2). Immunostained ECM images showed small yet significant 

differences in fluorescent intensities of collagen between control and AA treated samples; 

no differences were observed with TGF-β1/3 treatments. By contrast, TGF-β1/3 treatment 

resulted in significantly increased immunostaining of fibronectin that was not present with 

AA treatment compared with control groups. SEM images were obtained to document 

differences (if any) in ultrastructural features of the matrix between the controls, AA-, and 

TGF-β-treated samples; no obvious differences were observed between the samples. (Fig. 

3).

3.2 The effect of TGF-β and AA on the mechanical properties of the ECM

AFM was used to determine the impact of AA, TGF-β1 and TGF-β3 on the mechanical 

properties of ECM produced by BCECs (Fig. 4). Our AFM results demonstrated that the 

ECMs of the BCECs treated with TGF-β1 (0.77 ± 0.3 kPa) and TGF-β3 (0.87 ± 0.4 kPa) 

were significantly softer than the ECM produced by the untreated BCECs (1.18 ± 0.4 kPa, 

p < 0.05) or AA treated BCECs (1.16 ± 0.5 kPa, p < 0.05). No statistically significant 

differences were seen comparing TGF-β1 and TGF-β3 (n=4 independent experiments; 

one-way ANOVA followed by Tukey’s multiple comparison, p = 0.28), or between AA 

and control treated groups (n=4 independent experiments; one-way ANOVA followed by 

Tukey’s multiple comparison, p = 0.98) (Fig. 4).

3.3 Abundance and distribution of ECM-associated proteins

Another method to evaluate the effects of AA, TGF-β1, and TGF-β3 on the composition 

of the ECM produced by BCECs was comparing the relative protein abundances between 

treatments using tandem mass tag (TMT) labelling and LC-MS/MS analysis. Untreated 

samples served as the control. A total of 2997 proteins were quantified from all samples (n 

= 5 for each treatment for a total of 20 samples). To detect differentially abundant proteins 

between the treatments, the Bioconductor package edgeR was used to perform statistical 

analysis of protein expression with a false discovery rate (FDR) of 5%. We identified 

that 32 proteins are differentially expressed between the controls and TGF-β1 treated 

Jalilian et al. Page 9

Exp Eye Res. Author manuscript; available in PMC 2024 August 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



samples (Supplementary table 1). For TGF-β3, 69 differentially expressed proteins were 

found (Supplementary table 2). The highest numbers of differentially expressed proteins 

(Supplementary table 3) were observed between the controls and AA-treated samples.

The level of reproducibility between biological replicates of each treatment was evaluated 

using pair-wise scatter plots and correlation coefficients. Our generated data demonstrated 

a high level of reproducibility between the biological replicates in treated and untreated 

groups (Supplementary Fig 1 A-D). The differential abundance analysis resulted in many 

proteins with highly significant p-values (FDR < 0.05) and larger fold changes (Figure 5). 

This shows that treatment of BCECs with AA or TGF-β produced differential abundance 

changes in many ECM and ECM-bound proteins.

3.4 Differential expression of identified proteins

To profile differentially abundant proteins, TMT-labelled peptides were analyzed with LC-

MS/MS to generate reporter ions for each biological sample. Proteins were tested for 

abundance differences using the exact test in edgeR and were considered significant if their 

FDR was less than 0.05. To classify the biological and physiological significance as well 

as biological pathways of the identified proteins, Gene Ontology PANTHER classification 

system was used. Gene symbols (from UniProt) for differentially abundant bovine proteins 

were used in PANTHER for categorization of their functional pathways.

AA-treated samples showed 12 distinct biological process pathways compared to 8 pathways 

for TGF-β1 and 10 pathways for TGF-β3 treated samples (Fig. 6 A, D & F). In AA-treated 

samples, “Cellular Process” showed the highest enrichment (33%) for Biological Process 

terms followed by “Metabolic Process” (20.4%) and “Localization” (12.6%) (Fig. 6 A). 

“Cellular Process” was also the most enriched Biological Process term in both TGF-β1 and 

TGF-β3-treated samples (52.6% for TGF-β1 and 44.8% for TGF-β3).

Further analysis of the cellular and metabolic process pathways in AA-treated cells revealed 

multiple biochemical pathways related to the ECM of the BCECs (Fig. 6 B & C). Categories 

and functions of proteins are highly different between the cellular and metabolic pathways, 

indicating the dynamics and variety of biochemical pathways involved in the ECM-derived 

BCECs in response to AA (Fig. 6 B & C).

Since “Cellular Process” was the most enriched term in both TGF-β1- and TGF-β3-treated 

samples, we further broke down this pathway (Fig. 6 E & G). Gene Ontology showed that 

the number of “Cellular Process” proteins in TGF-β1-treated sample was 24, compared to 

64 for TGF-β3, simply showing that ECM of the BCECs in the presence of TGF-β3 was 

more dynamic compared to the ECM in the presence of TGF-β1 (Fig. 6 E & G). Further, 

ECM of the TGF-β3-treated samples showed more diverse biochemical pathways compared 

to the ECM of the TGF-β1-treated samples. Gene Ontology analysis of the identified genes 

revealed differential expression levels and a diverse network of biochemical pathways in the 

ECM of the treated samples, which can be used to define their specific role in pathogenesis 

of the corneal endothelial cells.
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3.5 Molecular functions of the ECM proteins is specific to AA and TGF-β

We used PANTHER Gene Ontology function/pathway enrichment analysis to investigate 

the biological processes for the differentially abundant proteins in each treatment (Figure 7 

A-C). Enrichment analysis showed a distinct pattern of molecular activity for each treated 

sample. ECM of the AA-treated cells had the highest amount of catalytic activity (34.6%) 

compared to TGF-β1 and TGF-β3-treated samples (14.3% and 23.3%, respectively). By 

contrast, both TGF-β1 and TGF-β3-treated samples showed an elevated activity of the 

structural molecules compared to AA-treated samples (25% and 19% versus 11% for AA), 

indicating that TGF-β tend to promote molecular pathways with activity that enhances the 

production of the ECM in BCECs.

Biological pathways of the differentially abundant proteins were analyzed using PANTHER 

Gene Ontology (Fig. 8 A-G). Compared to AA-treated samples, the number of identified 

pathways were more limited in both TGF-β1- and TGF-β3-treated samples (Fig. 8 A, 

D & F). Interestingly, in all the treated samples, integrin signaling was found to be the 

most common pathway among the identified pathways (Fig. 8 A, D & F). In ECM of 

the AA-treated BCECs, the inflammation pathway was the second most common pathway 

while, in ECM of the TGF-β1- and TGF-β3-treated cells, blood coagulation pathway was 

found to be the second most common pathway (31.6% for TGF-β1 and 16.7% for TGF-β3).

Further analysis of the integrin signaling pathway in AA-treated cells revealed that 62% 

of the pathway was represented by collagen and collagen related proteins followed by 

laminin, which was found to be around 20% (Fig. 8 B). Although the analysis of AA-related 

inflammation pathway revealed different biochemical pathways, it showed that 42% of the 

pathways belonged to ECM proteins (Fig. 8 C). Differential analysis of the integrin signaling 

pathway in the ECM of the BCECs treated with TGF-β1 and TGF-β3 showed that almost 

all the pathway is dominated by ECM proteins. For TGF-β1-treated samples, collagen was 

found to be the highest contributing ECM protein (57.1%) followed by laminin (42.9%). For 

TGF-β3 treated samples a similar trend was observed with collagen being the most abundant 

(58.3%) followed by laminin and fibronectin (25% and 16.7%, respectively). Differential 

analysis of the expressed proteins in dominant pathways revealed the central role of the 

ECM in maintaining the physiological functions of cells.

Among the classified proteins in AA-treated samples, we identified those that are 

specifically implicated in oxidative stress. Based on the protein p-value, we discovered 

a significant upregulation in the expression of peroxiredoxin-1 (PRDX1) and glutathione 

peroxidase 8 (GPX8) but a downregulation in the expression of superoxide dismutase [Cu-

Zn] (SOD3) (Table 1). In TGF-β3 treated samples, we found significant upregulation of 

14 different matrix proteins such as various collagen IV isoforms, laminin, lysyl oxidase 

homolog 1, and metalloproteinase inhibitor 3 (please see Table 2 for the complete list). 

Surprisingly, compared to control, we did not detect any significant up- or down regulation 

of matrix proteins in the TGF-β1-treated samples.
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4. DISCUSSION

In this study, we investigated the effect of AA and TGF-β on the organization, mechanical 

properties, and composition of the ECM derived by primary BCECs. Previous studies 

have shown fibroblast-like morphology and EnMT in human corneal endothelial cells 

following the TGF-β treatment (Okumura et al., 2013; Saika, 2006). However, we detected 

no morphological change in primary BCECs after the 6-week treatment period. BCECs 

maintained their hexagonal monolayer formation throughout the treatment period and their 

morphology was comparable to the control group. Since studies have shown that the ECM 

composition and proteins markedly change following the morphological change of the CECs 

(Okumura et al., 2013), maintaining the BCECs’ original characteristics and physiological 

function was the crucial part of this study to avoid any misinterpretation.

4.1 Morphological and biomechanical characterization

Our SEM results revealed no obvious differences in the matrix of cells treated with AA 

and TGF-β1/3. However, we did observe subtle differences wherein ECM after control and 

TGFβ3 treatment appeared more sheet-like with pores, while ECM after AA and TGFβ1 

treatment was more fibrillar. Additional studies are required to extensively quantify ECM 

organization using immunogold labeling and was deemed out of the scope of this study. It 

remains to be seen how localized and subtle differences in matrix ultrastructure contribute to 

progression of the FECD and CEC loss, if any. Immunostaining for fibronectin and collagen 

revealed important differences in response to TGF-β or AA, respectively. Specifically, AA 

appeared to increase collagen immunostaining, as expected(Franceschi et al., 1994; Hata and 

Senoo, 1989), while TGFβ facilitated fibronectin expression significantly. This is consistent 

with previous studies showing that TGF-β triggers excessive production of the ECM in vitro, 

a process that also induces fibrosis in various tissues such as lung (Roberts et al., 1986; 

Sime et al., 1997). The presence of fibronectin in the ECM enables recruitment of TGFβ and 

TGFβ induced protein to promote fibrosis, thus contributing to detrimental positive feedback 

(Kadler et al., 2008; Klingberg et al., 2018; Muro et al., 2008). Specifically, inhibition 

of fibronectin alleviates pro-fibrotic phenotypes in cells and tissues (Kohan et al., 2010; 

Valiente-Alandi et al., 2018). However, unlike other fibrotic models where TGFβ mediated 

ECM stiffening was observed (Wells, 2013), we observed that, surprisingly, for ECM 

secreted by TGF-β-treated cells were significantly softer than untreated control. Whilst this 

seemingly appears to contradict a previous observation from our group where TGFβ3 treated 

trabecular meshwork cells deposit a stiffer CDM (Raghunathan et al., 2015), this finding is 

in agreement with a previous study where the modulus of DM in FECD-affected patients 

were observed to be significantly lower compared to normal donors (Xia et al., 2016). This 

emphasizes the importance of studying ECM biomechanics and composition in a cell-type 

and context dependent manner.

Since BCECs maintained their hexagonal morphology despite chronic TGF-β treatment akin 

to what the cells may be exposed to in vivo, it is likely that changes observed in the ECM 

precede changes in cell morphology. Further, based on our observations, we speculate that 

softening in the ECM is likely due to disorganization of the structural proteins. Future 

studies would be required to document ultrastructural changes combining serial block face 
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scanning electron microscopy and immuno-gold labelling for target proteins to determine 

which structural components may play a causal role in ECM softening. Further, whether 

similar observations translate to ECM deposited by human primary CECs comparing non-

FECD and FECD donors remain to be investigated.

4.2 Proteomic characterization

Another factor that contributes to matrix biomechanics is how these structural proteins 

may be crosslinked with each other. Lysyl oxidase (LOX) is a key ECM cross linker and 

is thought to play a defining role in mechanical properties of the matrix (Elbjeirami et 

al., 2003). Although we detected significant overexpression of lysyl oxidase homolog 1 

(LOXL1) in TGF-β3 treated samples, its expression inversely correlated with a change in 

elastic modulus. Indeed, LOXL1 is identified as a downstream target of TGF-β1/2 signaling 

in ocular cell types (Sethi et al., 2011). Whether the elevated expression of LOXL1, as 

observed here, translates to either: increases in its enzymatic activity, or rendered inactive in 

our matrices, or if enzyme activity and kinetics differ with different TGF-β isoforms remains 

unclear. It is also unclear if the ECM has sufficient substrates/ligands for LOXL1 activity 

to be effective. Further, to the best of our knowledge, LOXL1 has not been implicated in 

FECD; thus, understanding LOX protein and its homologs in the context of CEC health and 

DM homeostasis warrants further investigation.

Our Gene Ontology analysis demonstrated that AA and TGF-β1/TGF-β3 isoforms modulate 

a vast array of metabolic and molecular pathways in the ECM. For instance, we found that 

AA and TGF-β1/TGF-β3 isoforms modulate the expression of the ECM molecules collagen, 

laminin, and fibronectin. We also found that TGF-β1 treatment resulted in elevated amounts 

of secreted frizzled related protein 1-(sFRP1) in BCEC ECM. sFRP1 is a non-canonical 

Wnt inhibitor. Interestingly, while upregulation of sFRP1 has been observed in other fibrotic 

diseases, sFRP1 was shown to be required for inhibition of severe organ damage through 

non-canonical Wnt/PCP pathway(Matsuyama et al., 2014). It is thus unclear if the increase 

in sFRP1 is cytoprotective or an adverse event. Another Wnt gene, WNT4, reported to be 

upregulated in FECD patients (Cui et al., 2018) and renal fibrosis(DiRocco et al., 2013) 

but downregulated with sensescence (Kvell et al., 2010), was demonstrated to be important 

for mesenchymal to epithelial transition(DiRocco et al., 2013; Taki et al., 2003). Studies 

have shown that Wnt signaling, independently or through interaction with other pathways, 

promotes expression and organization of ECM proteins (such as fibronectin), cell migration, 

and fibrosis (Brack et al., 2007; Dzamba et al., 2009; Nelson and Nusse, 2004; Tao et al., 

2016). Whether Wnt signaling plays a critical role in FECD pathogenesis remains to be 

explored.

Oxidative stress and DNA damage followed by apoptosis are implicated in endothelial cell 

loss in FECD (Jurkunas et al., 2010; Kim et al., 2017). Interestingly, our proteomics results 

demonstrate an increase in expression of the Peroxiredoxin-1 (PRDX1) and glutathione 

peroxidase 8 (GPX8) in the ECM of the BCECs treated with AA, indicating that AA 

induces the expression of these antioxidants in CECs. One preliminary study has reported 

an upregulation of AA in aqueous humor of FECD patients (Gupta et al., 2017); this 

however has not been confirmed by additional studies. Nevertheless, ascorbic acid has 
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been postulated to ameliorate oxidative stress induced damage, reduce apoptosis, and 

promote proliferation in corneal endothelial cells (Hsueh et al., 2020; Hsueh et al., 2021) 

Together, these posit AA in FECD may be an adaptive response to facilitate production of 

antioxidants; we thus speculate that when this stress is prolonged and unsustainable, cells 

may no longer be able to rescue themselves. Randomized studies are required to determine 

the amounts and role of ascorbic acid in FECD. PRDX1 and GPX8 are known to be mostly 

active inside the cells. In fact, it is shown that expression of other PRDX isoforms, PRDX2 

and PRDX6, is reduced in FECD endothelial cells compared to normal samples (Jurkunas 

et al., 2008). In addition to intracellular role of these antioxidants, recent studies have 

revealed the novel role of PRDX1 and GPX8 in the ECM of the cells (Bagulho et al., 

2015; Kawai and Akira, 2010). PRDX1 secretion into the ECM triggers TLR4-mediated 

inflammation, immunity, and tissue repair responses (Bagulho et al., 2015; Kawai and Akira, 

2010), a biochemical pathway that we found to be the second most upregulated pathway 

in AA-treated cells. Similarly, inflammatory and immune pathways have been found to 

be upregulated in late onset FECD (Cui et al., 2018). Thus, based on these findings, we 

speculate that AA initially promotes the expression of antioxidants in both CECs and ECM 

and that these molecules further induce a secondary inflammatory and immune response 

as a defense mechanism to avoid cell apoptosis. However, further mechanistic studies are 

essential to elucidate whether these pathways individually, or in coordination with each 

other, could potentially prevent endothelial cell from undergoing apoptosis.

In AA-treated ECM, we found a decrease in matrix-specific superoxide dismutase [Cu-Zn] 

(SOD3) expression in the ECM of the BCECs treated with AA, consistent with the recent 

study where down regulation of superoxide dismutase SOD2 and SOD3 was detected in 

CECs isolated from the FECD patients (Cui et al., 2018). Downregulation of SOD2/3 has 

been associated with upregulation of reactive oxygen species, cell apoptosis and senescence 

in CECs and FECD (Cui et al., 2018). Given the higher concentration of AA in aqueous 

humor of FECD patients, it remains to be investigated why SOD levels are downregulated 

in FECD. One possible explanation might be because of the overlapping functions of the 

SOD and AA (Tamari et al., 2013). Thus since AA is able to mimic the antioxidant function 

of the SOD1 and SOD2 in SOD knockout cells (Tamari et al., 2013), its presence may 

lead to downregulation of intra and extracellular SODs, modulation of the apoptosis and/or 

senescence, as an adaptive response. However, it is likely that beyond a critical level AA 

is insufficient to compensate for the loss or downregulation of various SOD isoforms, thus 

contributing to dysfunction in FECD.

In this study, we demonstrated that BCEC derived CDMs may be a potent tool to study ECM 

biology and CEC-matrix interactions in the context of FECD pathogenesis. Our data shows 

definitive biochemical and mechanical changes in the ECM of CECs, mediated by AA and 

TGF-β, that mirror observations in the DM of patients with FECD. This supports BCEC 

derived CDMs as a model system for studying etiology and progression of this disease.

5. LIMITATIONS

While we demonstrate that CDMs from BCECs may be a viable model to study CEC 

dysfunction, this study is not without limitations. First, we utilize bovine cells while 
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acknowledging the importance of developing in vitro or in vivo models in a species 

specific, context dependent, and disease relevant manner. Thus, further studies addressing 

the feasibility in primary human cells from non-FECD and FECD donors is vital. Next, we 

determined the effects of AA and TGFβ1/3 on select concentrations based on prior studies. 

Additional studies are required to determine if changes in the matrix observed are dose/time 

dependent. Also, cells here were cultured in media containing 10% serum. CECs natively 

are exposed to the aqueous humor whose protein content is <1% (Freddo, 2013). Future 

studies are required where cells are cultured in reduced serum conditions to mitigate serum 

effects. Finally, studies focused on quantifying morphometric and ultrastructural changes in 

CDMs are essential to comprehend the implications of a softer ECM.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Bovine corneal endothelial cells deposit a matrix while maintaining cellular 

morphology

• Matrix deposited after TGFβ treatment are softer akin to human FECD

• Cell derived matrices may model cell-matrix interactions for FECD biology
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Fig. 1. Schematic flowchart demonstrating the experimental design and analysis steps.
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Fig. 2. Structure and expression of collagen and fibronectin is modulated by TGF-β1 and 
TGFβ3.
Representative images of samples stained with pan-collagen, fibronectin, phalloidin and 

DAPI prior to decellularization (Top row), and after decellularization stained with pan-

collagen (middle row), fibronectin (bottom row), phalloidin and DAPI. Bar graphs illustrate 

the quantification (relative fluorescent intensity) of pan-collagen and fibronectin amounts in 

decellularized matrices. Bar graphs are mean ± standard deviation from n = 4 independent 

experiments. One-way ANOVA was used for statistical analysis followed by Tukey’s 

multiple comparison test. **p<0.01 and ****p<0.0001 compared with control group.
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Fig. 3. Scanning Electron Microscope images of the ECM deposited by the BCECs.
Representative images of the ECM derived from the untreated BCECs and those treated with 

AA, TGF-β1 and TGF-β3. Samples were decellularized, fixed, and coated with gold before 

imaging.
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Fig. 4. Elastic modulus of the ECM was significantly lower when BCECs are treated with 
TGF-β1 and TGF-β3 and AA.
Elastic modulus of the ECM of the BCECs treated with AA, TGF-β1 and TGF-β3 is 

expressed as a SuperPlot. Individual dots represent individual modulus values from each 

force curve. Scatter plot (represented by ▴) indicate mean ± SD of moduli values obtained 

from each of n = 4 independent experiments (represented by different colors). One-way 

ANOVA was used for statistical analysis followed by Tukey’s multiple comparison test. * P 
< 0.05 compared with control; # P < 0.05 compared to AA treated matrix.
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Fig. 5. Differential expression of ECM proteins in each treatment compared to control.
(A-C) Volcano plots exhibiting the abundance differences and differential expression 

significance of ECM proteins in BCECs treated with (A) AA, (B) TGF-β1 and (C) TGF-β3 

compared to control. Each dot is a representative of individual protein. The X-axis indicates 

the log2 fold change of proteins in a treated sample relative to control sample. n = 5 for each 

treatment.
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Fig. 6. AA-treated samples showed more biological processes compared to TGF-treated cells.
(A) AA-treated BCECs show various cellular processes. Among biological process 

annotations, cellular and metabolic processes showed higher enrichment compared to other 

pathways. (B-C) Further analysis of the cellular and metabolic processes observed in AA-

treated samples (D) Biological processes identified in the TGF-β1-treated samples. (E) 

Breakdown of the cellular processes observed in TGF-β1-treated samples. (F) Biological 

process identified in the TGF-β3-treated samples. (G) Further analysis of the cellular 

processes found in TGF-β3-treated cells.
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Fig. 7. AA and TGF-β specifically modulate different molecular functions in ECM of the BCECs.
(A) Gene Ontology analysis showed that AA increases catalytic and binding activity in the 

ECM. (B-C) Binding and structural activity of the ECM increases in response to TGF-β1 

and TGF-β3.
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Fig. 8. AA and TGF-β induce various biochemical pathways in the ECM.
(A) AA modulated many biochemical pathways including integrin signaling and 

inflammation pathway. (B-C) Analysis of the integrin and inflammation pathway showed 

that AA triggers these pathways directly through differential expression of the ECM 

components. (D-G) Integrin signaling pathways increases in the presence of TGF-β1 and 

TGF-β3. Analysis of this pathway for both TGFβ isoforms revealed upregulation of ECM-

based proteins in the matrix.
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Table 1.

List of genes and their related proteins relevant to oxidative stress identified in response to AA

UniProt ID Gene Protein Log Fold
Change

P Value

Q5E947 PRDX1 Peroxiredoxin-1 0.70801 0.00034134

Q2NL01 GPX8 Probable glutathione peroxidase 8 0.584168 0.00312306

A3KLR9 SOD3 Superoxide dismutase [Cu-Zn] −1.83328 1.92315E-20
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Table 2.

List of genes and their related proteins relevant to integrin signaling and ECM remodeling identified in 

response to TGF-β3

UniProt ID Gene Protein Log Fold
Change

P Value

F1MD77 LAMC1 Laminin subunit gamma 1 1.345 0.000001

P98133 FBN1 Fibrillin-1 1.343 0.000001

A0JNB6 LOXL1 Lysyl oxidase homolog 1 1.337 0.000001

P79121 TIMP3 Metalloproteinase inhibitor 3 1.332 0.000001

F1MZU6 COL4A3 Collagen alpha-3(IV) chain 1.284 0.000003

F1N474 COL4A5 Collagen type IV alpha 5 chain 1.28 0.000003

F1N7Q7 COL4A2 Collagen alpha-2(IV) chain 1.225 0.000008

F1MNT4 LAMB1 Laminin subunit beta 1 1.222 0.000009

F1MC13 LAMA5 Laminin subunit alpha 5 1.152 0.000028

F1MJY9 COL4A6 Collagen type IV alpha 6 chain 1.053 0.000127

F1N0C7 NTN1 Netrin 1 1.025 0.000191

F1MJ71 COL4A4 Collagen type IV alpha 4 chain 0.959 0.000482

F1N1Z6 ITIH5 Inter-alpha-trypsin inhibitor heavy chain H5 0.901 0.001041

Q3ZBS7 VTN Vitronectin 0.8887 0.001218
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