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Editorial on the Research Topic 


Women in lens and cataract





The ocular lens is a highly organized and complex tissue that is an ideal model for understanding the challenges of aging and long-term cellular and molecular homeostasis. This transparent and ellipsoid tissue in the anterior chamber of the eye changes shape to fine-tune the focusing of light onto the retina to form a clear image. The lens is suspended behind the iris by a ring of thin zonules that are connected to the ciliary muscles. The tension exerted by the zonules on the lens changes during muscle contractions that allow for the lens shape changes to focus on near objects through the process of accommodation.


At first glance, the lens is deceptively simple because it is devoid of blood vessels and nerves, and the entire tissue is made up of just two cell types, a monolayer of epithelial cells covering the anterior hemisphere and a bulk mass of fiber cells that differentiate from epithelial cells. Yet, the seeming lack of complexity in structure and function is enigmatic; the structure/function relationship between lens proteins and its optical and biomechanical properties, how the lens proteins change with age, and what mechanisms lead to age-related pathologies remain unanswered. The lens poses extraordinary challenges for cellular homeostasis because all the lens cells ever made in the lens are retained in the tissue. The lens never loses or sheds any cells, and it continues to grow by accruing new layers of cells overlaid onto existing generations of lens fiber cells, akin to the growth mode that creates rings in a tree. The oldest lens cells, which are also some of the oldest cells in the body, are at the center of tissue through which the optic axis passes. As an avascular tissue, the lens generates its own microcirculation current to transport of nutrients, antioxidants, and other small molecules to maintain life-long growth and homeostasis.


The elegance of this clear and light-focusing tissue is only revealed at close examination of the cell-cell interactions and 3D architecture. The review by Greiling et al. undertakes an investigation of the lens structure/function relationship from a different perspective: that of the lamellar formation of the lens that is a consequence of its mode of growth and how this may be linked to its microcirculation and hence maintenance of transparency. Work by Crews et al. considers the biomechanical aspects and how changes in lens shape and tension may impact on transport of nutrients. Variability of diffusion patterns between anterior and posterior lens poles was noted for three of the dyes, and one dye suggested an active transport mechanism may be present. The lens microcirculation pathway requires large gap junction plaques made from connexin proteins, and the importance of gap junction communication in lens and eye growth and homeostasis are revealed in two articles. Painter et al. used optical coherence tomography to reveal that loss of connexin 50 in mouse lenses led to changes in anterior chamber depth, suggesting that normal lens size and growth are a prerequisite for normal eye size and development. Sellitto and White show that connexin 50, hosphoinositide 3-kinase (PI3K), and phosphatase and tensin homolog (PTEN) all play roles in lens size and growth.


The prevention or minimization of protein oxidation is another factor for maintaining lens homeostasis. A fascinating study on circadian rhythms in the lens presents a number of avenues for further study on regulation of a major antioxidant, namely glutathione (Li et al.). The implications of these results are that glutathione and enzymes responsible for its homeostasis may be dependent on circadian rhythms and that oxidative stress in the lens could be regulated by manipulating the circadian clock. This offers a novel and exciting means of controlling the health of the lens and potentially maintaining transparency.


Cataracts, defined as any opacity in the lens, remain the leading cause of blindness in the world. We continue to explore the genes, signaling pathways, age-related protein changes, and external factors that can lead to cataractogenesis. Choquet et al. reveal novel genetic markers for age-related cataract development, suggesting markers for genetic susceptibility to cataracts may exist outside the lens tissue. Dysfunction of the Eph/ephrin bidirectional signaling pathway has been linked to congenital and age-related cataracts in human patients. Huynh and Cheng conducted a thorough investigation of the expression levels of the Eph/ephrin genes in the lens that change with age or due to disruption of the signaling pathway. A detailed mass spectrometry study by Paredes et al. describes the irreversible crosslinking of proteins through the formation of reactive intermediates, dehydroalanine (DHA) and dehydrobutyrine (DHB). Increased levels of DHA and DHB are found in cataractous lenses, suggesting that protein crosslinking is linked to age-related opacities. The role of light, and in particular UV light, on the biochemical properties of the lens is reviewed by MacFarlane et al. Whether UV exposure leads to cataract or expediates the process of cataract formation has been debated for decades. MacFarlane et al. considered several different animal models of UV light exposure to gain a deeper comprehension of the effects of UV light on lens structure and function. Collectively, these studies reveal the potential causes for cataracts from genetic variation to protein aggregation to exposure to UV rays. It is likely that a combination of these factors contributes to the development of cataracts. Recent focus on elucidating the mechanisms for cataractogenesis, especially age-related opacities, will lead to novel non-surgical methods to prevent or delay cataracts.


We were delighted to curate this special topic with 7 original articles and 2 reviews to highlight the contribution of women to vision science and lens research. While there has been an increase in women in STEM, we welcome further opportunities to foster scientific curiosity in girls and encourage new generations of women to pursue careers in engineering, math, and science.
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Introduction

Protein post-translational modifications (PTMs) have been associated with aging and age-related diseases. PTMs are particularly impactful in long-lived proteins, such as those found in the ocular lens, because they accumulate with age. Two PTMs that lead to protein-protein crosslinks in aged and cataractous lenses are dehydroalanine (DHA) and  dehydrobutyrine (DHB); formed from cysteine/serine and threonine residues, respectively. The purpose of this study was to quantitate DHA and DHB in human lens proteins as a function of age and cataract status.





Methods

Human lenses of various ages were divided into five donor groups: transparent lenses (18–22-year-old, 48–64-year-old, and 70–93-year-old) and cataractous human lenses of two age groups (48–64-year-old lenses, and 70–93-year-old lenses) and were subjected to proteomic analysis. Relative DHA and DHB peptide levels were quantified and compared to their non-modified peptide counterparts.





Results

For most lens proteins containing DHA or DHB, higher amounts of DHA- and DHB-modified peptides were detected in aged and cataractous lenses. DHA-containing peptides were classified into three groups based on abundance changes with age and cataract: those that (1) increased only in age-related nuclear cataract (ARNC), (2) increased in aged and cataractous lenses, and (3) decreased in aged lenses and ARNC. There was no indication that DHA or DHB levels were dependent on lens region. In most donor groups, proteins with DHA and DHB were more likely to be found among urea-insoluble proteins rather than among water- or urea-soluble proteins.





Discussion

DHA and DHB formation may induce structural effects that make proteins less soluble in water that leads to age-related protein insolubility and possibly aggregation and light scattering.





Keywords: post-translational modifications, proteomics, lens, cataracts, aging




1 Introduction

The function of the ocular lens depends on the stability of long-lived proteins due to the almost non-existent protein turnover in mature lens fiber cells (1–4). However, the vulnerability of long-lived proteins to spontaneous degradation has been implicated in the formation of high-molecular weight crosslinks and protein aggregation in the lens (4–7). Highly studied age-related post-translational modifications (PTMs) such as deamidation (8, 9), oxidation (10–13), and crosslinking (14–16) have been identified in lens proteins and linked to age-related diseases in other tissues (15, 17). Proteins in the lens are exposed to reactive oxygen species during aging and some oxidized products, such as protein disulfides, can be reversed by protective mechanisms (18–20). Oxidative stress repair biomolecules in the lens, such as glutathione (GSH), and small heat-shock proteins, such as α-crystallins, are subject to age-related decline or modification (21–24). Increased oxidation with age can result in irreversible oxidation products that limit the ability of protective biomolecules to maintain lens transparency (25, 26). Over time, oxidative damage accumulates in the lens, which leads to age-related nuclear cataracts (ARNC) (16, 27). Opacification of the nucleus of the lens in ARNC has been associated with an increase of high-molecular weight crosslinks, protein-protein aggregation, and a reduction of protein-solubility (28).

Irreversible PTMs can result in protein-protein crosslinking and aggregation. Reactive intermediates that lead to irreversible crosslinking are dehydroalanine (DHA) and dehydrobutyrine (DHB) (29). The formation of DHA and DHB residues in proteins is caused by a β-elimination reaction occurring on cysteine, serine, phosphoserine residues for DHA and on phosphothreonine, or threonine residues for DHB. A scheme for DHA formation is shown in Figure 1. DHA has been identified in long-lived proteins in lens tissue (30) and has been hypothesized to form via both nonenzymatic and enzymatic mechanisms (31, 32). After DHA or DHB form, these intermediates can react with nucleophilic residues in proteins such as cysteine to form lanthionine, histidine to form histodinoalanine, and lysine to form lysinoalanine (33). These reaction products have been identified in significantly higher levels in cataractous lenses compared to age-matched transparent lenses (33, 34). DHA can also react with cysteine on GSH, and DHA-GSH crosslinks on essential proteins for lens transparency have been associated with aging and cataracts (25). Although DHA-mediated crosslinks have been identified, the stability, abundance, and effects of DHA and DHB modifications have not been examined. In this study, we quantified the abundances of DHA and DHB in five groups of transparent and cataractous human lenses across the age ranges 18-22-years-old, 48-64-years-old, 48-64-years-old with cataracts, 70-93-years-old, and 70-93-years-old with cataracts. Our results suggest that DHA and DHB formation can lead to insolubilization of multiple lens proteins and is often elevated in cataract lenses.




Figure 1 | A schematic of a protein with a cysteine residue undergoing β-elimination and forming DHA.






2 Materials and methods

The methods of preparing, measuring, and analyzing data were conducted as outlined in Wang and Schey in 2018 (25).



2.1 Lens samples

Senior donors with and without advanced stages of ARNC were received as a gift from Dr. Donita Garland. Lenses older than 70 years old were selected for proteomic analysis and data collected were added to the dataset from Wang and Schey (25). An image of each lens in this older group, before dissection, can be found in Supplementary Figure 1. Meta data for each lens can be found in Table 1. Lenses analyzed by Wang and Schey (25) were from donors in the following groups: ages 18-22-years-old with no cataract history, ages 48-64-years-old with no cataract history, and ages 48-64-years-old with cataract (25). These lenses were obtained from NDRI (Philadelphia, PA). Each group had 4 lenses except for 70-93-years-old lenses, which was composed of three lenses. Lenses were excluded if lenses were deformed or were badly dissected. Two lenses with ARNC, aged 70 and 75, had both nuclear cataracts and posterior subcortical cataracts.


Table 1 | Age, cataract status, and sex of lenses analyzed.






2.2 Lens dissection

Anterior and posterior regions of the lens were removed by sectioning equatorially at 30 µm thickness using a Lecia CM3050 S Research Cryostat (Leica Biosystems, Buffalo Grove, IL, USA) and about 1 mm from the anterior pole and 1.5 mm from the posterior pole were removed. Lens cortex (C), outer nucleus (ON), and inner nucleus (IN) regions were dissected from the remaining uncut lens based on radial distance from the lens center using surgical trephines. The IN was defined as the lens region from the lens center to a radial distance of 4.5 mm. The ON was defined as the region between a radial distance of 4.5 to 6 mm. Lens tissue greater than a radial distance of 6 mm was defined as the cortex.




2.3 Lens homogenization and fractionation

Lens tissue was manually homogenized in homogenization buffer comprised of 25 mM Tris, 150 mM NaCl, and 5 mM EDTA and centrifuged at 20,000 g for 30 minutes. The supernatant was isolated and defined as the water-soluble fraction (WSF). The pellet was solubilized in 8M urea, 25 mM Tris, 150 mM NaCl, and 5 mM EDTA and centrifuged at 20,000 g for 30 minutes. The supernatant was isolated, and this fraction was defined as the urea-soluble fraction (USF). The remaining pellet was suspended in water and proteins from this fraction were defined as the urea-insoluble fraction (UIF).




2.4 Sample preparation for liquid chromatography and tandem mass spectrometry

Proteins from each region and fraction (WSF-IN, WSF-ON, WSF-C, USF-IN, USF-ON, USF-C, UIF-IN, UIF-ON, and UIF-C) were quantified via a bicinchoninic acid (BCA) assay. 50 µg from each region and fraction were aliquoted for proteomic analysis. Sample proteins were reduced via incubation in 10 mM DTT at 56°C for one hour. Proteins were alkylated with iodoacetamide, added to a final concentration of 55 mM, and incubated in the dark at room temperature for 45 mins. WSF and USF fractions were precipitated by methanol-chloroform as described by Wessel et al. (35). UIF fractions in water were spun down at 20,000 g for 20 minutes in 4°C and the supernatant was removed. Precipitated WSF, USF, and pelleted UIF fractions of each region were suspended in 10 µL acetonitrile and diluted with 90 µL of 50 mM Tris. Proteins were digested by the addition of trypsin at a 1:50 trypsin to protein ratio. Samples were dried via SpeedVac and re-solubilized in 0.1% formic acid. Samples were cleaned with stop and go extraction (STAGE) tips and analyzed with liquid chromatography tandem mass spectrometry (LC-MS/MS).




2.5 Liquid chromatography and tandem mass spectrometry

Tryptic peptides corresponding to 0.5 µg of total protein were separated on a one-dimensional fused silica capillary column (100 µm x 20 cm). This column was packed with C18 Phenomenex Jupiter resin (3 µm mean particle size, 300 Å pore size) and coupled with an Dionex Ultimate 3000 nanoLC (Thermo Scientific, San Jose, CA). A 90-minute gradient was performed, consisting of: 1-68 minutes at 2-38% acetonitrile (ACN) in 0.1% formic acid, 68-74 minutes at 38-95% ACN in 0.1% formic acid, 74-75 minutes at 95% ACN in 0.1% formic acid, 76-76 minutes at 95-2% ACN in 0.1% formic acid and 76-85 at 2% ACN in 0.1% formic acid. The mobile phase was balanced with 0.1% formic acid. The eluate was directly infused into a Q Exactive Plus instrument (Thermo Scientific, San Jose, CA) equipped with a nanoelectrospray ionization source. The data-dependent acquisition method consisted of MS1 acquisition (R=70,000) using an MS AGC target value of 3e6, followed by up to 15 MS/MS scans (R=17,500) of the most abundant ions detected in the preceding MS scan. The MS2 AGC target value was set to 1e5, with a maximum ion time of 100 milliseconds, and intensity threshold of 3e4. HCD collision energy was set to 27 NCE, and dynamic exclusion was set to 10 seconds, and peptide match and isotope exclusion were enabled.




2.6 MaxQuant search

For identification of DHA and DHB modification sites, the raw data were processed and searched against a concatenated forward and reversed (decoy) human Swissprot (Oct 2022) database. The data were searched with MaxQuant version 2.1.4.0. The false discovery date (FDR) was set to 1%. Differential modifications included carbamidomethylation of cysteine, oxidation of methionine, Gln conversion to pyro Glu, DHA modifications on cysteine (-33.9877 Da) and serine (-18.0106 Da), and DHB modification on threonine (-18.0106 Da). All modified peptides sequences were manually verified by inspection of peptide tandem mass spectra with 5 ppm mass accuracy for parent masses and 10 ppm for product ions.




2.7 Data analysis

Selected ion chromatograms of modified and non-modified peptides were extracted using the Qual Browser tool in Xcalibur software (Thermo Scientific) using a 10 ppm mass tolerance. Peak areas of DHA modified peptides and non-modified peptides were calculated for all charge states and the most intense three isotopes were summed. The relative level of modification was defined as the ratio of the peak area of modified peptide to the peak area of the non-modified summed with the modified peptide and multiplied by 100. The results are presented as mean +/- standard deviation of each modified peptide abundance in each solubility fraction and each region of four different lenses in each group. The data were analyzed in R 4.2.2. A factor analysis of mixed data (FAMD) was done with FactoMineR. Samples without peak areas for modified peptides were not used in further statistical analysis (36). Quantile normalization was done to account for biological variability (37). To determine relationships between age groups within lenses of the same solubility fraction and region, an analysis of variance (ANOVA) was used followed by a post-hoc Tukey test. Results were considered statistically significant when p < 0.05.





3 Results



3.1 Aging and cataracts influence the lens proteome

Global changes in the lens proteome were analyzed using a data dimensionality reduction method, factor analysis of mixed data (FAMD), to assess the variables that most contributed to variance in the data. The results of the FAMD analysis are shown in Figure 2. The six variables compared in the FAMD included: solubility, region, protein presence, protein sequence coverage, age, and age range and cataract status of each peptide identified by MaxQuant. Age and protein sequence coverage were continuous data while the others were categorical data. The variables that contributed to Dimension 1 were age and age range and cataract status whereas Dimension 2 was most affected by the protein identified and its corresponding sequence coverage. Data for each lens group as well as the complete data were grouped by an ellipse representing a 95% confidence interval.




Figure 2 | Factor analysis of mixed data (FAMD) analysis. Each ellipse represents a 95% confidence level among each group of data (lenses 18-22, 48-64, 46-64 with cataracts, 70-93, and 70-93 with cataracts). The largest ellipse is a confidence level among the entire data set.



Each group of data has the same orientation against both axes, which suggests that the data have similar distributions. The datasets clearly segregate by age. Healthy lenses compared to cataractous lenses have large overlaps, suggesting that proteins were more likely to be affected by age than by cataract status. The overlap among middle-aged and senior lenses suggests that these data have more in common with one another than with younger lenses, which has no overlap with any other group. The total variance extracted from both dimensions of the data was 18.8%, suggesting that the data is well-represented by both dimensions. Overall, most of the data in each group is within a 95% confidence interval of the mean of the entire data set, which indicates that previously acquired data can be compared to recently acquired data.




3.2 DHA and DHB abundances

Previous identification of DHA in lens proteins has been limited to Ser59 on αA-crystallin (30), which was not detected in the current study. To the best of our knowledge, the 24 sites of DHA and DHB identified in our study are novel. Manual inspection of DHA containing peptide MS/MS spectra revealed that DHA formation was more commonly observed at cysteine residues compared to DHA or DHB formation at serine or threonine residues. DHA and DHB formed from water loss were often the result of artifactual in-source decay during analysis, i.e. water loss from glutamic and aspartic acid misidentified as DHA or DHB, or a potential loss of phosphoric acid from phosphoserine or phosphothreonine residues. To avoid analysis of artifactual DHA or DHB formation, only peptides that displayed a shift in retention time between modified and non-modified sequences were selected for quantitation. Among the entire dataset, 20 sites were found with cysteine-based DHA, 2 sites showed DHB from water loss, and 1 DHA site from water loss (Table 2). An example of a DHA-modified peptide tandem mass spectrum is shown in Figure 3. The masses of y7 and y8 ions define the site of DHA as occurring on residues Cys65 in phakinin (BFSP2). Among the detected peptides, the relative levels of modification on 13 unique peptides were abundant enough in most samples to be quantified.


Table 2 | Identified sites of DHA and DHB on lens proteins.






Figure 3 | Tandem mass spectrum of residues 53-72 (APGVYVGTAPSGCIGGLGAR) of BFSP2 (phakinin). DHA is formed from hydrogen sulfide loss from cysteine with a mass shift of -33.9877 Da. b-ions are labeled in blue, y-ions yellow, and a-ions are red. Letters in black refer to residues not identified by b, y, and a ions.






3.3 DHA-modified peptides associated with only ARNC

DHA levels among each solubility fraction and lens region for BFSP2 Cys326 (Figure 4A), βA4-crystallin Cys5 (Figure 4B), and βA3-crystallin Cys170 (Figure 4C) were compared. DHA levels that were significantly different between different age groups and cataract status were denoted with color coded boxes above the bars being compared. Outlined boxes represent comparisons where one age group has cataracts. DHA levels were highest in the UIF for most age groups independent of region or cataract status for all three modified proteins. The relatively high abundance of DHA modified peptides in all UIF samples is noteworthy because non-modified crystallins are water soluble and non-modified BFSP2, being a cytoskeletal protein, is more likely to be identified in the USF.




Figure 4 | DHA containing peptides abundant in age-related nuclear cataract. Relative levels of DHA are shown for (A) BFSP2 (Phakinin) Cys326, (B) βA4-crystallin Cys5, and (C) βA3-crystallin Cys170 among each fractionated region, solubility group, and donor group. WSF-IN, WSF-ON, and WSF-C refers to the water-soluble inner nucleus, outer nucleus, and cortex. USF-IN, USF-ON, and USF-C refer to the urea-soluble inner nucleus, outer nucleus, and cortex. UIF-IN, UIF-ON, and UIF-C refer to the urea-insoluble inner nucleus, outer nucleus, and cortex. Boxes above each result are colored to show which groups are statistically significantly (p<0.05) different. The boxes are colored according to the legend to indicate which bars are compared and show significant abundance differences. Boxes outlined in black represent comparisons where at least one lens group has cataracts; boxes without outlines represent comparisons where neither lens groups have cataracts. An asterisk (*) represents a p-value less than 0.05; ** represents a p-value less than 0.01.



In Figure 4, DHA abundance of BFSP2 Cys326, βA4-crystallin Cys5, and βA3-crystallin Cys170 were highest among senior donors with cataracts (pink bars) in all regions of the UIF. Transparent senior lenses (blue bars) displayed lower DHA levels when detected. Although not all DHA abundance differences between age groups in the UIF were statistically significant due to high variability among donors and a small sample size, a similar trend was observed for these three different proteins.

DHA levels on BFSP2 Cys326 and βA4-crystallin Cys5 in the UIF significantly increased from the C region to the IN region in lenses within each group: 18–22-year-old in BFSP2 Cys326 (Figure 4A), and 48–64-year-old with and without cataracts in βA4-crystallin Cys5 (Figure 4B). These results suggest a regional trend toward higher DHA content in older fiber cells in the UIF, which are the regions of the lens most impacted by ARNC. However, no trend could be identified when comparing younger, middle-aged, and senior lenses within each region in the UIF. The abundance of DHA-containing peptides did not show a strong association with aging even though a slight regional trend was detected.

βA3-crystallin Cys170 (Figure 4C) showed relatively high levels of DHA in senior cataractous lenses in the WSF-IN but not in the WSF-ON, where high levels of DHA were seen in transparent senior lenses. DHA-modified peptides of βB1-crystallin Cys79 in Supplementary Figure 2 displayed similar trends where high levels of DHA were observed in senior lenses with cataracts in the WSF-IN and senior lenses without cataracts were highest in ON and C regions of the WSF. The highest levels of DHA on βB1-crystallin Cys79 were seen in the UIF. Surprisingly, relatively high levels of DHA were observed in the UIF compared to the WSF from young lenses suggesting a shift from a highly water-soluble protein to an insoluble protein upon DHA formation.




3.4 DHA-modified peptides associated with aging and ARNC

Four DHA sites whose abundances were strongly associated with lens age are BFSP2 Cys255 (Figure 5A), BFSP2 Cys65 (Figure 5B), βA3-crystallin Cys82 (Figure 5C), and βA4-crystallin Cys33 (Figure 5D). All four sites showed a high abundance of DHA in the UIF in all three regions of the lens. In each region of the UIF, DHA levels increased from younger to middle-aged to senior lenses. The other solubility fractions did not show any discernable trend. In the UIF, transparent senior lenses and senior lenses with cataracts (blue and pink bars respectively) showed greater differences in the C region than in the ON and IN regions.




Figure 5 | Relative abundance of DHA containing peptides associated with aging. Relative levels of DHA are shown for (A) BFSP2 (Phakinin) Cys255, (B) BFSP2 Cys65, (C) βA3-crystallin Cys82, and (D) βA4-crystallin Cys33. Boxes above each result are colored to show which groups are statistically significantly (p<0.05) different. Boxes outlined in black represent comparisons where at least one lens group has cataracts; boxes without outlines represent comparisons where neither lens groups have cataracts. An asterisk (*) represents a p-value less than 0.05; ** represents a p-value less than 0.01; *** represents a p-value less than 0.001; and **** represents a p-value less than 0.0001.



In all four peptides, the range of levels of DHA between transparent and cataractous lenses in the IN and ON overlap. There is not a significant difference among these senior lenses. However, in BFSP2 Cys 255 in Figure 5A, a significant difference of DHA levels between transparent and cataractous senior lenses was seen (pink and blue bars, respectively). Similarly, significant regional differences between the IN region and C region in senior transparent lenses (blue bars) and regional differences in middle aged transparent and cataractous lenses between the ON region and C region (purple and green bars respectively) were seen in DHA levels in BFSP2 Cys65 in Figure 5B.




3.5 DHA-modified peptides not associated with aging or ARNC

Relative abundances of two peptides: βA3-crystallin T127 containing DHB (Figure 6A) and γC-crystallin Cys23 containing DHA (Figure 6B) showed, again, that the highest levels of modification were detected among the UIF samples. In contrast, to the peptides discuss above, DHA and DHB were more likely to be detected in 18-22-year-old lenses for these two peptides. The relative lack of these modifications in lenses from older subjects suggests that DHA and DHB at these sites may reacting with lens nucleophiles over time.




Figure 6 | DHB and DHA containing peptides abundant in young lenses. Relative levels of DHB are shown for (A) βA3-crystallin Thr127 and of DHA for (B) γC-crystallin Cys23. Boxes above each result are colored to show which groups are statistically significantly (p<0.05) different. Boxes outlined in black represent comparisons where at least one lens group has cataracts; boxes without outlines represent comparisons where neither lens groups have cataracts. An asterisk (*) represents a p-value less than 0.05.



DHA in filensin (BFSP1) Cys259 was more likely to be present in younger lenses (Supplementary Figure 3) like the trends seen in Figure 6. In fact, DHA was not detected in senior lenses with or without cataracts in most regions and fractions. DHA in BFSP1 Cys259 also exhibited a solubility shift from the expected presence in the USF to predominant present in the UIF. Interestingly, transparent 48-64-year-old lenses showed relative high abundance in the WSF-C compared to all other age groups. Although it is unclear as to why such changes in hydrophobicity would occur, these results provide additional evidence that that DHA may be involved in structural changes that affect the overall protein solubility. In fact, DHA was not detected in senior lenses with or without cataracts in most regions and fractions. The results from this site also suggest that DHA and DHB may be participating in other reactions.

Although most detected DHA modified peptides were abundant in the UIF, there were notable exceptions. The DHA site that displayed unique changes in solubility was αA-crystallin, residues Cys131 and Cys142, which is typically a water-soluble protein. DHA in αA-crystallin Cys131 and Cys142 (Supplementary Figure 4) showed an age-related trend in the ON and C regions of the UIF but not in the IN region of UIF, which is the region most impacted by aging and cataracts. Additionally, DHA levels among senior cataractous lenses were only high among the UIF whereas age-related trends could be seen in the USF except for senior cataractous lenses. Interestingly, DHB in αB-crystallin T170 did not exhibit a solubility shift (Supplementary Figure 5), unlike most of the other sites discussed above, and no discernable trends were identified.





4 Discussion

Twenty-four new sites of DHA and DHB were identified on thirteen human lens proteins. Of these sites, thirteen were quantified as a function of age, solubility, and lens region. For most proteins, the presence of DHA or DHB resulted in a shift of the protein to the insoluble fraction. In addition, three general trends were observed in aged and cataractous lenses: (1) DHA/DHB abundance increased with ARNC but not age, (2) DHA/DHB abundance increased with both age and ARNC, and (3) DHA/DHB abundance had no relationship with aging and ARNC.

DHA and DHB modifications were identified in many of the same protein residues and tertiary structures as previously reported to contain DHA or DHB-mediated crosslinks (25) and cysteine oxidation (13, 17). The correlation of DHA to these previously published sites reaffirms that there may be residues, such as cysteine, that may be ‘hotspots’ for spontaneous degradation (38). The presence of DHA and DHB in long-lived lens proteins suggests a stability not previously considered. Although subjects of nucleophilic attack by lysine, cysteine, and histidine residues, our results demonstrate that DHA and DHB can be relatively stable, and their reactivity may depend on surface exposure and/or proximity to nucleophilic residues.

Loss of free thiol groups on cysteine residues is a form of protein oxidation associated with aging and cataractogenesis. Hains and Truscott measured the relative abundance of oxidized and disulfide bonded cysteine in human lenses; however, DHA was not measured in that study (17). Similar to Hains and Truscott and Fan et al. (13) and as stated above, our data displayed three trends: (1) DHA/DHB abundance increased with ARNC but not age, (2) DHA/DHB abundance increased with both age and ARNC, and (3) DHA/DHB abundance had no relationship with aging and ARNC (17). Specifically, DHA levels in BFSP2 Cys326 (Figure 4A) and βA3-crystallin Cys170 (Figure 4C) were highest in ARNC lenses but no association with lens age was observed. A similar result for βA3-crystallin Cys170 cysteine oxidation was reported by Hains and Truscott (17). Another DHA site that displayed similar trends as those seen in previous work was βA3-crystallin Cys82 (Figure 5C). Hains and Truscott found that cysteine oxidation on βA3-crystallin Cys82 was highly related to aging and ARNC our results found DHA levels increased strongly with age (17) in senior ARNC donors but these results were less pronounced compared to the age-related trends observed. αA-crystallin Cys131 and Cys142 (Supplementary Figure 3) displayed age and ARNC related changes when measuring cysteine oxidation or DHA levels (17). These results suggest that DHA formation is correlated to cysteine oxidation. This finding is consistent with our previous study that disulfide bonded cysteine residues readily form DHA (39).

To understand the reactivity of cysteine oxidation during low GSH levels, Fan et al. (13) identified changes in disulfide bond levels. Proteins and residues associated with cysteine oxidation levels that increased with age and ARNC were βA3-crystallin Cys170 (Figure 4C), and βA4-crystallin Cys33 (Figure 5D) (13), which were also found to have increased DHA levels with age or ARNC. These results provide more evidence that DHA is correlated to cysteine oxidation. Fan et al. showed that cysteine oxidation was correlated to intermolecular disulfide crosslinks during the aging process and cataractogenesis as opposed to intramolecular disulfide crosslinks in younger lenses (13). We posit that DHA formation would similarly cause structural changes as the loss of intramolecular disulfide crosslinks. βB1-crystallin Cys79 (Supplementary Figure 2), and γC-crystallin Cys23 (Figure 6B) did not show increased levels with aging and ARNC with DHA abundance but did with oxidized cysteine levels (13), which may be due to the other nucleophiles in the lens. Interestingly, several sites that did not show cysteine oxidation levels change with age or ARNC did show a relationship with DHA levels and age or ARNC (13), such as αA-crystallin Cys131 and Cys142 (Supplementary Figure 3), βA3-crystallin Cys82 (Figure 5C), and βA4-crystallin Cys5 (Figure 4B). These results suggest that DHA abundance may be influenced by more than GSH levels and that DHA may be another barometer of cysteine oxidation.

DHA- and DHB-modified proteins were more likely to be found in the UIF fraction, as observed in 10 of the 13 quantified sites, regardless of the specific protein, native protein solubility, region of the protein, or trend identified. This was unexpected because non-modified protein and peptide counterparts were more likely to be in WSFs or USFs. This is exemplified by the shift in solubility of αA-crystallin from a typically water-soluble protein to a urea-soluble and urea-insoluble protein when DHA is present on residues Cys131 and Cys142 (Supplementary Figure 4). These data suggest that DHA and DHB may induce structural changes that cause protein insolubilization. A critique of this hypothesis arises from the fact that DHA can also be found in the other solubility fractions, albeit in much lower abundances. Furthermore, the likelihood of other protein modifications occurring increases with age, and these may also change the solubility of proteins. For example, previous research by Grey and Schey found that intact αA-crystallin could be found in younger lenses in all regions of the lens (40). However, intact αA-crystallin could not be found in the nucleus of older lenses and, instead, multiple subspecies of truncated αA-crystallin were found (40). Another hypothesis that may explain the low levels of soluble DHA containing proteins is that proteins with DHA/DHB could be targeted for degradation when soluble; however, once insoluble, they may escape proteostatic mechanisms.

Whether DHA and DHB formation is causing insolubilization and aggregation remains to be established. It is very likely that other modifications, known to accumulate with age, may be influencing protein structure in combination with DHA and the combined effects on protein structure will be difficult to determine. Alternatively, if DHA can induce the solubility changes seen in this study, it is possible that protein precipitation or aggregation occurs when DHA or DHB forms on multiple sites of the same protein (41). Further testing is necessary to determine what effect DHA or DHB has on protein structures. Some of the factors that may influence the impact of DHA/DHB formation at each identified site are accessibility of the site, the role of the site in protein-protein interactions or protein structure and flexibility, and the charge states and reactivity of nearby residues. Our data suggest that DHA formation affects protein solubility and may have some impact on protein rigidity. For example, DHA on BFSP2 residue Cys326 (Figure 4A) showed no age-related trend but an ARNC trend whereas BFSP2 Cys255 (Figure 5A) and Cys65 (Figure 5B) showed progressive increases with age. This difference suggests that regions within the same protein can have different effects on protein structure and solubility. If, as our data suggest, structural changes induced by DHA/DHB formation lead to solubility changes, then it is possible for some buried sites to be exposed only after significant protein modification. Thus, some modifications will accumulate with age while others appear only at advanced stages of denaturation. Evidence that may support this notion is that BFSP2 Cys326 is present in the coiled region of the protein whereas BFSP2 Cys65 and Cys255 are in the head and rod domains respectively. Cys326 is present in a region responsible for the overall shape of the dimer and flexibility of BFSP2 (42, 43). This buried residue is not as exposed as other regions and may only be accessible when BFSP2 is unfolded, which is more likely during the denaturing conditions of advanced age or cataractogenesis. In contrast, BFSP2 Cys65 and Cys255 are involved in the assembly of beaded filaments. An age-related trend may be more likely to occur for these more exposed residues.

Like BFSP2, βA4-crystallin containing DHA on Cys5 showed a strong relationship with ARNC (Figure 4B) while DHA-modified βA4-crystallin Cys33 showed a strong relationship with aging and ARNC (Figure 5D). βA4-crystallin Cys5 and Cys33 are located on subdomains within the protein that have distinct structural differences. Cys33 is buried within a Greek key motif; a secondary structure that allow regions within a protein to be highly compact and less vulnerable to stress (44). Previous studies found that when a mutation arises within a single Greek key motif the protein will then self-aggregate and precipitate (44). This information combined with the change in solubility (Figure 5D) suggests that DHA on Cys33 may cause structural deficits associated with function loss. When a mutation occurred in a region not associated with the Greek key motif, the protein remained more stable than its counterpart even if those changes could induce structural and functional deficits (44). That DHA on Cys33 increases with age suggests that, over time, misfolding or aggregation occurs, which is consistent with previous research (5). βA4-crystallin Cys5 (Figure 4B) is on the N-terminal arm of the protein, which is hypothesized to stabilize protein-protein interactions among complexes (45). Cys5 is a highly exposed residue, which shows high levels of DHA in ARNC similar to BFSP2 Cys326. When comparing the abundance of DHA on βA4-crystallin Cys5 to DHA-GSH crosslinks identified by Wang and Schey (25), high levels of DHA were found among senior cataractous lenses in this current study whereas DHA-GSH crosslinks where more likely to be identified among transparent senior lenses. DHA-GSH crosslinks were found in much higher abundances, which suggests that DHA formation and reaction with GSH may be one cause of age-related decline of GSH (46) and reaffirms the potential for DHA to impair lens transparency.

In contrast to the age and cataract specific trends described above, DHA levels at γC-crystallin residue Cys23 and βA3-crystallin T127 (seen in Figure 6) showed high abundance among younger lenses compared to senior or cataractous lenses. γC-crystallin Cys23 was not found to have a relationship between cysteine oxidation and aging or age-related diseases (17). We speculate that these residues are exposed on the protein surface, and upon, DHA/DHB formation, readily react with lens nucleophiles.

In summary, our results show that there is a relationship between DHA and DHB levels and age and ARNC. Many fewer sites with DHB were identified compared to DHA, which suggests that DHB containing peptides may need further enrichment for detection and quantification. Although DHA and DHB are known to contribute to high molecular weight crosslinks correlated to cataracts (33), it is unclear to what extent or how DHA or DHB may be involved in cataractogenesis since this modification is present throughout the aging process. However, our data suggest that for most of the proteins examined, DHA modifications shifted the protein solubility to the insoluble fraction, even for soluble crystallins. Further work is needed to determine the specific role of DHA on protein insolubilization, and our results suggest that this phenomenon may be protein and/or site-specific.
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Introduction

Cataract is the leading cause of blindness among the elderly worldwide. Twin and family studies support an important role for genetic factors in cataract susceptibility with heritability estimates up to 58%. To date, 55 loci for cataract have been identified by genome-wide association studies (GWAS), however, much work remains to identify the causal genes. Here, we conducted a transcriptome-wide association study (TWAS) of cataract to prioritize causal genes and identify novel ones, and examine the impact of their expression.





Methods

We performed tissue-specific and multi-tissue TWAS analyses to assess associations between imputed gene expression from 54 tissues (including 49 from the Genotype Tissue Expression (GTEx) Project v8) with cataract using FUSION software. Meta-analyzed GWAS summary statistics from 59,944 cataract cases and 478,571 controls, all of European ancestry and from two cohorts (GERA and UK Biobank) were used. We then examined the expression of the novel genes in the lens tissue using the iSyTE database.





Results

Across tissue-specific and multi-tissue analyses, we identified 99 genes for which genetically predicted gene expression was associated with cataract after correcting for multiple testing. Of these 99 genes, 20 (AC007773.1, ANKH, ASIP, ATP13A2, CAPZB, CEP95, COQ6, CREB1, CROCC, DDX5, EFEMP1, EIF2S2, ESRRB, GOSR2, HERC4, INSRR, NIPSNAP2, PICALM, SENP3, and SH3YL1) did not overlap with previously reported cataract-associated loci. Tissue-specific analysis identified 202 significant gene-tissue associations for cataract, of which 166 (82.2%), representing 9 unique genes, were attributed to the previously reported 11q13.3 locus. Tissue-enrichment analysis revealed that gastrointestinal tissues represented one of the highest proportions of the Bonferroni-significant gene-tissue associations (21.3%). Moreover, this gastrointestinal tissue type was the only anatomical category significantly enriched in our results, after correcting for the number of tissue donors and imputable genes for each reference panel. Finally, most of the novel cataract genes (e.g., Capzb) were robustly expressed in iSyTE lens data.





Discussion

Our results provide evidence of the utility of imputation-based TWAS approaches to characterize known GWAS risk loci and identify novel candidate genes that may increase our understanding of cataract etiology. Our findings also highlight the fact that expression of genes associated with cataract susceptibility is not necessarily restricted to lens tissue.
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Introduction

Cataract is the leading cause of blindness among older people worldwide and is a leading cause of vision loss in the United States (U.S.), affecting 22% of Americans aged 40 years and older (1). Cataracts are characterized by the opacification of the crystalline lens, leading to progressive loss of vision. Risk factors for cataract include type 2 diabetes, high blood pressure, high body mass index, myopic refractive error, cigarette smoking, and alcohol consumption (2). However, in a recent Mendelian randomization study, we demonstrated that only genetically determined myopic refractive error and primary open-angle glaucoma were significantly associated with cataract risk (3). In addition, women have a higher cataract burden than men of the same age (4), however it is not clear why this sex difference exists.

Twin and family studies strongly support an important role for genetic factors in cataract risk with heritability estimates up to 58% (5–10). Over the past few years, genome-wide association studies (GWASs) have identified more than 50 genetic susceptibility loci for cataracts in adults (11–13). Although those GWASs revealed many genetic loci associated with cataract susceptibility, the causal genes underlying those associations remain poorly understood. Moreover, the role of potential causal genes in the lens and other tissues and cataract is unknown.

We have previously conducted a multiethnic GWAS meta-analysis of cataract (11), using the Kaiser Permanente Northern California (KPNC) Genetic Epidemiology Research on Adult Health and Aging (GERA) cohort, the UK Biobank, and data from the 23andMe research cohort, and identified 55 genetic loci associated at a genome-wide level of significance (P < 5 × 10–8) with cataract (11). Interestingly, one of these loci (CASP7) was specific to women (11). However, the number of risk factors associated with cataract specifically in women that may explain the sex difference in disease burden remain limited.

Recently, transcriptome-wide association study (TWAS) approaches have been developed to characterize established GWAS risk loci and uncover additional gene–disease associations (14–19). These TWAS approaches leverage data from GWAS and expression quantitative trait loci (eQTL) to impute differential expression and test for gene expression associated with the GWAS disease of interest. TWASs have been fruitful in detecting functioning genes regulated by disease-associated variants, thus providing important insight into mechanisms of diseases (19).

In addition to GWAS findings, our previous GWAS meta-analysis of cataract (11) also reported positive genetic correlations between cataract with disorders other than eye disorders, including chronic pulmonary and gastrointestinal diseases. For this reason, we hypothesized that tissues in other anatomical parts of the body than the eye could be relevant to investigate, to better understand the mechanisms underlying cataract.

In this study, we conducted a TWAS of cataract to identify novel associated genes and interpret the transcriptional and disease risk mechanisms for cataract susceptibility genes. We imputed gene expression into GWAS data (59,944 cataract cases and 478,571 controls of European ancestry from GERA and UK Biobank cohorts) from our previous GWAS (11) using eQTL datasets (20) from multiple tissues (54 tissue reference panels). We conducted tissue-specific and multi-tissue TWAS analyses, as well as tissue type-enrichment analysis. Finally, we subsequently fine-mapped those associations and examined the expression of the novel genes identified in the current TWAS in lens tissues using the iSyTE database (21–24). The data sources used for the current TWAS study and TWAS analyses and results are summarized in a flowchart (Supplementary Figure S1).





Methods




Cataract GWAS data

We used summary statistics from our recent GWAS meta-analysis (11). Briefly, we conducted a meta-analysis, including 538,515 individuals of European ancestry (59,944 cataract cases and 478,571 controls) from the GERA (25) and UK Biobank (26, 27) cohorts. The meta-analysis was performed using the R package “meta” (28) and fixed-effects summary estimates were calculated for an additive model. In total, 9,056,148 single nucleotide variations (SNVs) passing quality control were used for the TWAS analyses.

For the GERA cohort, all study procedures were approved by the Institutional Review Board of the Kaiser Permanente Northern California, and written informed consent was obtained from all participants. For the UK Biobank, this research has been conducted using the UK Biobank Resource project #14105.





FUSION eQTL data

Local (cis) eQTL datasets for 54 tissue types were downloaded from the FUSION website. These reference data were sourced from the Genotype Tissue Expression (GTEx) Project v8 (N=49 tissue reference panels) (20), the CommonMind Consortium (CMC) (N=2 tissue reference panels) (29), the Metabolic Syndrome in Men Study (METSIM) (N=1 tissue reference panel) (30), the Netherlands Twin Registry (NTR) (N=1 tissue reference panel) (31), and the Cardiovascular Risk in Young Finns Study (YFS) (N=1 tissue reference panel) (32). Supplementary Table S1 reports the datasets sources, number of individuals, and number of imputable genes for each tissue reference panel.





Tissue-specific TWAS analyses

We conducted a TWAS of cataract using FUSION (18), which computes predictive models for eQTLs from reference data, and tests the association between predicted gene expression with a trait from GWAS summary statistics. As previously done (33), we performed tissue-specific TWAS analyses using FUSION default settings and the three following data inputs: 1) the above-mentioned GWAS summary statistics for cataract; 2) FUSION gene expression predictive models for 54 reference tissues; and 3) 1000 Genomes (European ancestry) Phase 3 data from the 1000 Genomes Project (34) as a reference panel for linkage disequilibrium (LD). Model weights for tissue-specific gene expression regressed on SNVs were computed from best linear unbiased predictor (BLUP), Bayesian sparse linear mixed model (BSLMM), least absolute shrinkage and selection operator (LASSO), and elastic net regression, as well as from the model with the top associated SNV.

A total of 325,513 gene-tissue-pairs (representing 37,920 unique genes across 54 tissue reference panels) were tested for associations between imputed gene expression with cataract susceptibility. Associations with a Bonferroni significance p-value less than 1.54 x 10-7 (=0.05/325,513) were considered significant. Novel TWAS genes were defined as those located over 1 Mb apart from any previously reported cataract GWAS loci (i.e., no prior GWAS SNVs within 1 Mb from the start or end of the gene).





Colocalization analyses

To assess whether GWAS SNVs colocalized with eQTLs, we conducted a Bayesian colocalization analysis using the COLOCv3.2.1 software, which is implemented in FUSION using marginal expression weights, for Bonferroni-significant TWAS associations (35). Thus, we tested the hypothesis that a single variant in each TWAS-significant model was associated with both cataract (from the GWAS) and imputed gene expression. Bayesian posterior probability greater than 0.9 was considered supporting evidence for colocalization.





Conditional and joint analyses

To determine if the TWAS associations were conditionally independent of the GWAS hits, we conducted conditional analyses by adjusting transcriptome-wide associations for SNV-level effects from GWAS. Specifically, we used the COJO software program to adjust the GWAS summary statistics (the meta-analyzed results from the GERA and UK Biobank European samples) by the most statistically significant risk variants within 1 Mb of each TWAS gene (36). Using the marginal TWAS associations from the single-tissue analysis, we performed a FUSION joint analysis for cataract-associated genes located on the same chromosome region within each reference panel.





Tissue enrichment analyses

To identify tissues potentially relevant to cataract, we assigned the 54 tissue reference panels to 12 anatomical categories as per Strunz et al. (2020) (37): adipose (n = 3 reference panels), brain (n = 15), cardiovascular (n = 9), female reproductive (n = 3), gastrointestinal (n = 7), gland (n = 11), lung (n = 1), skeletal muscle (n = 1), skin (n = 2), tibial nerve (n = 1), and transformed fibroblasts (n = 1). Supplementary Table S1 lists the tissue reference panels and their corresponding anatomical categories used for this analysis. We assessed the frequency of Bonferroni-significant TWAS genes in each anatomical category. Because more Bonferroni-significant TWAS genes are expected from eQTL reference panels with more tissue donors and more imputable genes, we used the hypergeometric test to estimate the probability of observing at least as many TWAS-significant genes from all the gene-tissue pairs that we tested in each anatomical category.





Sex-specific TWAS analyses

We also conducted sex-specific TWAS analyses using sex-specific GWAS summary statistics (i.e., women and men analyzed separately) and tissue reference panels (i.e., ovary, uterus, and vagina eQTLs for women; and prostate and testis eQTLs for men).





Multi-tissue TWAS analysis

We conducted an omnibus test in FUSION for associations with cataract across multiple tissues. Specifically, TWAS associations from all 54 tissue reference panels were jointly analyzed accounting for correlation between expression weights across tissues. Two filters were applied to the omnibus test results to consider a multi-tissue gene expression test significant: 1) using a Bonferroni correction, we divided the α of 0.05 by the effective number of genes tested (n = 13,328), and retained genes with omnibus test p-values less than this value (P < 3.75x10-6); and 2) genes with a minimum tissue-specific p-value suggestive of a significant association (P < 1x10-5) were retained as described by Barbeira et al (17).





Expression of novel cataract-associated genes in lens tissues

The iSyTE 2.0 database, which contains meta-analyzed mouse lens gene expression data across different stages, was used to examine the expression of the novel genes identified in the current study in the lens tissue (21–23). Mouse orthologs of the human candidate genes for the novel cataract genes identified in the current TWAS analyses were examined in iSyTE, which contains meta-analyzed lens transcriptome data generated on microarrays or RNA-sequencing (RNA-seq) (21, 23). Mouse whole lens tissue gene expression datasets at embryonic day (E) stages E10.5, E11.5, E12.5, E16.5, E17.5, E19.5, and postnatal (P) day stages P0, P2, and P56, in addition to isolated lens epithelium at P28 were available on the Affymetrix 430 2.0 platform (GeneChip Mouse Genome 430 2.0 Array and/or 430A 2.0 Array) and were used in this analysis. Further, mouse whole lens tissue gene expression datasets at stages P4, P8, P12, P20, P30, P42, P52, and P60 were available on the Illumina platform (BeadChip MouseWG-6 v2.0 Expression arrays), and were used in this analysis. We also examined RNA-seq data generated on mouse whole lens tissue at E10.5, E12.5, E14.5 and E16.5. Additionally, because lens-enriched expression of a candidate gene has proven to be an effective predictor of its role in the lens (21, 22), the lens-enrichment of these candidate genes was also investigated at these stages. “Lens-enriched expression” is a measure of expression of a candidate gene in the lens compared to that in mouse whole embryonic body (WB) as described (21–23, 38, 39). Microarray expression data is publicly available on several gene-specific perturbation mouse models that exhibit lens defects or cataract, as described (21). We analyzed these datasets to examine potential changes in expression of the novel cataract candidate genes, as done before (11). Additionally, to gain insights into expression of candidate genes specifically in lens epithelial or fiber cells, we examined previously described RNA-seq data from isolated epithelium and fiber cells (40, 41). Gene expression analysis was performed as previously described (11, 23, 42). The University of Delaware Institutional Animal Care and Use Committee (IACUC) reviewed and approved the animal protocol.






Results




Tissue-specific TWAS analysis identified 202 gene-tissue pairs associated with cataract

We found that 202 gene-tissue pairs reached the Bonferroni significance threshold for their associations between imputed gene expression with cataract susceptibility (Supplementary Table S2). While increased predicted expression was associated with cataract risk for 79 of the Bonferroni-significant gene-tissue pairs (e.g., IGHMBP2-colon sigmoid, z = 8.25), decreased predicted expression was associated with cataract for 123 Bonferroni-significant gene-tissue pairs (e.g., MRPL21 - whole blood, z = -7.64) (Figures 1, 2).




Figure 1 | Tissue-specific TWAS analysis identified 27 unique genes associated with cataract. While increased predicted expression was associated with cataract risk for 10 genes (i.e., genes with z > 5.0; which corresponds to the results presented on the upper panel), decreased predicted expression was associated with cataract risk for 17 genes (i.e., genes with z < -5.0; which corresponds to the results presented on the lower panel). Genes in blue are novel (i.e., no prior reported GWAS SNV within 1 Mb).






Figure 2 | Transcriptome-wide association matrix of cataract significant gene-tissue associations. Tissue-specific TWAS analysis identified 202 gene-tissue pairs represented by 27 unique genes (on the x-axis) across 54 tissue reference panels (on the y-axis). The 27 unique genes are listed by chromosome position order (chr 1 on the left side of the matrix; chr 22 on the right side of the matrix). The tissue reference panels are listed by alphabetic order. The size of the dot for each gene-tissue association is proportional -log10 (TWAS.P). Color corresponds to the predicted direction of expression changes: red and blue for increased and decreased expression changes, respectively.



These 202 gene-tissue pairs were represented by 27 unique genes across 54 tissue reference panels (Figures 1, 2). Importantly, 2 of the 27 unique genes did not overlap previously identified cataract GWAS loci: INSRR on chromosome 1, and CEP95 on chromosome 17 (Table 1). Furthermore, out of the 27 genes, we found that 9 (33.3%) were located in the 11q13.3 genomic region which was previously identified in our GWAS (11). These include: TESMIN, AP000808.1, MRPL21, IGHMBP2, MRGPRD, MRGPRF, AP003071.4, MRGPRF-AS1, and TPCN2 (Figure 1).


Table 1 | TWAS analyses of cataract identified 99 unique genes.



Interestingly, 12 genes were Bonferroni-significant in only one tissue reference panel; these included 10 genes within previously reported cataract-associated loci: ARL4D (thyroid); CDC42BPA (heart atrial appendage); CDKN2A (brain cortex); GSTM2 (whole blood); OCA2 (brain); PKD2L1 (lung); SEMA4D (spleen); ST6GALNAC4 (blood); TESMIN (adipose subcutaneous); and TPCN2 (brain cerebellar hemisphere); and 2 genes newly identified in the current study: CEP95 (skin sun exposed lower leg), and INSRR (brain nucleus accumbens basal ganglia) Supplementary Table S2.

To assess whether common genetic variants underly eQTL and GWAS associations with cataract, we conducted a colocalization analysis for the 202 Bonferroni-significant gene-tissue pairs. We found that 128 (63.4%) of the Bonferroni-significant gene-tissue pairs had a colocalized variant associated with both cataract risk (from GWAS) and predicted gene expression based on our TWAS results (column COLOC.PP4 in Supplementary Table S2).





Conditional analyses provide additional support for cataract TWAS associations

To identify TWAS signals for cataract independent of GWAS genome-wide significant risk variants, we repeated the FUSION analysis with GWAS summary statistics conditioned on the top GWAS SNV in each of the 202 Bonferroni-significant gene-tissue pairs. We found that all gene-tissue pairs reached nominal significance (P < 0.05) (Supplementary Table S2). Furthermore, we assessed joint TWAS associations in tissue reference panels with more than one Bonferroni-significant gene on the same chromosome region (Supplementary Table S3). Of the four pairwise joint models including six unique genes, all the associations were attenuated but retained marginal significance (P<0.05). All six of these genes (IGHMBP2, TPCN2, MRPL21, MRGPRF-AS1, AP000808.1, and MRGPRD) are located within the 11q13.3 chromosome region, which has been previously identified as a GWAS susceptibility locus for cataract (11, 12).





Sex-specific TWAS analyses revealed 9 genes associated with cataract

Because cataracts are more common in women (4) and genetic susceptibility loci specific to women have been previously identified (11), we evaluated sex-specific TWAS associations. We used sex-specific GWAS summary statistics and tissue reference panels, i.e., GWAS summary statistics from women for TWAS of ovary, uterus, and vagina eQTLs; and GWAS summary statistics from men for TWAS of prostate and testis eQTLs. We found that 22 of the sex-specific tests reached the Bonferroni significance level that we applied to the main analysis (P<1.54x10-7), including 3, 5, and 4 genes for ovary, uterus, and vagina, respectively, and 7 and 3 genes for prostate and testis, respectively (Supplementary Table S4). Of those 22 sex-specific associations, 9 unique genes were identified, all of these genes (ITPKB, AC104162.1, AP000808.1, MRPL21, IGHMBP2, CAPRIN2, CLEC18A, LINC01229 and AC003681.1) were located nearby previously identified GWAS loci for cataract (11, 12). For instance, while differential gene expression of MRPL21 at 11q13.3 was associated with cataract in the 5 sex-specific tissue reference panels (i.e., ovary, uterus, vagina, prostate, and testis), differential gene expression of ITPKB was associated with cataract in vagina only.





Importance of gastrointestinal tissues in cataract susceptibility

Across the 54 tissue reference panels, the greatest number of Bonferroni-significant gene-tissue pairs was observed for the GTEx adipose subcutaneous, artery tibial, and thyroid datasets (seven gene-tissue pairs for each dataset), followed by the GTEx artery aorta, heart atrial appendage, esophagus muscularis, and skin sun exposed datasets (six gene-tissue pairs for each dataset) (Supplementary Table S1). To identify tissues potentially relevant to cataract, we assigned tissue reference panels to anatomical categories as described above in the Methods (Supplementary Table S1). In the tissue-specific TWAS results, gastrointestinal tissues represented one of the highest proportion of the 202 Bonferroni-significant genes (43 genes; 21.3%) (Supplementary Figure S2). Interestingly, this gastrointestinal tissue type was the only anatomical category significantly enriched in our results, after accounting for the number of gene-tissue pairs tested per anatomical category (p-value from the hypergeometric test = 0.0055) (Supplementary Table S5).





Multi-tissue TWAS revealed additional novel candidate genes for cataract susceptibility

The multi-tissue TWAS using the omnibus test in FUSION revealed 86 genes for which imputed expression was associated with cataract susceptibility (Bonferroni p-value <0.05/13,328 effective gene tests ≈ 3.75x10-6 and minimum tissue-specific p-value < 1 x 10-5) (Supplementary Table S6). Interestingly, 14 of the 86 multi-tissue associated genes were also associated with cataract in tissue-specific models, including INSRR (chr1), CDC42BPA (chr1), CDKN2A (chr9), CDKN2B (chr9), SEMA4D (chr9), ST6GALNAC4 (chr9), PKD2L1 (chr10), TESMIN (chr11), IGHMBP2 (chr11), BMP4 (chr14), OCA2 (chr15), TBX6 (chr16), RHOT1 (chr17) andARL4D (chr17). In addition, 18 of the 86 multi-tissue associated genes were located outside of previously described risk loci (Table 1). These included: CROCC (chr1), ATP13A2 (chr1), CAPZB (chr1), SH3YL1 (chr2), EFEMP1 (chr2), CREB1 (chr2), ANKH (chr5), NIPSNAP2 (chr7), HERC4 (chr10), PICALM (chr11), COQ6 (chr14), ESRRB (chr14), SENP3 (chr17), GOSR2 (chr17), DDX5 (chr17), AC007773.1 (chr19), EIF2S2 (chr20), and ASIP (chr20).





Gene expression in the lens tissue

We identified the mouse orthologs for 19 of the 20 novel genes as follows. For NIPSNAP2, in the Affy and Illumina microarray data, the gene alias for mouse Gbas was used. For AC007773.1, ZNF507 (mouse ortholog, Zfp507) and DPY19L3 (mouse ortholog, Dpy19l3) were considered as candidate genes. We first examined the expression of these genes in the lens tissue across various stages using the iSyTE microarray database (21, 22). While majority of the genes were found to be expressed, several exhibited robust expression (Figure 3A). For example, Atp13a2, Capzb, Crocc, Efemp1, Gbas, Gosr2, Picalm, Senp3 and Zfp507 had high expression in Affymetrix datasets. When examined for “enriched expression” in the lens, several candidates (e.g., Atp13a2, Capzb, Cep95, Crocc, Dpy19l3, Efemp1, Esrrb, Gbas, Gosr2, Insrr, Picalm, and Senp3) were identified (Figure 3B). Moreover, RNA-seq data from whole lens tissue confirmed 10 of the mouse orthologs to have expression or enriched expression in the lens (Supplementary Figures S3, 4). Further, expression data from isolated lens epithelium and fiber cells at different time-points, spanning embryonic (E14.5 through newborn) through aging stages (3 months through age 2 years) showed that all the novel cataract candidate genes with mouse orthologs exhibit robust expression in the epithelium and/or fiber cells (Supplementary Figure S5). Interestingly, this cell-specific data also shows that three candidate genes are specifically enriched in the postnatal epithelium (e.g., Efemp1, Esrrb, Insrr) and a subset of these exhibit progressively high expression with aging in the epithelium (e.g., Efemp1, Insrr). Finally, all novel candidate genes exhibited differential expression in at least one gene-perturbation mouse models of lens defects/cataract (Supplementary Figure S6).




Figure 3 | Expression of novel candidate genes for cataract in the mouse lens. Mouse orthologs of the human candidate genes were examined for their lens expression in the iSyTE microarray datasets. (A) Analysis of whole lens tissue data on the Affymetrix and Illumina microarray platforms at different embryonic (E) and postnatal (P) stages indicates that majority of the candidates are expressed in the lens. The heat-map denotes the range of expression on either the Affymetrix or Illumina platform, while the number represents the mean fluorescence intensity for individual genes. (B) Mouse orthologs of the human candidate genes were examined for their “lens enriched” expression in the iSyTE microarray data. “Enriched expression” in the lens is estimated by analyzing the fold-change enrichment of candidate gene expression in the lens compared to that in whole embryonic body as indicated by the number and heatmap. Please note that WEB in the Affymetrix data represents expression in whole embryonic body in (A) and P28Epi in the Affymetrix data represents expression data on isolated lens epithelium in (A, B).








Discussion

By leveraging data from GWAS and eQTL, we identified 99 genes associated with cataract susceptibility (16 from the tissue-specific analysis alone, 69 from the multi-tissue analysis alone, and 14 from both analyses). Of these 99 genes, 20 were novel to the extent they did not overlap known cataract risk loci from GWAS (2 of these, INSRR and CEP95, were from tissue-specific models, and 18 from the multi-tissue analysis). Mouse orthologs of the vast majority of the human candidate genes were found to be robustly expressed in the lens. We also highlighted the contribution of the 11q13.3 genomic region in cataract susceptibility. Our results implicated a role for gastrointestinal tissues and confirmed the importance of the lens in cataract etiology.

Our tissue-specific TWAS analysis identified INSRR (1q23.1) and CEP95 (17q23.3) as novel cataract-associated genes. INSRR encodes the insulin receptor related receptor which is involved in the transmembrane receptor protein tyrosine kinase activity, actin cytoskeleton reorganization, and the protein autophosphorylation, and has an important role in the alkaline pH-dependent activation mechanism (43). CEP95 encodes the centrosomal protein 95 and belongs to the family of proteins containing coiled-coil domains (CCDCs), which are involved in several functions in cell growth and development, such as regulation of gene expression (44). To date, no mutations in either INSRR or CEP95 have been linked to eye diseases, and further studies are needed to confirm the role of these genes in cataract etiology and determine their precise role in cataract susceptibility.

Our multi-tissue TWAS analysis identified ATP13A2 (1p36.13), CAPZB (1p36.13), EFEMP1 (2p16.1), and SENP3 (17p13.1) associated with cataract, all were not previously reported as significant in GWA studies of cataract. ATP13A2 encodes a member of the P5 subfamily of ATPases which transports inorganic cations as well as other substrates. The ATP13A2 locus has been previously reported to be associated with age-related cataract in a GWAS conducted in a Chinese cohort (45); however, this association did not reach a genome-wide level of significance (lead SNV rs2871776, P=4.18x10-5), possibly due to limited sample size (total of 191 cataract cases and 208 controls) (45). CAPZB encodes the beta subunit of the barbed-end actin binding protein, which belongs to the F-actin capping protein family. Interestingly, CAPZB is located within the 1p36 chromosome region that was previously linked to congenital cataract in three genetic linkage studies (46–48). However, no segregating mutations that contribute to congenital cataract were identified in this CAPZB gene in a six-generation Australian family displaying linkage to chromosome 1p36 (49). EFEMP1 encodes a member of the fibulin family of extracellular matrix glycoproteins, and mutations in this gene have been shown to cause Doyne honeycomb retinal dystrophy and familial juvenile-onset open-angle glaucoma (50, 51). Recently, EFEMP1 has been demonstrated to be a potential biomarker for choroidal neovascularization in age-related macular degeneration, and for choroidal thickness change in myopia (52, 53). Interestingly, a transcriptome analysis of neural progenitor cells derived from patients with Lowe syndrome, a multisystem disorder characterized notably by anomalies affecting the eye, including congenital cataracts, identified EFEMP1 as a candidate gene (54). Future studies will clarify how EFEMP1 contributes to cataract susceptibility. Our study also identified SENP3 as a cataract-associated gene. SENP3 encodes the SUMO specific peptidase 3 which is a de-sumoylation enzyme (SENP) that plays an important role in regulating eye development and is highly expressed in vertebrate ocular cell lines, including human, mouse, and rabbit lens epithelial cells lines (55, 56). Previous works have demonstrated that sumoylation function plays indispensable roles during lens differentiation (57, 58). Recently, glucose oxidase and UVA irradiation seem to affect the expression patterns of the SENPs, including SENP3, in the in vitro cataract models, providing evidence to link sumoylation function to stress-induced cataractogenesis (59). Moreover, the changing patterns in some SENPs levels seem to act as molecular markers for both senile and complicated cataracts (60). Additional studies investigating the sumoylation functions and the related mechanisms in cataract development and progression will help to understand the role of SENP3 in cataract susceptibility.

Among the 9 unique genes identified in the tissue-sex specific analyses of cataract, we identified ITPKB (1q42.12), which was differentially expressed in the vagina. ITPKB encodes the inositol-trisphosphate 3-kinase B that plays an important role in the regulation of the levels of a large number of inositol polyphosphates (61). A de novo 5.8-Mb deletion encompassing the chromosome 1q42.12q42.2 region (and ITPKB, among other genes) was reported in a 4-year-old child who presented hypoplastic corpus callosum and bilateral cataracts, in addition to other clinical features such as epilepsy (62). Future investigations may determine the implication of ITPKB in cataract etiology.

Our study should be interpreted within the context of its limitations. Although GTEx data for the 49 tissues represent the most comprehensive eQTL dataset of human tissues, it does not include ocular tissues and consequently we may have failed to identify the real causal genes in the unsampled ocular tissue. However, we have confirmed using the iSyTE database that novel cataract genes identified in the current study are robustly expressed in lens tissue, which is a cataract relevant eye tissue. Moreover, although cataract is primarily a lens disorder, it has been demonstrated that most complex diseases, including vision disorders such as age-related macular degeneration, might manifest in several tissues across the body (63). Despite the great success in prioritizing gene-trait associations in complex diseases and traits, TWAS may present multiple hits per locus, owing to co-regulation, which remain problematic (14, 19). Thus, future models could consider more complex genetic architecture containing different regulatory effects, and our TWAS results could benefit from subsequent functional assays to indicate the potential targets underlying the identified associations, notably at 11q13.3. Despite these limitations, our TWAS study is based on results from a large GWAS meta-analysis on almost 60,000 cataract cases, enabling the prioritization and the discovery of potential causal genes for cataract. Finally, in the current study, we performed a multi-tissue TWAS analysis which enables increased statistical precision compared to single-tissue approaches (17, 64, 65).

Our study also highlighted the important contribution of gastrointestinal tissues in cataract susceptibility consistent with previous work showing associations between cataracts and gastrointestinal disorders (66, 67). For instance, patients diagnosed with early-onset cataracts have been shown to be at increased risk of peptic ulcer (66). Furthermore, rare syndromic disorders for which patients present early-onset congenital cataracts can present gastrointestinal disorders as additional features (68–71). For instance, patients with Lowe Syndrome (oculocerebrorenal syndrome) can present both dense congenital cataracts and gastroesophageal reflux (68). Similarly, patients with inherited spastic paraplegia can present with bilateral cataracts and gastroesophageal reflux with persistent vomiting (69). A splice site mutation in CYP27A1 has been reported to lead to cerebrotendinous xanthomatosis which can be characterized by pulverulent cataracts and gastrointestinal problems such as diarrhea (71). Recently, pathogenic variants in the WFS1/RP1/NOD2 genes have been shown to cause congenital cataract, retinitis pigmentosa, and Crohn’s disease in a five generation British family (70). A comprehensive evaluation of systemic disorders associated with age-related cataract – as previously done for dry eye disease (72)- would help to identify which gastrointestinal disorders are risk factors for cataract. Altogether, expression of genes associated with cataract seems not to be restricted to lens tissue, as could be expected for this lens disorder, and the processes underlying cataract pathology seem to be systemic as observed for other vision disorders, such as age-related macular degeneration and exfoliation syndrome (37, 73).

In conclusion, we identified 99 genes associated with cataract susceptibility, of which 20 did not overlap with known cataract risk loci. Our results provide evidence of the utility of imputation-based TWAS approaches to characterize known GWAS risk loci and identify novel candidate genes that may increase our understanding of cataract etiology.
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Connexin 50 (Cx50) mediated signaling is essential for controlling the lens growth and size. Cx50 mutations cause microphthalmia, smaller lenses, and cataracts in humans and animals. These ocular defects have never been investigated in live Cx50 mutant mice by using non-invasive imaging techniques. Here, we report a longitudinal study of the ocular defects in Cx50 knockout (Cx50KO) mice from the ages of 3 weeks to 12 months by using spectral-domain optical coherence tomography (SD-OCT). The anterior chamber depth (ACD), lens thickness (LT), vitreous chamber depth (VCD), and axial length (AL) were measured along the visual axis and adjusted with corresponding refractive indices. The SD-OCT image data confirm age-related reductions of LT and AL in live Cx50KO mice compared to age-matched wild-type (WT) controls, and the reduction values are comparable to the in vitro measurements of Cx50KO eyeballs and lenses reported previously. Moreover, reductions of ACD were observed in Cx50KO mice at all ages studied while VCD changes are statistically insignificant in comparison to the WT controls. Therefore, Cx50KO’s microphthalmia with small lens is selectively associated with delayed ACD development but not the vitreous formation. This work supports the notion that lens size and/or growth is important for anterior chamber development.
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Introduction

The ocular lens growth, transparency, and homeostasis rely on distinct functions of gap junction channels formed by connexins including connexin 46 (Cx46) or Gja3 and Cx50 or Gja8 (1–6). Cx50 knockout mice display smaller lenses with mild nuclear cataracts (7, 8), indicating connexin 50 is essential for lens growth control. Previous studies on mouse lens growth have relied on the in vitro measurements of the size and weight of enucleated eyeballs and lenses from euthanized mice (6–14). The advance of non-invasive spectral-domain optical coherence tomography (SD-OCT) allows for the acquisition of a single image that reaches a maximum imaging depth sufficient to capture the entire axial length of the mouse eye, thus providing a valuable tool for longitudinally monitoring the eye/lens growth and cataract formation in live mice.

Optical coherence tomography is one of the standard tools to image and measure the retinal thickness (15) and the anterior chamber for angle closure (16) for the diagnosis and management of some eye diseases in ophthalmologic clinics. OCT has also been used in animal models to measure biometric properties of the eye longitudinally (17–19), it provides an effective tool to determine anterior segment features, the lens, and the retina in different mouse eye models in vivo (20–23). Here, we have used OCT to carry out a longitudinal study of the eye and lens growth in live Cx50KO mice.

Cx50 is restrictively utilized in the lens but not in the other parts of the eye (7, 24, 25). Cx50KO and mutant mice develop small lenses containing nuclear cataracts and microphthalmia (7–9, 25–28). The loss of Cx50 function suppresses the proliferation and differentiation of lens epithelial cells to lead to a smaller lens. Small sized lenses seem to directly cause microphthalmia in Cx50KO mice. Human Cx50 mutations cause cataracts, microphthalmia, microcornea, and anomalies of iris in patients (29–37). Therefore, Cx50KO mice provide a valuable model for investigating different ocular structures such as measuring anterior chamber depth (ACD), lens thickness (LT), vitreous chamber depth (VCD), and visual axial length (AL) along the optical axis in the eyes of live mice by SD-OCT. The precise measurement of anatomic structures in the eye can be determined in the optical axis and adjusted with corresponding refractive indices (20). We have characterized the longitudinal changes of ACD, LT, VCD, and AL in both wildtype (WT) and Cx50KO mice from the ages of three weeks to 12 months.





Materials and methods




Animals

Wild-type (WT) mice and Cx50 knockout (Gja8tm1) mice (7) at the C57BL/6J background were used for the study. Mice were housed under a 12-hour light cycle with normal food and water. All experimental procedures were approved by the Animal Care and Use Committee (ACUC) at the University of California, Berkeley (Berkeley, CA, USA), and were conducted in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.





Optical coherence tomography

The Leica Envisu R4310 spectral domain OCT system (Bioptigen, Leica Microsystems Inc.) with a center wavelength of 840nm and a telecentric 10mm lens was used to image the eyes of live mice in vivo. Mice were anesthetized during the OCT imaging with an intraperitoneal injection of ketamine (80mg/kg) and xylazine (12mg/kg) diluted in 1x PBS (Phosphate buffer saline); mouse corneas were continuously hydrated using lubricating eye drops during and after imaging until the mice would wake up to prevent drying and maintain transparency. Three types of scans were acquired: rectangular 600 A-scans x 600 B-scans at 3.5mm by 3.5mm, rectangular 600 A-scans x 600 B-scans at 3mm by 3mm, and a radial 600 A-scans x 600 B-scans at a radius of 3mm. For each mouse eye, all three scans were taken for measurements. It took approximately 15 minutes to image both eyes of each mouse; the mouse was placed on a heated mat to stay warm until awake afterward.

Published images were processed using ImageJ/FIJI (NIH, Bethesda, MD, USA). Images were averaged over 10 frames to reduce noise. All OCT images shown (Figures 1, 2) are from 3x3mm rectangular scans.




Figure 1 | Representative SD-OCT whole eye images of 3-week-old WT (A) and Cx50KO (B) mice. OCT scan captures the entire visual axial length from the surface of the anterior cornea to the back of the posterior retina of the mouse eyeball. (A) The colored lines represent the measurements of different parts of ocular structures along the visual axis using the Bioptigen Envisu Software: corneal thickness (CT, magenta), anterior chamber depth (ACD, red), lens thickness (LT, green), vitreous chamber depth (VCD, blue), retinal thickness (RT, yellow), and visual axial length (AL, white). (B) A mild nuclear cataract, indicated by a dashed cycle, can be seen as noticeable diffused black areas in the Cx50KO lens core. Both anterior and posterior surfaces of the lens are indicated by arrows.






Figure 2 | (A) Representative SD-OCT whole-eye images of WT (the upper panels) and Cx50KO (the lower panels) mice at different ages from 3 weeks to 12 months. Cataracts in the lens core of Cx50KO mice are clearly visible as opaque white areas. The lens posterior poles are indicated by the arrows. (B) Longitudinal SD-OCT eye images of the same eye of a KO mouse from 4 weeks to 11 weeks old. The posterior surfaces of lenses are indicated by white arrows.







Biometry and image processing

Measurements, mainly from the radial scans, were manually taken with calipers along the Purkinje line near the center of the pupil for each eye using the InVivoVue 2.4 OCT Management Software. The following measurements were obtained: corneal thickness (CT), anterior chamber depth (ACD), lens thickness (LT), vitreous chamber depth (VCD), retinal thickness (RT), and axial length (AL). Measurements were converted into geometric distances using corresponding refractive indices based on previous publications (11, 20): 1.4015 for the cornea, 1.3336 for the anterior chamber, 1.45 for the lens thickness, 1.3329 for the vitreous chamber, and 1.38 for the retina. The geometric distance for axial length was calculated by summing CT, AC, LT, VC, and RT.





Statistical analysis

The Two-sided Wilcoxon Rank Sum test was performed to determine if there is a significant difference between the two different genotypes across all age groups, while a One-sided Wilcoxon Rank Sum test was performed to compare the change of biometric measurements for one genotype over time.






Results

The non-invasive SD-OCT imaging system can capture the entire axial length of a mouse eye. The SD-OCT image of a 3-week-old WT eye shows the cornea, the anterior chamber, the lens, the vitreous chamber, and the retina (Figure 1A); and the CT, ACD, LT, VCD, and RT are indicated with colored lines in Figure 1A. The SD-OCT image of a 3-week-old Cx50KO eye also displays dark areas in the lens core (Figure 1B), which correspond to the mild nuclear cataract (7, 8).

To compare the lens and eye growth between the WT and Cx50KO mice during postnatal development, SD-OCT images were acquired from mice at the ages of 3 weeks, 1 month, 2 months, 6 months, and 12 months (Figure 2). Table 1 presents all measurements (mean ± SD, n = number of imagined eyes) for lens thickness (LT), axial length (AL), anterior chamber depth (ACD), and vitreous chamber depth (VCD). The growth rates of the lens and the eye are reflected by the increases in the lens thickness and the axis length in the SD-OCT images, respectively, as mice aging (Figure 3A). In the WT mice, the steep increase of lens thickness is observed between 3 weeks to 1 month, the LT continues to increase until reaching the age of 2 months, from which the LT growth rate tapers off. The Cx50KO mice exhibit a similar growth rate compared to the WT, except for the period between 3 weeks and 1 month, when the growth curve is much flatter than the WT, suggesting a much slower growth of Cx50KO lens during this period. The AL growth curves (Figure 3B) also indicate a slower growth rate in Cx50KO between 3 weeks to 1 month. Overall, the Cx50KO mice show significant reductions of both LT and AL at all ages examined compared to the WT controls (Figure 3; Table 2). Moreover, the AL growth rate in Cx50KO mice obviously lags that of WT mice between 3 weeks to 1 month old (Figure 3B; Table 2). Table 2 lists percentage change values for all measurements between Cx50KO and WT. In summary, the data reveal an obvious reduction in the sizes of the lens and the eye in Cx50KO mice at all ages.


Table 1 | Measured values for lens thickness (LT), axial length (AL), anterior chamber depth (ACD), and vitreous chamber depth (VCD).






Figure 3 | Comparisons of lens thickness (A) and visual axial length (B) of WT and Cx50KO mice at the ages of 3 weeks, 1 month, 2 months, 6 months, and 12 months old. Data points represent the mean ± SD (n = 4-12 per data point). Two-sided Wilcoxon test was performed for statistical analysis, ** P < 0.01, *** P < 0.001.




Table 2 | Percentage change of LT, AL, ACD, and VCD in Cx50KO mice compared to WT controls.



The SD-OCT data show significantly reduced anterior chamber depth in Cx50KO eyes compared to WT controls at all ages (P < 0.01, Two-sided Wilcoxon test, n = 5-13 eyes per data point) (Figure 4A). Moreover, the ACD differences between Cx50KO and WT increase from ~15% at 3 weeks old to ~22% at 12 months old. In the Cx50KO eyes, the ACD values reach a plateau after the age of 2 months, as the values remain almost the same from 2 months until 12 months. Thus, SD-OCT image data indicate a specific suppression of ACD expansion in Cx50KO mice after 2 months. In both Cx50KO and WT mice, the VCD reduces as the mice age (Figure 4B) and displays a reduction of about 27% from 1 month to 12 months (One-sided Wilcoxon test, P < 0.01, n = 5-8 eyes). There are no significant VCD differences between WT and Cx50KO mice at all ages examined (Two-sided Wilcoxon test, P > 0.05, n = 4-12 eyes per data point), except at 1 month when the Cx50KO mice display ~6% reduction of VCD (Two-sided Wilcoxon test, P < 0.01; Table 2). From 3 weeks to 1 month, a reduction of VCD occurs in Cx50KO mice while the value stays similar in WT mice (Figure 4B); this probably leads to the significant difference in VCD between Cx50KO and WT at 1 month old. To address whether the lens size determines the anterior chamber depth, we have selectively examined the eyes of 6-month-old Cx50KO mice and 2-month-old WT mice that have the same lens thickness (Figure 4C). The bar graphs show that the LT values are about the same between 6-month-old Cx50KO and 2-month-old WT (Two-sided Wilcoxon test, P = 0.49), but the ACD of Cx50KO mice is about 5% reduced than that of WT controls (Two-sided Wilcoxon test, P < 0.01).




Figure 4 | (A) Comparison of anterior chamber depth in WT and Cx50KO mice from 3 weeks to 12 months old. Data points represent mean ± SD (n = 5-13 per data point)). Two-sided Wilcoxon test was performed for statistical analysis, **P < 0.01, ***P < 0.001. (B) Comparison of vitreous chamber depth in the WT and Cx50KO mice from 3 weeks to 12 months old. Data points represent mean ± SD (n = 4-12 per data point). Two-sided Wilcoxon test was performed for statistical analysis. There are no significant VCD changes between WT and Cx50KO mice, except at 1 month old, **P < 0.01. (C) Bar graphs showing the comparisons of anterior chamber depth (ACD) and lens thickness (LT) between 6-month-old Cx50KO and 2-month-old WT mice. Data are mean ± SD (n = 8), Two-sided Wilcoxon test was performed for statistical analysis, ** P < 0.01 for ACD. No significant difference for LT.







Discussion

The SD-OCT imaging data precisely reveal the longitudinal growth changes of anterior chamber depth, lens thickness, vitreous chamber depth, and visual axial length between WT and Cx50KO eyes from the ages of 3 weeks to 12 months in vivo. We applied an average 1.45 refractive index for mouse lenses at all ages according to the previous OCT study of mouse lenses (20), assuming the lens is a sphere and the gradient of refractive index (GRIN) of the lens is parabolic; we did not consider minor GRIN differences among wild-type lenses at different ages or cataract formation in Cx50KO lenses. A previous study reports that the lens max refractive indexes are 1.43 to 1.54 from 2-week-old to 2-year-old lenses, and the 6-week-old lens has the max refractive index of 1.5 with an average refractive index of about 1.45 (38). Thus, the application of the 1.45 average refractive index over an age-dependent GRIN causes minor differences, about 2-4%, in 3-week-old or 1-year-old lenses. Such minor differences are neglectable in this study comparing the significant differences between age-matched wild-type and Cx50KO lenses. The reduction of the lens thickness and axial length in Cx50KO eyes in vivo is consistent with previous studies of lens weight and eye size in vitro (6–8, 10). Similar growth trajectory of the lens and the eye between Cx50KO and WT mice at the ages of 3 weeks to 12 months further indicates that disruption of Cx50 mostly impacts early development before 3 weeks, which is supported by the fact that Cx50 deletion inhibits lens epithelial cell proliferation within the first postnatal week when the maximum mouse lens growth occurs (6, 8, 39). However, it is difficult to perform the OCT imaging in the small eyes of Cx50KO mice before 3 weeks and SD-OCT measurement is not applicable until the mouse opens its eyelid around postnatal day 14. Therefore, this work evaluates only the eye and lens growth after the age of 3 weeks in vivo.

For lens growth, our SD-OCT data show that the steepest increase of lens thickness occurs between 3 weeks to 1 month, and the LT growth rate of Cx50KO is lower than the WT control during this period. The LT growth gradually slows down after 1 month, and the LT growth rate is comparable between Cx50KO and WT after 2 months old. Based on the lens thickness curve, the Cx50KO eyes exhibit a similar growth rate compared to the WT, except for the period between 3 weeks and 1 month, when the growth curve is much flatter than the WT, suggesting a much slower growth of Cx50KO lens compared to the WT control during this period.

If we use the lens thickness as the spherical diameter to calculate the lens volume, the Cx50KO lenses are approximately 40% smaller than the WT lenses at the age of 3 weeks; this reduction value is very similar to our previous data using dissected lens measurement in vitro (9).

The axial length growth rate of Cx50KO is drastically lower than WT control from 3 weeks to 1 month; an obviously faster AL growth rate was observed in Cx50KO compared to the WT control from 1 month to 2 months; then the AL growth rate of Cx50KO becomes slower than the WT after the age of 2 months. Therefore, SD-OCT data detects a unique difference in the AL growth rate between WT and Cx50KO. AL growth burst occurs before the age of 1 month in WT while Cx50 AL growth burst occurs at the ages between 1-2 months. The cause for such a unique difference in AL growth is probably related to the growth difference of anterior chamber depth between WT and Cx50KO. The ACD curves (Figure 4A) indicate that the ACD growth of Cx50KO reaches almost a plateau at 2 months old while the ACD of WT gradually increases at all ages. The ACD growth of WT mice starts to decrease after the age of 1 month, then maintains at a similar level between the ages of 1 month to 6 months and reduces slightly between 6 months to 12 months. In contrast, the ACD growth of Cx50KO shows a steady increase between 3 weeks and 2 months, then the growth becomes drastically slower after 2 months to 12 months. The ACD differences between Cx50KO and WT increase after the ages of 2 months until 12 months. Cx50 is restrictively expressed in the lens and Cx50KO directly affects postnatal lens size/growth. Therefore, anterior chamber growth defect in Cx50KO is the secondary effect of Cx50KO postnatal lens defects. Altered ACD in Cx50KO mice indicates that the growth rate of postnatal lens size affects ACD development in the anterior segment.

Our SD-OCT data precisely reveal the growth defects of LT, AL, and ACD in Cx50KO eyes in vivo at different ages. More importantly, this in vivo study reveals that postnatal lens growth is one of the key factors to regulate the development of anterior chamber formation. The comparison between 2-month-old WT and 6-month-old Cx50KO mice further reveals that even when the Cx50KO lens eventually reaches the same LT as the WT lens, the ACD of Cx50KO lens is still significantly reduced than that of WT (Figure 4C). This further supports a conclusion that the postnatal growth rate of the lens size is critical for the development of the anterior chamber. This conclusion is also supported by studies in teleost that show the lens is necessary for the development of the overall eye in the early stages of growth (40) and can explain disrupted anterior segments in both mice and humans with mutated Cx50 (26, 29–32, 34, 37). The mechanism underlying the coordinated growth regulation among LT, AL, and ACD is not well studied. Cx50KO mice may provide an invaluable model for investigating the regulatory mechanism of anterior chamber development. Future investigation will be needed to address how the lens size can promote or inhibit the formation of the anterior segment.

The vitreous chamber depth decreases from three weeks to 12 months in both WT and Cx50KO mice. Although human studies have reported VCD increases as aging (41–43), VCD reduction as mice age has been reported in previous studies (20, 23). The age-related VCD differences between humans and mice likely rely on the fact that the human lens is about 3% of the eyeball size while the mouse lens accounts for one-third of the eyeball size. Age-related VCD reduction is likely due to the increase in lens size in mice. Statistical analysis indicates that the VCD differences between Cx50KO and WT mice are insignificant. Overall, our data suggest that the vitreous is well formed in mice before the age of three weeks, Cx50 deletion seems to cause little impact on the vitreous development.

In summary, SD-OCT is a powerful system to precisely measure the biometric properties of WT and Cx50KO eyes in live mice at postnatal ages. This in vivo imaging study reveals unique and intricate growth defects in ACD and AL in Cx50KO mice, that cannot be characterized by in vitro approaches. Cx50KO mice may be a valuable model for understanding how the growth of the postnatal lens size regulates the anterior chamber formation and for further investigating the regulatory mechanism underlying anterior segment development and visual axis length development during aging.
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Cataracts, defined as any opacity in the transparent ocular lens, remain the leading cause of blindness and visual impairment in the world; however, the etiology of this pathology is not fully understood. Studies in mice and humans have found that the EphA2 receptor and the ephrin-A5 ligand play important roles in maintaining lens homeostasis and transparency. However, due to the diversity of the family of Eph receptors and ephrin ligands and their promiscuous binding, identifying functional interacting partners remains a challenge. Previously, 12 of the 14 Ephs and 8 of 8 ephrins in mice were characterized to be expressed in the mouse lens. To further narrow down possible genes of interest in life-long lens homeostasis, we collected and separated the lens epithelium from the fiber cell mass and isolated RNA from each compartment in samples from young adult and middle-aged mice that were either wild-type, EphA2–/– (knockout), or ephrin-A5–/–. Reverse transcription quantitative polymerase chain reaction (RT-qPCR) was implemented to compare transcript levels of 33 Eph and ephrin gene variants in each tissue compartment. Our results show that, of the Eph and ephrin variants screened, 5 of 33 showed age-related changes, and 2 of 33 showed genotype-related changes in lens epithelium. In the isolated fibers, more dynamic gene expression changes were observed, in which 12 of 33 variants showed age-related changes, and 6 of 33 showed genotype-related changes. These data allow for a more informed decision in determining mechanistic leads in Eph-ephrin-mediated signaling in the lens.
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1 Introduction

The ocular lens is a transparent and avascular structure in the anterior chamber of the eye that facilitates the fine focusing of light onto the retina. Cataracts, describing any opacification of the lens, remain the leading cause of blindness in the world (1). While cataract surgery is a common medical treatment, access to adequately equipped medical professionals and facilities remains difficult for many people (1). To better treat and prevent these afflictions, a deeper understanding of how the lens maintains its homeostasis, transparency, and accommodative ability is required.

Recent studies have highlighted the importance of the Eph-ephrin signaling pathway in lens transparency (2–7). Erythropoietin-producing hepatocellular (Eph) receptors make up the largest family of receptor tyrosine kinases and facilitate diverse signaling with their endogenous ligands, the ephrins. Ephs are divided into two families, EphAs and EphBs, and likewise ephrins are divided into ephrin-As and ephrin-Bs. Generally, ephrin-As bind to EphA receptors, and ephrin-Bs bind to EphBs (8, 9). However, cases of ephrin-As binding to EphBs and ephrin-Bs binding to EphAs have been observed as instances of inter-family crosstalk (10, 11). EphA and EphB receptors are encoded by Epha and Ephb genes, while ephrin-A and ephrin-B ligands are encoded by Efna and Efnb genes, respectively. Ephs and ephrins facilitate a wide assortment of cellular and developmental processes, including cell morphology, migration, adhesion, and differentiation, resulting in diverse phenotypes when these pathways are dysregulated (12, 13).

Currently, 16 Ephs and 9 ephrins have been identified in total, with 14 Ephs and 8 ephrins present in mice and humans. Two members of these families, the receptor EphA2 and the ligand ephrin-A5, have been targets of interest in lens research due to known mutations linked to both congenital and age-related cataracts in human patients (6, 14–18). The phenotypes manifested from mutations of EPHA2 and EFNA5 in human patients are diverse, and the cellular mechanisms involved remain unclear. While EphA2 and ephrin-A5 are known binding partners in other tissues, this receptor and ligand pair are not exclusive binding partners and are spatially segregated in the ocular lens, suggesting their primary binding partners are other ephrins and Ephs (5, 19). In the endeavor to identify relevant binding partners to EphA2 and ephrin-A5, the number of permutations between Ephs and ephrins, and their uncharacterized lens distribution present a challenge in prioritizing targets to investigate.

The lens is composed of two cell types, a monolayer of epithelial cells covering the anterior hemisphere and a bulk mass of fiber cells. Our previous work revealed that loss of EphA2 or ephrin-A5 in mouse lenses lead to either mild nuclear cataracts at the center of the lens or anterior cataracts, respectively. At a cellular level, Epha2 knockout (–/–; KO) lenses display misaligned equatorial epithelial cells, a disrupted fulcrum, and disorganized fiber cells (3, 5, 19–22). Additionally, it was observed that Epha2–/– also results in smaller, more spherical lenses with reduced refractive power and degraded optical quality and decreased proliferation of lens epithelial cells (23, 24). Ephrin-A5 (Efna5) knockout lenses develop anterior polar cataracts due to disruption of cell-cell adhesion via E-cadherin and β-catenin mislocalization leading to epithelial-to-mesenchymal transition (EMT) in anterior epithelial cells (3, 5).

While prominent cataract phenotypes and epithelial cell changes are observed in these Epha2 and Efna5 knockout mice, the specific downstream signaling and binding partners of these targets have not yet been elucidated in the lens. Due to the promiscuous nature of Eph-ephrin binding, the number of permutations of receptor-ligand combinations presents a formidable barrier to identify binding partners of interest (10, 25, 26). In the endeavor to narrow targets, a concerted effort to identify the Ephs and ephrins that are present in the mouse lens found that 12 of 14 known Ephs and 8 of 8 known ephrins were expressed (27). Here, the next step of this search is presented, in which these previously observed Ephs and ephrins are investigated in a quantitative manner. mRNA transcripts of each target were measured in isolated lens epithelium or fibers to identify targets that significantly change with age or disruption of Epha2 or Efna5 as potential targets of interest from a functional and geographical standpoint.




2 Materials and methods



2.1 Animals

Mice were maintained in accordance with an approved Institutional Animal Care and Use Committee (IACUC) protocols (#21-010 and #24-002) and the Guide for the Care and Use of Laboratory Animals by the National Institutes of Health (NIH). Generation of Epha2–/– and Efna5–/– mice was previously described (28, 29). All mice were maintained in C57BL/6J backgrounds with wild-type beaded filament structural protein 2 (Bfsp2; CP49) genotypes, as Bfsp2–/– mice exhibit disruptions in the lens fiber cytoskeleton, gap junctions, and ionic homeostasis (3, 30). Bfsp2 mutations occur spontaneously across various inbred strains, including 129/SvJ, 129/OLa, and FVB/N mice, and have been linked to cataracts in both humans and mice (31–34). Therefore, the wild-type Bfsp2 gene was validated in these mice prior to investigating cataract mechanisms. Male and female mice ranging from 6-9 weeks (young adult; Y) and 7 months (middle-aged; M) were used for these studies. Littermates were used for comparison between wild-type and KO samples.




2.2 RNA isolation

RNA was isolated from epithelium and fiber cell mass fractions using our previous protocol (35). Briefly, samples were collected from at least three different mice of each genotype and each age for RNA isolation. For Efna5–/– mice, the lenses can present with obvious anterior cataracts. Efna5–/– mice were excluded if the lenses had obvious cellular defects to prevent detection of gene expression changes that are downstream of EMT in the KO lens epithelial cells (3, 5). Briefly, lenses were carefully dissected from freshly enucleated eyes. To isolate lens epithelium, the collagenous basement membrane around the lens, the capsule, was gently peeled from the lens posterior. The epithelial cells are well-adhered to the lens capsule (3, 35, 36). The remaining fiber mass was not further separated as the organelle-free nuclear fibers are presumed to contain little to no mRNA. Autologous pairs of capsules with attached epithelial cells or fiber cell bulk masses were pooled and homogenized into 400 µL of cold TRIzol (Invitrogen; Waltham, MA, USA; Cat # 15596026). Samples were incubated for 30 minutes at room temperature. For phase separation, 200 µL of chloroform (Alfa Aesar; Ward Hill, MA, USA; Cat # 22920) was added and the samples were shaken vigorously for 15 seconds by hand. Samples were incubated at room temperature for 15 minutes and centrifuged at 14,000g for 15 minutes at 4°C. The aqueous phase was transferred to RNase-free tubes (USA Scientific; Ocala, FL; Cat # 1615-5500), and 1 equivalent volume of 200 proof ethanol (Fisher Scientific; Waltham, MA, USA; Cat # BP2818500) was added. Samples were transferred to ‘RNA Clean and Concentrator-5’ kit columns (Zymo Research; Tustin, CA, USA; Cat # ZR1013), and RNA was isolated using manufacturer instructions, with the omission of RNA Binding Buffer. RNA concentrations were measured using a NanoDrop One™ (Thermo Scientific; Waltham, MA, USA; Cat # ND-ONE-W).




2.3 Reverse transcription polymerase chain reaction

RNA samples were reverse transcribed to cDNA using a SuperScript™ IV VILO™ polymerase (Invitrogen; Cat # 11756010), according to manufacturer instructions. RNA transcripts were reverse transcribed using the commercial kit primers containing a mix of random and oligo(dT) primers (37). Briefly, 2000 ng of RNA was added to 4 µL of 5X VILO™ reaction mix and brought to a total of 20 µL with molecular grade water (Fisher Scientific; Cat # BP2819-1). The samples were thermocycled for 1 step of annealing at 25°C for 10 minutes, 1 step of reverse transcription at 50°C for 10 minutes, followed by 1 step of enzyme inactivation at 85°C for 5 minutes. These experiments were performed using a MiniAmp Thermal Cycler (Applied Biosystems; Waltham, MA, USA; Cat # A37834). cDNA content was assumed to be a 1:1 conversion from starting RNA. cDNA samples were divided into lots so that no sample would exceed 5 freeze-thaw cycles. cDNA lots were stored at -80°C until use.




2.4 Quantitative polymerase chain reaction

For each reaction, 5 ng of cDNA was amplified using standard TaqMan probe conditions. Briefly, forward and reverse primers (900 nM each), a TaqMan probe (250 nM), and TaqMan Fast Advanced Master Mix (ThermoFisher Scientific; Cat # 4444557) were mixed to a final reaction volume of 10 µL. TaqMan primers and probes details are listed in Supplementary Table S1. Plates were sealed using MicroAmp™ optical adhesive film (Applied Biosystems; Cat # 4360954). PCR samples were thermocycled for 1 step of uracil-N-glycosylase (UNG) inactivation at 50°C for 2 minutes, 1 step of denaturation at 95°C for 2 minutes, followed by 45 cycles of denaturation at 95°C for 1 second and annealing at 60°C for 20 seconds. Samples were cycled using a QuantStudio 3 Real-Time PCR System (96-well, 0.1 mL format; Applied Biosystems; Cat # A28567). Custom TaqMan probes and primers were designed using Primer Express 3.0.1 (Applied Biosystems; Cat # 4363991), spanning exon-exon junctions where possible. Quantification cycle (Cq) values were compared to the reference gene, peptidylprolyl isomerase a (Ppia). Ppia was chosen from a screen of 32 potential reference genes supplied in a TaqMan Array Mouse Endogenous Control Plate (Applied Biosystems; Cat # 4426696).




2.5 Epha7 primer design

Epha7 has 6 variants, none of which have any regions unique to a given variant within the coding sequence. Therefore, a combinatorial approach was taken to selectively amplify each variant (Supplementary Figure S1). Exons 8 and 9 are conserved across all 6 variants, so a single probe was designed to target a region within exon 8 (Variant 1; 1868–1882; NM_010141). A 15-nucleotide sequence at the 5’ end of exon 7 is present in variants 1-3, but not in 4-6 (Variant 1; 1838-1852). Exon-spanning forward primers (referred to as forward A and B) were targeted towards this site to differentiate variants into two sets. Reverse primers were designed at the exon 9-10 junction, as exon 10 had variations that clustered the 6 variants into 3 pairs (reverse primers 1-3). Using the 6 permutations of forward primers A and B with reverse primers 1-3, each of the 6 variants could be specifically targeted (Supplementary Table S1). Custom primers were validated on mouse brain samples (data not shown). Further validation was performed only on EphA7 due to every sample yielding signal indistinguishable from noise. Other custom probes were presumed effective based on effective amplification, PrimerExpress 3.0.1 (Applied Biosystems) scoring, and Primer BLAST comparison.




2.6 Qualitative polymerase chain reaction and sequencing

For each reaction, 20 ng of cDNA was amplified using Quick-Load Taq 2X Master Mix (New England Biolabs; Ipswich, MA, USA; Cat # M0271) and 200 nM of each primer, following the manufacturer’s protocol (25). Primers and amplicon information are listed in Supplementary Table S1. Reactions were performed using the manufacturer-recommended mix composition at a final reaction volume of 25 µL. PCR samples were thermocycled for 1 step of initial denaturation at 95°C for 30 seconds, followed by 45 cycles of denaturation at 95°C for 30 seconds, annealing at 53°C or 54°C for 30 seconds, and elongation at 68°C for 60 seconds per kilobase. A final extension step at 68°C for 5 minutes followed. Samples were separated using a 1% agarose gel supplemented with GelGreen Nucleic Acid Gel Stain (Biotium; Fremont, CA, USA; Cat # 41005). Bands were cut and isolated using the Qiaquick Gel Extraction Kit (Qiagen; Hilden, Germany; Cat # 28704) following manufacturer instructions. The isolated amplified products were sent to Quintara Biosciences (Cambridge, MA, USA) for Sangar sequencing following Quintara sample preparation guidelines.




2.7 qPCR data analysis

QuantStudio 3 readings were interpreted using QuantStudio Design & Analysis Software 2.6.0 (Thermo Fisher Scientific). A signal threshold of 0.3 was used to determine quantification cycle (Cq) values (31, 32). ΔCq values were determined using a custom R script and analyzed using GraphPad Prism version 9.0.0 (121) (GraphPad Software, LLC; Boston, MA, USA). Two-way ANOVA followed by multiple comparison correction by controlling for false discovery rate was implemented. A two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli was used with a Q value (false discovery rate) of 0.05. A noise threshold of ΔCq = 11.9 was determined using Epha2 TaqMan probe readings from Epha2–/– mice, taking the lowest (strictest) ΔCq value obtained from this data set. Data sets with more than 2 biological test groups exhibiting a mean above this threshold were considered non-specific amplification and were not included in statistical analysis. Epha2 and Efna5 readings in their respective knockouts were tested using multiple unpaired t-tests followed by a two-stage step-up method of Benjamini, Krieger, and Yekutieli with a Q value of 0.05.





3 Results

Using traditional, qualitative PCR, 12 of 14 Ephs and 8 of 8 ephrins were previously detected in the lenses of young adult wild-type, EphA2–/–, and Efna5–/– mice (27). Unfortunately, the large number of genes expressed did not sufficiently narrow down targets of interest to pursue. Thus, a reverse transcription quantitative polymerase chain reaction (RT-qPCR) method was implemented to determine whether any Eph or ephrin genes are changed by age and/or genotype with considerable magnitude. While qPCR results are commonly presented as 2–ΔΔCq, this relies on normalizing readings to a reference group. In this experimental design, there are multiple comparisons that utilize more than a single reference group. Moreover, using ΔCq values allows us to compare relative expression levels between genes rather than normalizing to a control group per gene. Therefore, the majority of data presented are shown as ΔCq values, and it should be noted that lower ΔCq values indicate higher transcript levels.



3.1 Establishing an appropriate endogenous control

To appropriately control for well-to-well variation, an internal reference gene was used for each sample. Thirty-two potential reference genes were screened and assessed based on quantification cycle (Cq) and standard deviation (Supplementary Figure S2). Probes and primers for the target genes were pre-aliquoted into a pre-configured 96-well plate containing 16 commonly used reference genes and 16 mouse orthologs of human genes shown to be constitutively expressed in mice (Applied Biosystems; Cat # 4226694). As this screen was in search of endogenous controls, these samples did not include an internal reference gene and were quality controlled based on the passive reference dye, ROX. Therefore, results are shown and analyzed as Cq values rather than ΔCq.

Of the targets screened, the 18s ribosomal RNA was the highest expressing (lowest Cq) reference gene with a mean Cq (MCq) = 10.4 (SD = 0.79). However, 18s was not chosen as the internal control to avoid depletion of reaction reagents due to its rapid amplification. The next cluster of moderately-expressed targets amplified with Cq values between 19.0-22.0. This group consisted of ß-actin (Actb), mitochondrially encoded ATP synthase 6 (ATP6), glyceraldehyde-3-phosphate dehydrogenase (Gapdh), and peptidylprolyl isomerase A (Ppia). Previous studies showed that disruption of EphA2 can dysregulate actin distribution and alter cytoskeletal morphology (20). Thus, Actb was eliminated as a candidate control despite being a commonly used control. Between ATP6 (MCq = 21.5, SD = 1.07), Gapdh (MCq = 20.0, SD = 0.61), and Ppia (MCq = 20.5, SD = 0.39), Ppia exhibited the smallest standard deviation. The ribosomal protein L37a (Rpl37a; MCq= 25.8, SD = 0.40) also had a comparable standard deviation but crossed the detection threshold at a later amplification cycle. Ultimately, Ppia was chosen as the endogenous control due to its earlier amplification and tighter standard deviation. The distribution of Ppia across all tested samples are compiled in Supplementary Figure S3.




3.2 Preliminary qPCR validation with knockout samples

The nature of the Epha2 and Efna5 knockout mice results in successfully disrupted protein products; however, portions of the gene remain in the mRNA transcripts. The Epha2 gene is disrupted with the insertion of a neomycin resistance (neo) cassette at a HindIII restriction site located in exon 5 at positions 1410–1415 (NM_010139.3), previously reported at position 1372 (NM_010139), and a downstream XbaI site. This is predicted to produce a non-functional protein truncated after Arg426, between the two extracellular fibronectin domains (28). The Efna5 knockout uses a similar neo insertion technique, targeting a BamHI site at positions 249-254 in exon 1 and an EcoRI restriction site at positions 691-696 in exon 2 (NM_207654.3), replacing amino acids 1–128 (29).

Custom Epha2 probes were designed to amplify a 65-base-pair (bp) amplicon from positions 1405–1469 (NM_010139.3). The forward primer bound at positions 1405–1422 (Supplementary Table S1), spanning the HindIII restriction site. This Epha2 primer set should not amplify the template if the neo cassette is present, and the TaqMan probe was designed to bind 3’ of the restriction site in a presumably deleted portion. However, the custom Epha2 probe yielded a positive signal in 2 of the 12 Epha2–/– samples. These readings were used to determine a noise threshold of ΔCq = 11.9, denoting any higher quantification cycles as non-specific signal.

Custom Efna5 probes and primers were designed to amplify a 70 bp amplicon from positions 831-900 (NM_207654.3). This TaqMan probe spanned exons 4 and 5, binding from positions 860-876. Although this portion of the gene was 3’ of the neo insertion, this position was targeted to differentiate Efna5 variant 2 from variants 1 and 3, which are identical within the coding sequence and only differ in the 5’ untranslated region (UTR). Surprisingly, this probe produced a positive signal from all Efna5–/– samples, so the knockout was further investigated using Sangar sequencing.

Sequencing results from Efna5–/– isolated lens fiber samples revealed that exon 2 of the Efna5 gene was excised, resulting in an out-of-frame deletion from bases 432–724 (amino acids 43–139) (data not shown). This was not expected based on the information available from the original paper describing the construction of the knockout (29). Importantly, exon 2 contains almost the entirety of the receptor binding ectodomain (amino acids 30-159) that is conserved through ephrin-A ligands (Conserved Domain Database: cd10425) (38). While the protein products are non-functional, amplifiable transcripts are still produced and thus, can be detected using RT-qPCR. These knockout readings were not included in our analyses.




3.3 Biological groups, target selection, and expression parameters

To investigate gene expression differences related to age and Epha2 or Efna5 knockouts, 4 sample groups were used per strain: young-adult wild-type (Y-WT), middle-aged wild-type (M-WT), young-adult knockouts (Y-KO), and middle-aged knockouts (Y-KO). Age-related changes were determined by Y-WT vs. M-WT and Y-KO vs. M-KO comparisons. Genotype-related changes were determined by Y-WT vs. Y-KO and M-WT vs. M-KO. Transcript measures were not compared between tissue compartments nor between strains. Y-WT vs M-KO and M-WT vs Y-KO were not considered useful comparisons due to the confounding effects of both age and genotype. Eph and ephrin targets were chosen based on previous qualitative PCR results (27). Targets and variants that were absent from the lens from the initial screen were not quantitated in this current study.

Expression levels were further divided into three categories of high, moderate, and low expression based on their ΔCq values. While the noise threshold was determined via the Epha2 knockout, the lowest ΔCq value in the dataset was used to determine a maximum expression value. This lowest ΔCq value also belonged to an Epha2 reading from Efna5–/– fibers, at ΔCq = 2.9. Using a ΔCq range of 2.9 – 11.9, the readings were binned into approximate categories using a step size of 3. Using Epha2 in the fibers (MΔCq = 3.9) and Efna5V1/3 in the epithelium (MΔCq = 4.4) as high-expression landmarks, samples were categorized into high expression (MΔCq < 6.0), moderate expression (6.0 ≤ MΔCq < 9.0), low expression (9.0 ≤ MΔCq < 11.9), and noise (MΔCq ≥ 11.9) categories. These thresholds were based on previous observations that EphA2 is predominantly expressed in the fibers while ephrin-A5 is predominantly expressed in epithelial cells (3).




3.4 Eph expression changes in the aging lens epithelium

Within the lens epithelium, Epha1, Epha5V3, and Epha5V12 changed significantly with age regardless of genotype (Figures 1A, C). Epha1 increased with age regardless of genotype in both strains (Epha2 and Efna5; Y-WT vs. M-WT; Y-KO vs. M-KO). A genotype-dependent change was seen in Epha5V3, where expression levels increase with age only in the Efna5–/– samples (Efna5; Y-KO vs. M-KO). In contrast, a strain difference is observed with Epha5V12 as expression decreased with age in both wild-type and Efna5–/–lens epithelium (Efna5; Y-WT vs M-WT; Y-KO vs. M-KO), but not between the matched samples in the Epha2 strain. Epha2 did not show appreciable change in either strain (Table 1). Epha3, Epha4, Epha5V9, Epha5V14, Epha6, Epha7V1-6, and Epha8 were all either in the noise range or did not produce readable signal due to low transcript levels.




Figure 1 | Eph subtypes in lens epithelium. Epha and Ephb transcripts from lens epithelial cells displayed as ΔCq values. Lower ΔCq values indicate higher expression. Epha and Ephb gene expression from the Epha2 strain (panels A, B; top row; blue palette) and Efna5 strain (panels C, D; bottom row; green palette) are displayed separately. Wild-type animals are indicated by filled symbols and grayscale bars, while knockout animals are indicated by hollow symbols and colored bars. Young-adult mice are represented by darker-shaded bars while middle-aged mice are shaded lighter. Significant changes were observed in Epha1, Epha5V3, and Epha5V12 with age. Statistically significant changes with ΔCq values in the noise range (ΔCq ≥ 11.9), as indicated by the red dotted line, were not considered meaningful hits. Two-way ANOVA or multiple unpaired t-tests were used followed by multiple comparison correction. Benjamini-Krieger-Yekutieli-adjusted p-values (q) < 0.05 are considered discoveries and are indicated by asterisks (*).




Table 1 | Lens epithelium dynamics summary.



While no changes were observed in any of the quantitated Ephb genes in the lens epithelium (Figures 1B, D), Ephb2, Ephb3, and Ephb4V1 were moderately expressed, while Ephb4V2 and Ephb6 were highly expressed (Table 2). Although both mouse strains are backcrossed to the C57BL/6J background, the two strains are maintained separately and not intermixed. Due to the separate maintenance of these inbred colonies, some genetic drift, and therefore some endogenous strain-related changes are expected. This highlights the necessity of using littermate controls for experiments. Overall, the strains are similar, but strain-dependent differences are evident and discussed below. Of the 14 characterized Ephs in the mouse, only 3 showed notable changes in the epithelium.


Table 2 | Lens epithelium expression table.






3.5 Ephrin expression changes in the aging lens epithelium

Ephrin-A and ephrin-B ligands are encoded by Efna and Efnb genes, respectively. Within the lens epithelium, only three ephrin ligands showed significant changes in transcript levels. Efna2, Efna3IsoA/C (isoforms A and C), and Efna5V1/3 changed significantly with expression levels in the valid range (Figures 2A, C, Table 1). Efna2 exhibits an age-dependent decrease in both Epha2–/– and Efna5–/– epithelium (Epha2 and Efna5; Y-KO vs M-KO). This age-related decrease is also seen in Efna5+/+ samples (Efna5; Y-WT vs. M-WT) but was not significant in Epha2+/+ mice (Figure 2A).




Figure 2 | Ephrin subtypes in lens epithelium. Efna and Efnb transcripts from lens epithelial cells displayed as ΔCq values. Lower ΔCq values indicates higher expression. Efna and Efnb gene expression from the Epha2 strain (panels A, B; top row; blue palette) and Efna5 strain (panels C, D; bottom row; green palette) are displayed separately. Wild-type animals are indicated by filled symbols and grayscale bars, while knockout animals are indicated by hollow symbols and colored bars. Young-adult mice are represented by darker-shaded bars while middle-aged mice are shaded lighter. Statistically significant changes were observed in Efna2, and Efna5V1&3 with age, and Efna2, Efna3IsoA/C and Efna5V1&3 with genotype. Statistically significant changes with ΔCq values in the noise range (ΔCq ≥ 11.9), as indicated by the red dotted line, were not considered meaningful hits. Two-way ANOVA or multiple unpaired t-tests were used followed by multiple comparison correction. Benjamini-Krieger-Yekutieli-adjusted p-values (q) < 0.05 are considered discoveries and are indicated by asterisks (*).



Efna3 has 7 variants characterized to date that produce 4 unique protein isoforms. Variant 1 codes for isoform A, the longest of all the isoforms, which has an additional 81-amino-acid extension on the N-terminus compared to isoforms C and D. Variant 2 encodes for isoform B and also has the 81 amino acid extension; however, it lacks exon 4 (bases 591-668 in variant 1, NM_010108.1; bases 242-319 in variants 3 (NM_001377116.1), 4 (NM_001377117.1), and 5 (NM_001377118.1). Variants 3–5 encode for isoform C and only differ in the 5’ untranslated region (UTR), sharing an identical coding region. Isoform C lacks the 81 N-terminal residues but retains exon 4. Isoform D is encoded by Efna3 variants 6 and 7, which also only differ in the 5’ UTR. Isoform D lacks the 81 amino acid N-terminal extension like isoform C and also lacks exon 4, making this the shortest isoform. An age-matched genotype difference is observed where Efna3IsoA/C expression increases between young-adult Epha2+/+ and Epha2–/– mice (Epha2; Y-WT vs. Y-KO), but not in middle-aged mice. However, it should be noted that Efna3IsoA/C was very low expressing with a mean ΔCq of 11.84, compared to the noise threshold of ΔCq = 11.9.

Although ephrin-A5 is not an exclusive binding partner of EphA2, the knockout of Epha2 resulted in an increased expression of Efna5 variants 1 and 3 compared to wild-type in young adult mice (Epha2; Y-WT vs Y-KO). This elevated expression diminishes with age (Epha2; Y-KO vs. M-KO), becoming indistinguishable from wild-type at middle-age (Epha2; M-WT vs. M-KO, ns). Efna1V2 and Efna3IsoB/D were both in the noise range (ΔCq ≥ 11.9) and thus were not considered meaningful readings. None of the Efnb genes showed significant changes between test groups (Figures 2B, D). Although the following genes did not change with age or genotype, Efna4, Efna5V2, Efnb2, and Efnb3 were moderately expressed, and Efna1V1, Efna5V1&3, and Efnb1 were highly expressed (Table 2). Overall, 3 out of 8 ephrins showed significantly altered transcript levels in the lens epithelium (Table 1).




3.6 Eph expression changes in aging lens fibers

In isolated lens fibers, Epha2, Epha5V3, and all the Ephb subtypes (Ephb1-4, Ephb6) showed altered gene expression either with age or genotype (Figure 3, Table 3). Epha2 levels increased with age in Epha2+/+ fibers (Epha2; Y-WT vs. M-WT) but showed no changes in Efna5 mice (Figure 3C). Epha5V3 showed both age- and genotype-dependent increases in expression. Epha5V3 transcript levels increased in aging mice regardless of genotype (Epha2; Y-WT vs. M-WT; Y-KO vs. M-KO). Moreover, genotype differences were observed where Epha5V3 transcript levels were increased in Epha2–/– lens fibers compared to wild-type mice at both age groups (Epha2; Y-WT vs. Y-KO; M-WT vs. M-KO). In contrast, a strain difference is observed where Epha5V3 only increased in Efna5–/– fibers with aging (Efna5; Y-KO vs. M-KO) but not in aging Efna5+/+ mice (Efna5; Y-WT vs. M-WT, ns) or in response to Efna5 knockout (Efna5; Y-WT vs. Y-KO, ns; M-WT vs. M-KO, ns).




Figure 3 | Eph subtypes in lens fibers. Epha and Ephb transcripts from lens fiber cells displayed as ΔCq values. Lower ΔCq values indicates higher expression. Epha and Ephb gene expression from the Epha2 strain (panels A, B; top row; blue palette) and Efna5 strain (panels C, D; bottom row; green palette) are displayed separately. Wild-type animals are indicated by filled symbols and grayscale bars, while knockout animals are indicated by hollow symbols and colored bars. Young-adult mice are represented by darker-shaded bars while middle-aged mice are shaded lighter. Significant changes were observed in Epha5V3, Ephb1, Ephb2, Ephb3, Ephb4, Ephb5, and Ephb6 with age and genotype. Statistically significant changes with ΔCq values in the noise range (ΔCq ≥ 11.9), as indicated by the red dotted line, were not considered meaningful hits. Two-way ANOVA or multiple unpaired t-tests were used followed by multiple comparison correction. Benjamini-Krieger-Yekutieli-adjusted p-values (q) < 0.05 are considered discoveries and are indicated by asterisks (*).



All the tested Ephb genes exhibited a significant change in the lens fibers (Figures 3B, D); however strain-dependent changes are evident here. Ephb1 expression did not change in Epha2+/+ WT lens fibers (Epha2; Y-WT vs. M-WT, ns), but showed a marked increase with age in Epha2–/– fibers (Epha2; Y-KO vs. M-KO). Ephb1 undergoes a strain-dependent increase in aging wild-type lenses (Efna5; Y-WT vs. M-WT) of Efna5+/+ mice, unlike the Epha2 strain. A further genotype difference is seen where Ephb1 increases with the knockout of Efna5 in young-adult mice (Efna5; Y-WT vs. Y-KO). In the Epha2 strain, Ephb2 transcript levels decrease between young-adult and middle-aged wild-type mice (Epha2; Y-WT vs. M-WT) but remains steady in middle-aged Epha2–/– mice (Epha2; Y-KO vs. M-KO). The level of Ephb2 expression is significantly higher in middle-aged Epha2–/– fibers compared to middle-aged wild-type samples (Epha2; M-WT vs. M-KO). Ephb2 is the only instance of decreased expression with age observed within lens fibers in this screen. Ephb3 only showed an age-related increase in Epha2–/– fibers (Epha2; Y-KO vs. M-KO).

Ephb4V1 increased with age in both strains (Epha2 and Efna5; Y-WT vs. M-WT; Y-KO vs. M-KO), but also showed an increased expression in middle-aged Epha2–/– samples (Epha2; M-WT vs. M-KO). In contrast, Ephb4V2 increased with age only in the Efna5 strain (Efna5; Y-WT vs. M-WT; Y-KO vs. M-KO). Ephb6 showed a significant increase in the middle-aged Epha2–/– fibers compared to its wild-type counterpart (Epha2; M-WT vs. M-KO) and its young-adult knockout control (Epha2; Y-KO vs. M-KO).

Of all the Eph changes in aging lens fibers, Ephb1 was the only target that changed concomitantly with the knockout of Efna5 (Figure 3D). Epha5V3, Ephb2, Ephb4V1, and Ephb6 all showed increases in expression in Epha2–/– samples compared to their age-matched Epha2+/+ control (Table 3). Epha3, Epha4, EphaV9, Epha5V14, Epha6, and all Epha7 variants (1–6) were in the noise range or did not produce readable signal due to low transcript levels. Epha8 was above the threshold in the Efna5 strain and was low expressing in the Epha2 strain. Epha5V12, Epha8, Ephb1, and Ephb4V1 were all low expressing, and Epha1, Epha5V3, Ephb2, Ephb3, Ephb4V2, and Ephb6 were all moderately expressing (Table 4). Out of all the Eph receptor genes in the fibers, Epha2 was the only highly expressed target with a mean ΔCq of 3.9. Overall, changes in Eph gene expression are more numerous in the lens fibers compared to the epithelium, with 7 of 14 characterized Ephs exhibiting a significant change.


Table 3 | Lens fiber dynamics summary.






3.7 Ephrin expression changes in aging lens fibers

In the isolated lens fibers, Efna1V1, Efna5V2, Efnb1, and Efnb2 showed significant changes with age or genotype (Figure 4, Table 4). Efna1V1 increased with age across both strains in wild-type and knockout lens fibers (Epha2 and Efna5; Y-WT vs. M-WT; Y-KO vs. M-KO). A genotype difference is observed as young adult Epha2–/– fibers showed significantly higher expression of Efna1V1 than the wild-type controls (Epha2; Y-KO vs. M-KO). Efna5V2 increased with age in wild-type Efna5 mice (Efna5; Y-WT vs. M-WT), but not in the Epha2 strain (Figures 4A, C). In contrast, Efna5V1/3 did not change in the fibers. Targets in the noise range included Efna1V2, Efna2, Efna3IsoA/C, Efna3IsoB/D, and Efnb3. These targets either returned low transcript levels indistinguishable from noise or failed to produce readable signals. Efnb1 and Efnb2 increased with age regardless of genotype across both strains (Epha2 and Efna5; Y-WT vs. M-WT; Y-KO vs. M-KO). However, Efnb1 also increased in Epha2 knockouts compared to their wild-type counterparts (Epha2; Y-WT vs. Y-KO; M-WT vs. M-KO). In the lens fibers, Efna1 and Efna4 were lowly expressed while Efna5V1&3, Efna5V2, Efnb1, and Efnb2 were moderately expressed. There were no ephrins considered highly expressed in the lens fibers (Table 3).


Table 4 | Lens fiber expression table.






Figure 4 | Ephrin subtypes in lens fibers. Efna and Efnb transcripts from lens fiber cells displayed as ΔCq values. Lower ΔCq values indicates higher expression. Efna and Efnb gene expression from the Epha2 strain (panels A, B; top row; blue palette) and Efna5 strain (panels C, D; bottom row; green palette) are displayed separately. Wild-type animals are indicated by filled symbols and grayscale bars, while knockout animals are indicated by hollow symbols and colored bars. Young-adult mice are represented by darker-shaded bars while middle-aged mice are shaded lighter. Significant changes were observed in Efna1V1, Efna4, Efnb1, and Efnb2 with age and genotype. Efna1V1, Efnb1, and Efnb2 all increased with age, however Efna1V1 also showed an increased expression in Epha2–/– fiber cells compared to the age-matched Epha2+/+ samples. A genotype difference was also observed with increased Efna4 expression in middle-aged Epha2–/– and Epha2+/+ mice. Statistically significant changes with ΔCq values in the noise range (ΔCq ≥ 11.9), as indicated by the red dotted line, were not considered meaningful hits. Two-way ANOVA or multiple unpaired t-tests were used followed by multiple comparison correction. Benjamini-Krieger-Yekutieli-adjusted p-values (q) < 0.05 are considered discoveries and are indicated by asterisks (*).



In summary, within the lens epithelium, Epha1, Epha5V3, Epha5V12, Efna2, Efna3IsoA/C, and Efna5V1&3, showed significant changes with age. Efna3IsoA/C, and Efna5 were the only targets that changed with genotype, increasing in middle-aged Efna5–/– and young adult Epha2–/– epithelium, respectively, compared to their age-matched wild-type samples. In the lens fibers, Epha2, Epha5V3, all the Ephb genes (Ephb1-Ephb6), Efna1V1, Efna5V2, Efnb1, and Efnb2 demonstrated age-related changes, some of which were strain-dependent. Epha5V3, Ephb2, Ephb4V1, Ephb6, and Efna4 exhibited expression changes concomitant with genotype, notably all in Epha2–/– samples. Ephb1 was the only target that increased in Efna5 knockout fibers compared to the wild-type control (Figure 4D). Moreover, Ephb2 was the only target that decreased with age in the lens fibers.





4 Discussion

Our data show a constellation of gene expression changes between young-adult and middle-aged lenses, as well as changes concomitant with the disruption of Epha2 or Efna5 in both cell types of the ocular lens. While transcript-level changes were observed in both the epithelium and isolated fibers, the majority of altered gene expression was observed in the lens fiber cells. Of the genes and variants screened, 6 out of 33 genes and variants screened in the lens epithelium were considered hits, as opposed to 12 out of 33 in the fiber cells. Collapsing these metrics to gene families, 3 of 14 Ephs and 3 of 8 ephrins were considered hits in the epithelium, while 7 of 14 Ephs and 4 of 8 ephrins were regarded as hits in the lens fibers. Our previous work found that 12 of 14 Ephs and 8 of 8 ephrins were present in the ocular mouse lens (27). This work has characterized that, of these previous hits, Epha3, Epha5V14, Epha7V1–6, Efna1V2, and Efna3IsoB/D are very low expressing (in the noise range or not detected) and confirmed the non-detection of Epha6 in both the epithelium and isolated fibers (Tables 2, 4). Moreover, these data are generally consistent with the previously reported Affymetrix 430 2.0 data from P28 epithelium and P56 whole lenses obtained from the iSyTE 2.0 database (27). Here, we can prioritize targets based on changes with age, genotype, or expression level, allowing the finer focusing of future studies.

In order to properly control for variation from tissues and genetic knockouts, we screened for a reference gene that is consistent across all of our determined test conditions. While ß-actin is commonly used as an endogenous control, Epha2 knockout mice exhibited dysregulation of actin and actin-binding proteins (20). Therefore, a non-cytoskeletal control had to be used in this study. This is an important step if the reference gene has not already been characterized in each disease or transgenic model.

In determining meaningful hits from this set of experiments, several different criteria were considered. Data sets with a mean ΔCq ≥ 11.9 were regarded as noise based on the threshold obtained from the Epha2 in Epha2–/– samples. Although low-expressing targets can play important biological roles, these were considered low priority due to additional steps required to differentiate this signal from noise. Moreover, samples with wild-type controls that did not match across the Epha2 and Efna5 strains were considered lower priority due to potential strain differences. In determining statistical significance, a false discovery rate (FDR) approach was chosen over a family-wise error rate (FWER), allowing for more leniency towards type I errors (false positives) (39–41). This was considered more useful than a stricter FWER approach in this context as the goal of these experiments was to establish meaningful leads rather than a mechanistic or diagnostic investigation.

In the traditional PCR screening of Ephs and ephrins in the lens, Epha7V1, was identified to be present in wild-type mice, but not in Epha2–/– or Efna5–/– samples, identifying this target as a potential lead (27). In the current study, Epha7V1 was not detected in any of the samples, indicating the expression levels may be too low to easily pursue. Previously, Efna1V2 was shown to be present in lens epithelium but not isolated fibers. Here, Efna1V2 resulted in 12/24 non-detects in epithelial samples, and the remaining 12/24 were in the noise range. In the lens fibers, only 1/24 samples yielded a detectable signal, and that reading was in the noise range, consistent with the qualitative PCR data (27). Efnb3 was also previously detected in the epithelium but not fibers. Here, Efnb3 was consistently detected in the lens epithelium with 24/24 valid readings, but not in the isolated lens fibers where 6/24 readings were detected, of which 4 were in the noise range.

Previous work successfully narrowed down the 14 variants of Epha5 to variants 3, 9, 12, and 14 that were present in the lens. This current work further narrowed down these variants, finding that Epha5V14 produced a signal indistinguishable from noise. The remaining variants 3, 9, and 12 were present in both lens epithelium and fibers. Epha5V9 was low expressing and did not show appreciable change across any of the test conditions in this screen. However, Epha5V3 expression showed opposite trends between tissue compartments, decreasing with age in the epithelium (Efna5; Y-KO vs. M-KO) and increasing with age in the isolated lens fibers (Efna5; Y-KO vs. M-KO). The opposing trends between tissues and the increase of expression in the Epha2 fibers may indicate a compensatory or related physiological role linked to the knockout of Epha2 or Efna5. Meanwhile, Epha5V12 decreased with age only in the epithelium of both wild-type and Efna5–/– mice, but not in the Epha2 strain. Epha5 was previously observed to be highly expressed in the lenses of embryonic mice, second only to Epha2 based on iSyTE analysis, and the EphA5 receptor is known to bind to ephrin-A5. Moreover, Epha5 expression was decreased in Mafg–/–;Mafk–/– double knockout mice, a model that exhibits cataracts after 4 months of age (42). These findings highlight potential roles of Epha5V3 and Epha5V12 that differ between the epithelium and isolated fibers, and also between closely related variants. Further study into the roles of Epha5 variants in the epithelium vs. bulk fiber mass may be a promising avenue into revealing the mechanisms of cataractogenesis.

Finding the binding partners of EphA2 and ephrin-A5, even with a putatively narrowed list of hits, can be a time- and resource-intensive process. Given that EphAs typically bind to ephrin-As, and EphBs typically bind to ephrin-Bs, targets can be tentatively filtered in this way; however, there are several exceptions to this paradigm that must be considered. Although the roles of other Ephs and ephrins in the lens remain unclear, interactions between EphA2, ephrin-A5, and other binding partners have been reported in other tissues. Several studies have been conducted investigating the interactions between EphA2 and ephrin-A1, showing roles in processes ranging from angiogenesis, proliferation, cell migration, and adhesion via an assortment of secondary messengers (43–52). In this study, Efna1 is a high-expressing ligand in the lens epithelium and a moderately-expressing target in the isolated fibers. When Epha2 is knocked out, the expression level of Efna1 increases significantly in both the epithelium and fibers, suggesting a possible compensatory mechanism. The previously observed interactions between EphA2 and ephrin-A1 make this a promising interaction to further investigate at the protein level.

Beyond binding with several ephrin ligands, EphA2 has also been shown to interact with other Eph receptors as well. In the PC3 human prostate cancer cell line, EphA2 coimmunoprecipitated with EphB2 via the ligand binding domain, showing a co-clustering of these receptors that may differentially affect the Eph-ephrin signaling landscape based on the present heteromers (53). Here, a marked increase in Ephb2 expression is observed in middle-aged Epha2–/– fibers compared to its middle-aged wild-type counterpart, and this change is not seen in Efna5–/– samples.

Like EphA2, ephrin-A5 has also been shown to interact with several other Eph receptors. Ephrin-A5 interaction with EphA5 has been shown to promote synaptogenesis through activation of voltage-gated calcium channels, promoting downstream signaling through protein kinase A (54). While calcium is a broad secondary messenger, calcium-dependent or calcium-modulated targets play important roles in the lens and cataract formation, including cadherins, calcium-activated proteases (calpain), aquaporin-0, and connexins (4, 55–58). These calcium-dependent targets have been observed to be dysregulated in cataractous lenses, suggesting that disruption of ephrin-A5 and EphA5 interactions could play a role in these mechanisms of cataractogenesis. Moreover, ephrin-A5 and EphB2 have been shown to interact with high affinity, and here, Ephb2 is observed at moderate to high expression levels in the lens epithelium and moderate levels in the fibers (10). Between activating protein kinase A and increasing calcium influxes, the downstream effectors of ephrin-A5 are vast. Considering interactions with EphA5 and EphB2, identifying other Ephs and ephrins as interacting partners of ephrin-A5 may provide leads for a more targeted search for calcium- and phosphorylation-dependent mechanisms of cataractogenesis.

As the roles of Ephs and ephrins are characterized in other tissues, these data can be used to help direct the focus of future studies in the lens. Several transgenic models are available for Ephs and ephrins, however, little phenotypic data of the lens has been reported to date in these models. Reporting these phenotypes can also help identify Ephs and ephrins of interest and rapidly expand the compendium of relevant targets. In the context of previous studies investigating EphA2 and ephrin-A5, the spatial and temporal expression data presented here may help inform the choice of targets of interest of lens homeostasis and cataractogenesis in the lens,

Although mRNA transcripts are well understood in the central dogma of molecular biology to encode the translation of protein, the correlation between transcript and protein levels is weak (59–62). This is observed here, where the data presented in this study indicates an increase in Epha2 transcripts, however, western blot data shows a decrease in EphA2 protein between 2 weeks and 5 months of age in mice (6). In order to pursue meaningful hits, quantification of the relevant proteins should be performed to ensure that the target is present in a given strain before undergoing an in-depth physiological assessment. Moreover, in our endeavor to identify binding partners of EphA2 and ephrin-A5, characterizing the localization of the target of interest will be a necessary step. This is due to the observation that EphA2 sequesters mostly in the fiber cells and while ephrin-A5 is mostly present in the epithelial cells, resulting in a spatial barrier of interaction (5). Additionally, the loss of nuclei and other organelles in the nuclear fiber cells presumably limits transcriptomics data to the peripheral fiber cells. Therefore, characterization of these targets at the protein level will be an important step in informing their role in the lens, particularly in the lens nucleus.

Currently, the primary interacting partners of EphA2 and ephrin-A5 in the lens are not known. Here, we present the characterization of a dynamic gene network, changing concomitantly within two transgenic models. These data provide an informed prioritization of targets to pursue in upcoming mechanistic studies to determine how EphA2 and ephrin-A5 maintain lens homeostasis and lens transparency. This perspective on gene network changes in these transgenic cataract models has helped focus the Eph-ephrin search to fewer, manageable targets to pursue in future studies.
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Supplementary Figure 1 | Epha7 probe design strategy. Probe permutations used to target Epha7 variants 1–6. Each bar represents the sequence ranging from the end of exon 7 to beginning of exon 10. The primer permutations and expected amplicon sizes are listed in the bottom panel.

Supplementary Figure 2 | Endogenous gene panel. Quantification cycle (Cq) values of endogenous reference genes from the ocular lenses of young-adult (6-week-old) mice. The chosen reference gene, peptidylprolyl isomerase A (Ppia) is indicated by a red box. Each of the 8 test groups denoted were tested in triplicate (n=3 per group).

Supplementary Figure 3 | Peptidylprolyl isomerase A distribution. Quantification cycle (Cq) values of the endogenous internal control gene, peptidylprolyl isomerase a (Ppia) across biological groups. These are aggregates of all the readings taken from 48 biological samples across all the reported assays (n=1584).

Supplementary Table 1  | Primer and probe library. The primers and probes used in this study with sequences of custom probes and assay IDs of commercial probes are provided. For custom probes, the exon-spanning oligonucleotide is indicated as the forward primer (F), reverse primer (R), or TaqMan probe (P). The sequencing primers used for Efna5–/– validation are included as the last entry in the table. Alternative exons are designated as 'a-d' using variant 1 as reference (except for Epha5, for which variant 3 was used as reference). Greyed out exons indicate untranslated regions (UTRs).

Supplementary Table 2 | Lens epithelium statistics. A compiled table of two-way ANVOAs and multiple t-tests with two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli multiple comparison correction. Significant hits are indicated as discoveries.

Supplementary Table 3 | Lens fiber statistics. A compiled table of two-way ANVOAs and multiple t-tests with two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli multiple comparison correction. Significant hits are indicated as discoveries.

Supplementary Table 4 | Assay data. Sorted assay data containing Cq and ΔCq values for each gene of interest.
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Human visual function depends on the biological lens, a biconvex optical element formed by coordinated, synchronous generation of growth shells produced from ordered cells at the lens equator, the distal edge of the epithelium. Growth shells are comprised of straight (St) and S-shaped (SSh) lens fibers organized in highly symmetric, sinusoidal pattern which optimizes both the refractile, transparent structure and the unique microcirculation that regulates hydration and nutrition over the lifetime of an individual. The fiber cells are characterized by diversity in composition and age. All fiber cells remain interconnected in their growth shells throughout the life of the adult lens. As an optical element, cellular differentiation is constrained by the physical properties of light and its special development accounts for its characteristic symmetry, gradient of refractive index (GRIN), short range transparent order (SRO), and functional longevity. The complex sinusoidal structure is the basis for the lens microcirculation required for the establishment and maintenance of image formation.
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Introduction

Symmetry, refraction and transparency are optical properties of the biological lens required for image formation in the human eye. Studies of lens growth and development across species report that exponential growth is continuous throughout life without loss or replacement of cells. A typical model for exponential growth is: W = Wm e–k/A (where “W” is dry weight, “Wm” = maximum weight, “k” is rate of growth, and “A” is postnatal age) (1, 2). Lens dimensions increase synchronously and continuously through the addition of symmetric growth shells. These growth shells form a complex sinusoidal structure that forms the basis for the lens microcirculation and the formation and maintenance of transparency.





Brief summary of lens embryology




Lens placode

At ~3 weeks of gestation in humans, a small number of cells (50 to 100) swell, thicken, and form a lens placode at the edge of the neural plate (neuroectoderm). This lens placode is the origin of the cells that generate the refractile, symmetric, transparent lens (Figure 1). The cells in cranial placodes resemble neural progenitors that differentiate into sensory neurons characterized by cytoskeleton-enriched processes, forming dendrites and axons, extending from a cell body containing a nucleus and plentiful organelles to support cell-to-cell connectivity (3–7). In contrast to cells in the sensory placodes, cells in the lens placode swell, thicken and invaginate to form a fluid-filled lens vesicle superficial to the developing optic cup (future retina) (Figure 2) (3, 8–11).




Figure 1 | CRANIAL PLACODES in the TRILAMINAR EMBRYO. This figure represents a dorsal view of the ectodermal surface of a trilaminar embryo, prior to neural tube formation (K. Altdorfer, https://slideplayer.com/slide/12872844/). As the neural plate forms, a horseshoe shaped region peripheral to the cranial end of the neural ectoderm, called pre-placodal ectoderm (PPE), forms localized thickenings, “cranial placodes”, for specialized structures including the lens. A number of cranial placodes are indicated by circles and labeled. The lens placode responds to signaling pathways involving FGF, BMP, Notch, Wnt, betacatenin, and others described elsewhere in the text.






Figure 2 | LENS DEVELOPMENT is a MULTISTEP PROCESS BEGINNING at ~3 to 4 WEEKS of EMBRYONIC AGE in the HUMAN: An optic cup extends toward the surface ectoderm from the neural tube, deep to the lens placode. The optic cup induces invagination of the lens placode, followed by its separation from the surface as the lens vesicle. Hyaloid vessels (not shown) supply the developing lens briefly, before regressing. Maturation of the lens vesicle is accompanied by lengthening of the posterior lens cells, adjacent to the optic cup, to form “primary lens fibers”. These cells lose their nuclei and close the vesicle to create a solid cellular mass. In contrast, the anterior cells become an anterior epithelium that maintains its proliferative ability. Synchronous proliferation, migration and elongation of waves of epithelial cells generate “secondary” lens fibers that form growth shells. The growth shells surround the primary fibers of the “embryonic nucleus” (EN), to expand the size of the lens as the optics adjust to the growing eye. The entire lens mass develops within a thick basement membrane capsule (thick yellow line). An adult lens is refractile, transparent and biconvex, consisting of concentric layers of lens fiber growth shells. The functional viability and plasticity of an adult lens is prolonged through a unique microcirculation that nourishes, hydrates and maintains normal electrophysiological homeostasis as the lens grows and adjusts to the optical needs of the growing retina. The image on the right summarizes the microcirculation: Green arrows indicate the inflow of fluid at the anterior (AP) and posterior (PP) poles at the center of the anterior and posterior curvatures. Red arrows represent the fluid outflow at the equator. A number of growth factor pathways are essential for regulation during both embryogenesis and growth shell formation.







Lens vesicle becomes the lens nucleus

Elongation of the posterior cells in the lens vesicle closest to the optic cup results in a solid cellular mass with the apical surfaces facing inward and the basal surfaces outward. The intercellular space is compressed, and these cells become the “primary” fibers of the “embryonic nucleus”, supplied temporarily by the hyaloid artery, a branch of the ophthalmic artery to the optic cup (2, 3, 11, 12). The anterior cells of the lens vesicle distal to the optic cup are not induced to elongate and remain an epithelial monolayer covering the anterior surface of the embryonic nucleus, and the germinative center for future growth shells (Figure 2). (NOTE ABOUT TERMINOLOGY: Early studies suggested the lens was a single giant cell, with a pale yellow nucleus at the core, surrounded by a clear albuminoid cortex, like an egg. When the lens was confirmed to be a cellular tissue, use of the terminology “cortex” and “nucleus” continued to describe cells in the lens periphery and lens center, respectively (13, 14).





First growth shells

The cells in the anterior epithelial layer can proliferate and migrate toward the equator of the developing lens, where they organize into ordered meridional rows. Synchronized elongation of the meridional cells, posteriorly and anteriorly, initiates the formation of a coordinated band of arc-shaped secondary cells, parallel to the optic axis. This band will become a growth shell at the peripheral lens cortex (Figure 3) (2, 9, 11, 15, 16). As the temporary vessels of the hyaloid vasculature regress, each growth shell becomes the developmental mechanism for adding symmetric layers of new “secondary” fibers that increase the size of the lens during formation of the visual system (Figure 2). New growth shells contain malleable, refractile, organelle-free secondary fibers that subsume previous shells surrounding the lens nucleus (17–20). New growth shells can adjust to the optical needs of a growing eye (16, 21).




Figure 3 | GROWTH SHELL FORMATION BEGINS WITH COORDINATED, PERIODIC ELONGATION of EPITHELIAL CELLS at the EQUATOR. Initially, anterior and posterior elongation of lens epithelial cells produces straight segments that form a discontinuous band around the lens periphery. In this image, green fluorescent protein, GFP, labels the cells elongating away from the equator. With continued elongation, a small number of these fibers will attach at the anterior (AP) or posterior (PP) poles separated radially by ~120 deg, (2.09 radians) (not shown). These are the straight (St) fibers that orient all other cells to fill in the growth shell. The optic axis (not shown) connects the AP with the PP. Elongation is synchronous and coordinated. In the figure, the longer fibers are believed to be forming one growth shell and the shorter fibers are beginning to elongate to form the next growth shell. Growth shells form concentric layers observed in intact lenses. (modified from Shi et al. (2009) J. Cell Sci. 122:1607-15).



It is important to emphasize that the coordinated addition of symmetric growth shells of secondary fibers expands the size of the lens and creates a biconvex, biological spheroid that functions as an optical element in the human eye (Figure 4) (11, 19, 22–24). The spheroid is defined by an equator separating the anterior from the posterior hemisphere. The radius of curvature of the surface anterior to the lens equator is ~10mm and the radius of curvature of the surface posterior to the equator is ~6mm (see Figure 2) (25, 26). With the growth of the visual system, the optical curvatures vary slightly as they adjust the focal length of the lens to the dimensions of the changing eye (16, 27). Throughout development of visual function, the optics of the growing lens are carefully synchronized with the establishment and maintenance of optical quality during the life of an individual (16, 22, 28). As a mechanism for the development of optics, growth shells are an unprecedented success.




Figure 4 | SPACE FILLING and FIBER ORGANIZATION in a GROWTH SHELL. An anterior view of the lens fibers in a typical GROWTH SHELL is shown in (A). The dark and light green bands, each representing 20 individual fibers, are modeled from scanning electron micrographs of the growth shell surface. A few straight (St) fibers (turquoise) attaching at the anterior pole (B) are organizing centers for the many S-shaped (SSh) fibers (example highlighted in red) that fill-in the developing growth shell forming the anterior and posterior curvatures of each hemisphere in the biconvex lens (A, B). Three sutures originating at the anterior (AP) poles are shown as thin yellow lines. Removing a number of fibers (in the figure) allows both the anterior (AP) and posterior (PP) poles to be seen (B) where three attachments for St fibers and three sutures (orange line) are shown. The optic axis (black line) connects the anterior and posterior poles. Space filling is a complex process of fiber assembly. During the start of fiber elongation, the middle segment of each SSh fiber is parallel to the optic axis (as in Figure 3). While one tip of an St fiber (blue) attaches at either the anterior (AP) or posterior (PP) pole, the other tip is the origin of the sutures (A, B) and the St fibers remain parallel to the optic axis. In contrast, the tips of elongating SSh fibers (red) do NOT attach at either pole. Instead, the elongating tips of SSh fibers curve away from the poles, toward the plane of the orienting St fibers, where they join the curved tips from a corresponding SSh fiber, to form a pair and create a suture (B red). For example, (C) represents a pair of red SSh fibers. An anterior tip curves to meet the curved tip of an SSh fiber (red) elongating from the opposite side of the St fiber and form anterior (yellow) suture. Note that the SSh fibers are not attached at a pole and each new connection between the SSh fibers lengthens the suture. Similarly, the posterior tip of the same red SSh fiber curves to meet the tip of a corresponding SSh fiber (not shown) to form and lengthen the posterior suture (C). Both sutures are shown in the figure, but the suture is only formed when the tips of each SSh pair connect. In this way pairs of elongating SSh fibers fill in a GROWTH SHELL as they establish the sutures. (NOTE about TERMINOLOGY: The SSh fibers are described as having “opposite end curvature” by Kuszak because they curve away from the St fibers and the poles. In a 2-D projection of an SSh fiber (D), each SSh fiber can be described as having a distinctive symmetric, sigmoid shape with the two curved tips extending away from a straight middle segment (D). The sigmoid function is defined as f(x) = arctan(x). It is well established, but not widely appreciated, that when SSh fibers meet other SSh fibers, the pairs of SSh fibers fill in and form the posterior and the anterior surface of a GROWTH SHELL. When SSh pairs connect, the sutures are formed. Altered sutures are an indication of abnormal lens fiber differentiation and function.







Cellular specialization

In the absence of blood vessels, each growth shell develops symmetric layers of cellular fibers, containing condensed cytoplasmic proteins, largely crystallins and cytoskeleton, to increase the refractive index, and establish transparent short-range order necessary for focusing images on the retina (3, 22, 29). Growth shells can do more. Without blood vessels, structural specializations in the fibers of growth shells contribute to a symmetric circulatory system for fluid flow that regulates hydration, ionic homeostasis, and uniform distribution of nutrients, in support of dynamic growth to optimize the optics for the growing, changing visual system (Figure 2) (3, 7, 12, 30, 31). Without a functioning microcirculation, the lens cannot develop the symmetric gradient of refractive index (GRIN) and transparency required for image formation in the growing visual system (32–35). In fact, the lens might as well be a piece of glass or plastic. Instead, nature created a growth shell mechanism for the biological lens, that is unique in all of developmental biology (36, 37).






Growth shells




Structure: straight and S-shaped fibers

Each growth shell is comprised of two types of secondary fibers: straight (St) and S-shaped (SSh) fibers (Figure 4) (22, 36). St fibers are crescent-shaped, parallel to the visual axis, and attached to either the posterior or anterior pole (Figures 4A, B), where they become growth centers for the anterior or posterior hemispheres of the growth shell. Posterior to the lens equator, St fibers radiate away from the posterior pole, separated by 120 degrees (Figure 4B) and anterior to the lens equator, St fibers radiate away from the anterior pole separated by 120 degrees (Figure 4B). Notice that the tips of the elongating St fibers stop short of the opposite poles, ending at the tips of the Y suture (Figure 4B) (15, 22, 38).

The second type of lens fibers, the SSh fibers, fill in the growth shell (Figure 4A). SSh fibers are oriented along, and adjacent to, the St fibers (Figures 4A, B). SSh fibers have three parts: a straight middle segment, parallel to the St fiber, and two tips, curving away from the St fiber, to meet curved tips from other SSh fibers forming a pair of SSh fibers (Figure 4, red fibers). Anterior to the equator, where the curved tips meet, the anterior suture forms, and posterior to the equator, where the curved tips meet, the posterior suture forms. The sutures are formed where pairs of SSh fibers meet, anteriorly or posteriorly (Figure 4, red fibers). Because the tips curve to meet other SSh fibers, they appear as symmetric, sigmoid-shaped fiber cells when projected in 2-D (Figure 4D). The trigonometric function describing the SSh fiber is f(x) = arctan(x), which is the basis for the symmetry of a growth shell and accounts for the symmetric index of refraction, transparency, and the anterior and posterior curvatures of the lens.





Structure: sinusoidal networks form Y sutures

Where the curved tips meet anteriorly, the sutures are positioned in a “Y-shape” and posteriorly, the sutures form an “inverted Y-shape” (22). The anterior and posterior sutures are not aligned and are offset by 60 degrees. This is because of the sigmoid shape of SSh fibers (Figure 4D). Because the SSh tips curve in opposite directions away from their middle (Figure 4C), they are no longer in the same anterior/posterior plane (22, 37–39). Still, symmetry is maintained in normal development. The result is a continuous, interconnected sinusoidal network of fibers throughout the entire growth shell. Throughout the growth shell, SSh fibers in the posterior hemisphere connect directly with the fibers in the anterior hemisphere. It is easy to understand how reactive oxygen species, advanced glycation end products, inflammatory agents, osmolytes, or other systemic stresses can disrupt the coordinated, symmetric elongation of fibers and alter the suture patterns.

Careful analysis of electron micrographs of developing lenses confirms that sutures in a growth shell are formed by the connections between differentiating SSh fibers (22, 36, 38–40). In contrast, the embryonic lens nucleus at the center of the adult lens has no sutures and consists of the primary fibers that elongated to obliterate the lens vesicle and establish the original cell mass (Figure 2). Subsequently the embryonic nucleus is overlain by secondary fibers (22, 38). As lens development continues, secondary fibers organize into isomorphic interconnected growth shells in a coordinated, synchronized process. The amount of curvature in the individual tips of the SSh fibers varies relative to position relative to where the pairs meet and establish a suture (Figure 4) (39). An unexpected result is the normal variability in the lengths of the SSh fibers connecting along the suture lines. The lengths oscillate with a regular, sinusoidal pattern, another indication of coordinated, synchronization of growth shell formation (Figure 5). It should be noted that the ends of secondary fibers expand and overlap at the sutures (39, 40). The overlap is part of the 3-D interconnected suture planes, extending from the surface into the embryonic nucleus. The suture can act as a channel carrying fluid containing ions, nutrients, soluble factors, and antioxidants that regulate and maintain symmetric structure (7, 22, 41, 42). When normal fiber differentiation is disrupted, the sutures appear abnormal (22).




Figure 5 | VARIATIONS in FIBER LENGTH in a GROWTH SHELL. Because the pairs of elongating SSh fibers intersect the equator, the length from the equator to fiber tip is expected to be unequal. When actually measured and plotted, an unexpected finding is that the variations in length are regular and periodic. Periodic oscillations in lens fiber lengths represent a sinusoidal pattern, reflecting the careful synchronization in growth shell formation.







Structure modeling

When first observed, the unusual organization of St and SSh fibers is a bit confusing and difficult to understand. To visualize the details and the overall structure of a growth shell during development, growth, and aging, Kuszak chose 2-D projections (22, 36–38, 40). Using computer aided drawings, he applied geometric methods known since Babylonian times for navigation of the earth (a spheroid) to study fiber patterns in growth shells of the biological lens (also a spheroid) (Figure 6) (22, 38). Combining computer aided drawing with thorough, careful scanning electron microscopy, Kuszak revealed new information about the assembly of symmetric growth shells in the lens. His results represent the synchronous differentiation that is the structural basis for both the lens optics and the symmetric microcirculation of fluid throughout the lens, in the absence of vasculature. When differentiating fibers in the growth shells are exposed to fluid influx through posterior and anterior sutures, they can respond to the fluid contents like ions, nutrients, and soluble factors controlling lens growth. The extensive connectivity between SSh fibers in the growth shells, specifically posterior and anterior to the equator, accounts for the symmetry of the posterior and anterior curvatures of the developing lens. The importance of two organizing centers at the posterior and anterior poles is very clear. While growth shells were recognized previously in lens research, the 3-D computer aided drawing provides much greater detail about their symmetric structure and, potentially, their functional significance. The collective interactions between component St and SSh fibers account for the connectivity and symmetry in the growth shells (22, 36, 37).




Figure 6 | SYMMETRY is DETERMINED by TWO TYPES of DIFFERENTIATED FIBER CELLS. This is a 2-dimensional projection of a GROWTH SHELL. The computer aided drawing software generates a 2-D map by projecting the 3-D lens spheroid (growth shell) onto a 2-D cylindrical surface (Figure 6 right side). It is known as a projection because it simulates a bright light placed inside the spheroid so that any point (x,y,z) on the surface of the 3-D spheroid is projected to a point (x,y) on the surface of a cylindrical screen, surrounding the spheroid (Figure 6, right side). The lens equator is represented as a horizontal white line on the cylinder, between the anterior and posterior poles, represented as the open ends of the cylinder. When the computer “unfolds” the cylinder, the most obvious structural features of the 2-D projection of a typical growth shell are the symmetric oscillations of the SSh fibers (black and turquoise) above and below the equator (dashed white line), centered on the St fibers (green), positioned ~60 deg (1.05 radians) apart. The St fibers appear “cone shaped” with a wide base near the pole and a narrow tip at the beginning of each suture, near the equator. This distortion of St fiber dimensions is the result of an increase in scale near top and bottom of the cylinder, making the St fibers appear disproportionately large at the poles. (The St fibers are represented accurately in Figures 4A, B where their relative size is the same size as that observed in situ in electron micrographs of actual lenses.) In the 2-D map, the anterior sutures are represented by yellow vertical lines at the top of the 2-D map and the posterior sutures are orange vertical lines at the bottom of the 2-D map. Even though distorted, the St fibers extend from a pole to a tip of each suture near the equator (white line). The curved S-shaped (SSh) fibers form the oscillating pattern filling the growth shell. One curved tip of the SSh fibers connects to a posterior suture and the other curved tip connects to an anterior suture. The extensive fiber interconnections throughout the growth shell form a symmetric sinusoidal pattern essential for the organization of a symmetric microcirculation. This fiber symmetry is the basis for establishment and maintenance of refraction and transparency in an effective optical element in the human lens.







Function in microcirculation

Growth shell formation is not simply a space-filling exercise. It is the basis for a highly connected, complex cellular network, organized to provide maximal image quality to millions of photoreceptors in the visual system. Lens growth is carefully regulated to form a symmetric, refractive optical element that transmits light waves for the formation of accurate visual images (7, 31). It is often unappreciated that a lens consists of diverse populations of fibers constituted from various protein and membrane specializations completed at very different ages across the life of the organism. The process of growth shell formation is the foundation for the symmetry necessary to optimize optical quality, including the gradient of refractive index, GRIN, and transparency in a growing eye.

Many biologists accept the correlation between structure and function (11, 37, 40, 43, 44). As explained in the legend of Figure 6, the 2-D map of the growth shell introduces distortion at the anterior and posterior poles enlarging the dimension of the St fibers (Figure 6). Regardless of the distortion in a 2-D map, the regular, symmetric pattern of oscillating fibers posterior and anterior to the lens equator is expected to be critical for the growth shell mechanism of lens development (Figure 6) (22). The vertical clefts labeled “St” are the straight (St) fibers. Together with the sutures, St fibers are positioned every 60 degrees (1.05 radians) forming regular orienting centers for “waves” of SSh fibers (wavelength 120 degrees or 2.1 radians) above and below the equator (Figure 6). The periodic oscillations are oriented to the positions of the St fibers and sutures anteriorly and posteriorly. In the absence of vasculature, a simple hypothesis is that these sinusoidal oscillations are the structural basis for uniform symmetric fluid flow, known as microcirculation. If St fibers are spatial organizing centers for symmetric SSh fiber elongation, then the microcirculation can facilitate uniform fluid flow into the growth shells, anteriorly and posteriorly, to carry nutrients, growth factors, and protective molecules deep into the lens to organize and maintain function (Figure 2) (7, 42, 45). Recent studies report the importance of uniform, symmetric fluid flow in the control of hydration, ion homeostasis, refraction, and transparency in the biological lens (31, 32, 42, 45–47).

Few examples of symmetry in a biological tissue are more impressive than the experimental measurement of the loops of current flow in a biological lens (Figure 2) (46, 48–53). At the time it was reported, the significance of the symmetric current inflow and outflow in lens fiber symmetry and function was unrecognized (48, 53). Now, penetration of nutrients, metabolites, ions, and soluble factors is thought to occur through influx of fluid into the anterior and posterior suture planes, established by the alignment of sutures during the synchronized formation of growth shells (Figure 6). Fluid efflux occurs at the equator through an intercellular outflow pathway thought to be mediated by gap junctions. Hydrostatic pressure as high as 335 mm Hg centrally, falls to 0 mm Hg at the periphery, creating a pressure gradient for driving flow. The activity and localization of channels in the fiber membranes regulate flow and are critical for the optics of the visual system (7, 11, 31, 42, 45, 47, 50, 54).

There is much to learn from the lens about biological symmetry. The growth shell mechanism is a rare example of a developmental process for continuous formation and maintenance, year after year, of a highly symmetric refractile, transparent tissue, and the establishment of corresponding microcirculation. No other cellular tissue in the human compares with the transparent lens for studies of complex molecular and cellular function over a lifetime. Lens structure and function for image formation is intimately linked to symmetry, the gradient of refractive index (GRIN), and transparent short range order. In the eye, the dynamics of collective, often complex, interactions, at the molecular and cellular levels are accessible to modern, non-invasive methods of research in living individuals.

The current hypothesis that the microcirculation is a primary factor in the formation of the biconvex, human lens, places an emphasis directly on the significance of fiber membranes (45, 55–58). The 1000-fold elongation of the SSh secondary lens fibers is achieved through a dramatic expansion of the membrane surface area (22, 38, 59–63) accompanied by an elaborate reorganization of the lens fiber cytoskeleton (11, 60, 61, 64–69). It is well established that lens fiber membranes are specialized to facilitate fluid flow throughout the decreased intercellular spaces. During the formation of a growth shell the cytoskeleton condenses at the periphery of the hexagonal fibers, as a dramatic increase in the proportion of membrane cholesterol accompanies the increase in fiber membranes, and the intercellular spaces are narrowed (11, 70–75). Intuitively, a decrease in the extracellular space might be expected to increase resistance to fluid flow through the lens microcirculation. Studies of microfluidity suggest the opposite effect (76–79). High cholesterol can stabilize membranes, increase hydrophobicity to decrease surface tension, and help move fluids through the microcirculation of the lens (80). The complexity and heterogeneity of fiber membranes and their microenvironment make the study of microcirculation a challenge. While discussion of the origins of the microcirculation in the growth shell mechanism is beyond the scope of this article, growth shells are incredibly important as a foundation for development of the lens as an optical element in the human eye (58).

When the space between cell membranes decreases, the resistance to turbulent flow can decrease to favor laminar flow, increasing microfluidity (77, 79). The microfluidity between membranes can be enhanced further by an increase in the area of hydrophobic surface, reducing interactions between aqueous fluid and charged membrane phospholipids (80). Increased membrane cholesterol resists oxygen permeability favoring elimination of intracellular organelles (81, 82) and stabilizes the elongated fiber shape, the condensation of the cytoskeleton at the cell periphery, the establishment of transparent short range order, phospholipid surface projections, and a decrease the intercellular spaces (83–85). A dynamic cytoskeleton compresses and stabilizes the cell membrane and positions membrane channels, cell adhesion molecules, and connexins along the cell surface. The constructive effects of high cholesterol levels in fiber membrane can contribute to lens microcirculation and improve symmetry, transparency, and GRIN in the lens as new symmetric growth shells are added (82, 84–86).

When growth shells are added at the lens periphery, they seem most responsive to constituents of the microcirculation. There appears to be a narrow band of growth shells forming a supranuclear region between the lens nucleus and cortex, where plasticity permits fiber reorganization (17, 87–90). Both electrophysiology and light scattering results indicate a subtle change several layers deep to the surface, consistent with an electrophysiological syncytium, and/or a network of interacting proteins and membranes (16, 17, 27, 90–92). Apparently, supranuclear fibers in new shells share plasticity to remodel the surface curvatures and adjust the biconvex lens to changes in optical requirements as the eye grows. The plasticity that accounts for variations in light scattering appears be sensitive to intracellular modifications associated with clinical conditions specific to light scattering phenotypes, including myotonic dystrophy, genetic mutations, Down Syndrome and Alzheimer’s Disease (89, 93–95).





Plasticity of growth shells

Plasticity of the lens growth shells allows for subtle improvements in the optical properties as eyes grow from youth to adult (16, 96, 97). Developmentally, dramatic plasticity is demonstrated in lens inversion experiments (98, 99). After removal from the optic cup, a developing lens can be rotated 180 degrees, and then replaced in the eye so that the epithelium now faces the vitreous (posteriorly) instead of the aqueous (anteriorly). After replacement, repolarization occurs so that the (now) posterior epithelium elongates to fill-in the lens vesicle and a “cap” of new epithelium forms anteriorly facing the cornea. The results represent an extraordinary malleability that allows the newest growth shells to respond to factors carried through the microcirculation from the anterior aqueous and/or posterior vitreous. In a separate example of plasticity, a second lens mass develops in a mutant zebrafish, apparently because of two growth centers (100). One of the most extreme examples of lens plasticity during normal development is the lens of the “four-eyed” fish, Anablebs anablebs (101–103). The two growth centers in the growth shells account for the formation of a pyriform-shaped lens that focuses light waves simultaneously, from two separate environments: air and water, onto separate regions of the same retina. In a 2-D map of a growth shell, individual SSh fibers are exposed to both the posterior and anterior environments by an influx of fluid carried through their posterior or anterior sutures (Figure 6). Lens fiber plasticity permits the posterior and/or anterior curvatures to adjust refraction in response to either environment (posterior or anterior).

Each growth shell generates symmetric posterior and anterior convexities, with different radii of curvature, to adjust lens optics for precise focusing of images on a growing, expanding retina with minimal spherical aberration. Generation of two biconvex surfaces in the biological lens is achieved when posterior and anterior growth centers are established by the St fibers. Orientation of the SSh fibers, connecting at the sutures posteriorly and anteriorly, forms two biconvex surfaces that optimize the optics of the visual system. The number and orientation of lens fibers need to adjust the size of each new growth shell with age, to conform to the principles of image formation in the changing human eye (19, 22, 104).





Regulation of growth shell formation

Growth shell development is regulated largely by growth factor and signaling pathways involving FGF, BMP, IGF, TGFbeta, Notch, wnt, PDGF, and others (2, 3, 10, 23, 57, 105–112). Numerous studies support the hypothesis that concentration gradients of FGF and BMP are central to the regulation of elongation and maturation of lens fibers (14, 113). These are reviewed in detail elsewhere (10, 14). Both the levels of the growth factors in aqueous and vitreous and the locations of their receptors in the lens regulate formation of the symmetric growth shells (108, 111, 114, 115). The impact of these regulatory pathways on lens growth and differentiation is so important that there is systematic redundancy, so that IGF, EGF, TGFbeta, and other soluble factors contribute to formation of a growth shell. Redundancy benefits and protects the effectiveness of the growth shell mechanism in the formation of symmetric, concentric spherical layers. Given the complexities of the relationships between growth factors, signaling pathways and, gene regulatory networks on fiber differentiation, the importance of the synchronization of growth shell formation is sometimes overlooked. Bursts of transcription are a direct measure of the synchronized fiber differentiation in the coordinated development of the growth shells, and are necessary for generation of symmetry (10, 32, 116–118). The pulsatile activity of PDGF and the discovery of PDGF receptor in distal regions of lens epithelium where synchronicity is initiated, altered our understanding of the regulation of periodic symmetry in the biological lens (106, 119–123). Correlation of the cellular distributions of growth factors and receptors will clarify the link between growth factor activity and coordination of the remarkable geometric patterns (Figure 6) accounting for symmetry, GRIN, and transparent short range order in the biological lens.

Research continues to demonstrate the importance of synchronization of growth factors in regulating development and maintenance of symmetry, GRIN, and transparency in the biological lens (2, 10, 105, 106, 109–113, 119–122, 124–126). Differentiation of symmetric, concentric layers of elongated, denucleated, transparent, refractile fiber cells in the lens spheroid is complex and represents unprecedented spatio-temporal regulation in biology (11, 22, 37, 38, 121). Although the lens is ordered at all scales of structure, from molecules to the whole tissue, the “crystalline” biological lens is not crystalline. It is formed by concentric shells of symmetric lens fibers (Figures 2, 4, 6). Complex, synergistic, and cooperative, often overlapping, signaling pathways promote structural and functional longevity of lens function (11, 24) Current research needs to consider interactions within networks of growth factors in the regular and coordinated assembly of new growth shells in the mechanism of lens development.






Discussion

It is important to realize that the radius of curvature of a growth shell is symmetric both anteriorly and posteriorly. The precise dimensions are carefully regulated to maximize the optical function of the biconvex, biological lens. The St fibers attached at the posterior and anterior poles form two spatial organizing centers, separated by the equator, in each growth shell (Figures 4, 6). Posterior to the lens equator, the St fibers orient the SSh fibers to form a posterior convexity, and anterior to the equator the St fibers orient SSh fibers to form an anterior convexity. The focal point of a biconvex lens depends on the symmetric gradient in the index of refraction, and the curvature of both the anterior and posterior surfaces. While formed by secondary fibers in the peripheral cortex, each GROWTH SHELL is dynamic and plastic. The surface curvatures of the posterior and anterior hemispheres can adjust to the changing optical requirements of image formation during development and growth of the eye (97, 127, 128). As the lens grows, the newest growth shells (Figures 3, 4) are added between the elongating cortical fibers and the deeper established growth shells. Between the deep cortex and the superficial nucleus, new growth shells form a thin layer that can respond and continuously modify the optics of the growing eye. In contrast, fibers in older, deeper growth shells become highly interconnected and stabilized in the nucleus, in what is known as an electrophysiological “syncytium” (17).

It should be emphasized that not all light scattering is the same. Light scattering depends on wavelength, intensity and scattering angle, the index of refraction, the size, shape and concentration of scatterers, their interactions, symmetry, order, and other biophysical parameters including pressure, temperature, and concentration (129–133). The diversity of differentiating cells and fibers generated in growth shells can be evaluated in vivo as variations in fiber structure optimize image formation in the human visual system (130, 134–136). The diversity of fibers and the plasticity of growth shells seem to account for the variability observed in the zones of discontinuity (Figure 7) (11, 137, 138). Plasticity can account for sensitivity of differentiating fibers to environmental factors including glucose levels, toxic substances, or osmolytes penetrating the lens through the microcirculation to reach the differentiating lens fibers.




Figure 7 | ZONES of DISCONTINUITY and GROWTH SHELLS. Drawings made by Gullstrand of the human eye resemble a photograph from a modern slit lamp. Both show oscillations in light scattering known as zones of discontinuity. In both images, the variations in light scattering appear as concentric, symmetric layers in the lens, and are consistent with the growth shell mechanism of lens development and aging. The Gullstrand drawing appears to have much more prominent scattering from the zones of discontinuity than the modern photo image. The main point is that zones of discontinuity in the refractile, transparent lens of living patients are concentric and symmetric, consistent with growth shell structure. These images confirm the value of direct analysis of lens structure and function in living individuals across a broad range of ages using modern optical technology.



When the layered structure of the lens was first observed in vivo by Gullstrand, the inventor of the slit lamp, variations in scattered light established the basis for understanding the concentric growth shells. Their symmetry, refraction, and transparency could be observed directly in the human lens (Figure 7) (139). Small fluctuations in refractive index gradient and non-random scattering are associated with normal growth and development resulting from modified apoptosis, mitophagy, or autophagocytosis (136, 140–142). These mechanisms are commonly associated with cell death and cell replacement, not prolongation of molecular and cellular longevity, typical of the biological lens (143, 144). In a healthy eye, small fluctuations in the refractive index that produce light scattering from zones of discontinuity, do not impair vision (145) (Figure 7). Detailed computer aided drawings of differentiating lens fibers in normal growth shells can explain images commonly recorded in slit lamp examinations (22, 36–38, 41, 65). In a growth shell, decreasing oxidative metabolism results in the loss of organelles and the reduction in reactive oxygen species to improve transparency during growth of the lens. In fact, all primary and secondary fibers formed in a lens are retained for a lifetime. Lens fiber differentiation involves unique protective mechanisms including antioxidants, microcirculation, cytoskeletal stability, post-translational modification (PTM), and high levels of small heat shock proteins (sHSP) to enhance optical function (symmetry, GRIN, and transparency) of a lens (11). Failure to preserve the viability of any fiber is presumed to lead to pathology. Typical lens fiber differentiation, occurring during lens growth, seeks to decrease the dimensions of irregularities in the refractive index, “n”, well below micron sizes. The subtle light scattering from tiny, often temporal, spatial fluctuations in “n”, is known as Rayleigh scattering. These tiny fluctuations in “n” are not readily observed histologically, even in electron micrographs (130, 133, 146, 147). While changes in Rayleigh scattering can be a measure of differentiation of normal transparent subcellular structure in living animals, it can also be predictive of the progressive loss of transparency under unfavorable conditions of molecular and cellular aging (11, 91, 92, 130–132, 148, 149).





Conclusion

The human lens is not glass, but could be, if nature chose a developmental mechanism different than growth shells. Other ectodermal derivatives in the integument are dehydrated, including hair, nails, feathers, and claws. Dehydration of the fibers of the developed lens is all that is needed to produce a solid, glass-like lens, similar to a camera lens. For example, when a lens is removed from an eye (rodent, cat, dog, zebrafish, other) and allowed to dehydrate slowly, in a controlled laboratory environment, a biological lens can transition into a transparent, refractile solid. Instead, nature chose to (bio)engineer a highly symmetric and interconnected growth shell system of lens fibers, supported by an unusual microcirculation that limits oxidative metabolism and conserves hydration, physiological homeostasis, and uniform nourishment in a cellular lens. In a biological lens, optical function is prolonged in the visual system over a lifetime (7, 30, 31, 47, 56). A relevant comparison can be made between hydration in a lens and the tardigrade, an extremotolerant organism known to be able to maintain its cellular structure under conditions of complete dehydration (anhydrobiosis) (150). Similarly, the fiber structure of a lens must be maintained under conditions of severe dehydration. While there are advantages to conducting research on biological lenses from a materials science perspective, human vision demands more than a piece of glass or plastic. The symmetry of the growth shells not only prolongs the functional life of a lens, it supports dynamic modifications that optimize the optics of the visual system. The growth shell microcirculation is a major physiological innovation. The vascular system in non-lens tissue consists of lymphatics and blood vessels that supply oxygen and nutrients to cells. The vasculature modulates cell and tissue fluid homeostasis. In a lens, oxygen is toxic and lymphatics carry immune cells that can recognize modified, aging cells, like the lens fibers, as abnormal and destroy them. In growth shells, the microcirculation is a natural alternative to the typical systemic vasculature. The growth shell microcirculation regulates hydration and provides nutrition in a protective environment of antioxidants and stress response proteins, to optimize cellular, molecular, and functional longevity of refractile, transparent lens fibers.

Coordinated, synchronous differentiation of lens fibers in growth shells is necessary for the optics of the human eye to adjust as the visual system grows and ages. Even though multiple levels of protection (including post-translation modifications, anti-oxidants, and small heat shock proteins) prolong the biological lens for an unusually long functional life, tiny failures at the molecular level and multifactorial, submicroscopic events can slowly and progressively accumulate and disrupt symmetry and order until a “tipping” point is reached (11, 151–154). The greatest risk factor for loss of transparency is aging of molecular and cellular constituents (11, 24). Membrane specializations (projections, protrusions and connections) between fiber cells change with normal lens development and are associated with formation of the symmetric growth shells. Specific surface features characterizing the boundary of the organelle free zone (OFZ), are not well defined in a normal lens. In abnormal lenses, where fiber differentiation is disrupted, the symmetric relationship(s) between straight and S-shaped fibers in growth shells is distorted, and result in an asymmetric pattern of sutures. (22,37,38). Advances in imaging and analytical sciences suggest that novel integrated research on lens symmetry, GRIN, and transparency in growth shells, will improve our knowledge of natural protection for the optics of individuals at risk for lens opacification that accounts for more than 50% of vision impairment globally (58, 130, 133, 155–157).
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Introduction

Evidence in non-ocular tissues indicate that the antioxidant glutathione (GSH) may be regulated in a circadian manner leading to the idea that GSH levels in the lens may also be controlled in a circadian manner to anticipate periods of oxidative stress.





Methods

Male rat Wistar lenses (6 weeks) were collected every 4 hours over a 24-hour period at 6am, 10am, 2pm, 6pm, 10pm and 2am and quantitative-PCR, western blotting and immunohistochemistry performed to examine the expression of core clock genes and proteins (BMAL1, CLOCK, CRY1-2, PER 1-3) and their subcellular localisation over a 24-hour period. Western blotting of lenses was also performed to examine the expression of NRF2, a transcription factor involved in regulating genes involved in GSH homeostasis and GSH related enzymes (GCLC, GS and GR) over the 24-hour period. Finally, HLPC was used to measure GSH levels in the aqueous humour and lenses every 4 hours over a 24-hour period.





Results

The rat lens contains the core molecular components of a circadian clock with the expression of core clock proteins, NRF2 and GSH related enzymes fluctuating over a 24-hour period. BMAL1 expression was highest during the day, with BMAL1 localised to the nuclei at 10am. NRF2 expression remained constant over the 24-hour period, although appeared to move in and out of the nuclei every 4 hours. GSH related enzyme expression tended to peak at the start of night which correlated with high levels of GSH in the lens and lower levels of GSH in the aqueous humour.





Conclusion

The lens contains the key components of a circadian clock, and time-of-day differences exist in the expression of GSH and GSH related enzymes involved in maintaining GSH homeostasis. GSH levels in the rat lens were highest at the start of night which represents the active phase of the rat when high GSH levels may be required to counteract oxidative stress induced by cellular metabolism. Future work to directly link the clock to regulation of GSH levels in the lens will be important in determining whether the clock can be used to help restore GSH levels in the lens.
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1 Introduction

The lens contains high levels of the antioxidant glutathione (GSH) which exceed levels found in other ocular tissues (1, 2). These high levels are important in protecting the lens from oxidative stress and maintaining lens transparency. However, with advancing age, GSH levels decrease initiating a series of events such as loss of protein thiols, an increased in mixed disulfides, an increase in insoluble protein, protein aggregation and ultimately cataract formation (3–6). In the young lens, high GSH levels are maintained by several different pathways including the direct uptake of GSH from the ocular humours, intracellular synthesis of GSH from cysteine, glutamate and glycine by the sequential actions of the enzymes glutamate cysteine ligase (GCL) and glutathione synthetase (GS), regeneration of GSH from oxidised GSH (GSSG) by GSH reductase (GR), and export and degradation of GSH into its precursor amino acids for re-uptake by the lens (7). However, little is known about how GSH levels in the lens are regulated.

Circadian clocks in the body are self-sustaining endogenous oscillators that possess a timekeeper function to generate circadian rhythms which drives mammalian physiological and behavioural processes within a 24- hour cycle (8). Circadian rhythms are generated by the rhythmic expression of clock genes that involve transcriptional-translational feedback loop (9). These loops have a positive arm (BMAL1 and CLOCK) and a negative arm (PER1–3, CRY1&2). BMAL1 and CLOCK form a complex in the nucleus that bind to target gene promoters, resulting in the initiation of transcription of specific genes including genes of the negative arm of the clock. As the negative arm, PER and CRY proteins heterodimerise to repress the transcription of BMAL1 and CLOCK, with the BMAL1/CLOCK and PER/CRY cycle taking ~24 hours. Emerging evidence in non-ocular tissues suggests a connection between antioxidant balance and the circadian clock with antioxidants and antioxidant enzymes displaying daily cycles in their expression or activity levels (10, 11). Previous studies have reported daily fluctuations in levels of GSH in the mouse liver (12, 13), human platelets (14), mouse pancreas (15), and rat cerebral cortex (16). Enzymes involved in the synthesis of GSH, such as GCL and GR also exhibited rhythms in their mRNA expression and activity in rodent tissues (13, 17, 18). However, there is no clear pattern as to when GSH levels or enzyme expression/activity peak or trough between diurnal versus nocturnal animals or between rat and mouse suggesting it may be tissue specific. Time of day differences in GSH levels in Drosophila were shown to be controlled by a circadian clock as loss of Cycle (CYC; BMAL1 in mammals) or PER resulted in loss of temporal GSH fluctuations (19). Moreover, mRNA expression and activity of GCL, also displayed circadian rhythms, which were lost with loss of CYC or PER, directly linking GSH synthesis and the circadian clock (19).

NRF2 (nuclear factor erythroid 2-related factor 2) is a transcription factor that drives the transcription of several genes involved in antioxidant protection such as those involved in glutathione synthesis (GCL and GS) and glutathione regeneration (GR) (20). In the rat lung, BMAL1 and CLOCK regulates the transcription of NRF2 which in turn drives the expression of genes involved in GSH synthesis (17). NRF2-deficient mouse embryonic fibroblasts were shown to exhibit loss of GCL mRNA rhythms, which in turn corresponded to reduced GSH levels (17). Moreover, in the lungs of mutant mice in which CLOCK expression is disrupted (ClockΔ19 mice), the rhythmic expression of NRF2 protein was lost along with reduced GCL mRNA expression and lower levels of GSH resulting in increased oxidative damage (17), demonstrating a link between the circadian clock, the NRF2/GSH pathways and protection from oxidative stress.

There is evidence that the lens utilises circadian rhythms to regulate important functions such as the synthesis of the antioxidant melatonin (21–23). In rat lenses, activity of melatonin synthesis enzymes and melatonin levels were highest at night and lowest during the day (21). Moreover, in more recent studies, Chhunchha et al. revealed that the rhythmic expression of NRF2 and one of its target genes, peroxiredoxin 6 (PRX6) was disrupted when BMAL1 expression was knocked down in human lens epithelial cells, resulting in increased ROS levels (24). These results demonstrate that BMAL1 is important for the regulation of NRF2-mediated antioxidant protection. Since NRF2 is also known to regulate expression of genes involved in the synthesis and regeneration of GSH, in this study, we examined whether the BMAL1/NRF2 pathway could play a role in the regulation of GSH levels in the lens and help anticipate the need for higher levels of GSH protection at different times of the day.




2 Methods



2.1 Reagents

Phosphate-buffered saline (PBS) was prepared from PBS tablets (Sigma-Aldrich Corp., St. Louis, MO, USA). Primers for Bmal1, Clock, Per 1-3, Cry1-2 and β-actin were synthesised by Integrated DNA Technologies (IDT™, Iowa, USA). Primers were reconstituted in RNase/DNase distilled water to yield a 100µM stock solution, which was diluted to 20µM, for use in PCR reactions. BMAL1, PER1, GCLC and β-actin primary antibodies were purchased from Abcam (Cambridge, UK), CLOCK and GR were purchased from ThermoFisher Scientific (Waltham, Massachusetts, USA) and CRY1, CRY2, PER2, PER3, NRF2 and GS were purchased from ProteinTech (Rosemont, Illinois, USA). The goat anti-rabbit Alexa Fluor 488 secondary antibody, the membrane marker wheat germ agglutinin (WGA) conjugated to Alexa Fluor 594 and 4′,6-diamidino-2-phenylindole (DAPI) were obtained from Life Technologies (Carlsbad, CA, USA). Unless otherwise stated, all other chemicals were obtained from Sigma-Aldrich Corp.




2.2 Animals

All animals were treated in accordance with protocols approved by the University of Auckland Animal Ethics Committee (Ethics number R001413) and in compliance with the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research. 6-week-old male Wistar rats were housed in a 12hr/12hr light-dark cycle with the lights turned on at 6am (ZT0) and the lights turned off at 6pm (ZT12), in which ZT refers to Zeitgeber time; a standardised unit of time based on the 12hr/12hr light-dark cycle. Animals were euthanised by CO2 asphyxiation and eyes nucleated at either 6am (ZT0), 10am (ZT4), 2pm (ZT8), 6pm (ZT12), 10pm (ZT16) or 2am (ZT20). For the 10am and 2pm collection, enucleation was performed under standard lighting conditions, but for the 6am and 6pm time points, enucleation was performed under dimmed lighting conditions. For the 10pm and 2am time point, a cohort of animals were reverse entrained to enable tissue collection during the day. A least 2 weeks prior to tissue collection, a cohort of animals were maintained in a reverse light-dark cycle – in which lights were turned off at 6am and lights were turned on at 6pm. This period of 2 weeks reverse entrainment was reported to be sufficient to ensure adaptation of animals to a reverse light-dark cycle (25) meaning that we were able to collect tissues at 10am and 2pm instead of 10pm and 2am. In these instances, eyes were enucleated under dim conditions.




2.3 Aqueous humour collection

Following enucleation, eyes were transferred immediately to a container prefilled with warm PBS. Eyes were then taken out and placed on a pre-chilled petri dish. A 27- gauge needle was then used to make an initial piercing at the limbus and a 2μL pipette was used to quickly collect the aqueous humour (AH) (roughly 1μL/eye) from both eyes of an animal, pooled together and then placed into a pre-chilled Eppendorf tube (n=6 AH sample for each time point). Tubes were snap frozen immediately in liquid nitrogen and were placed in a -80°C freezer for the quantification of total GSH (GSH + GSSG), reduced GSH and oxidised GSH (GSSG) levels using liquid chromatography tandem mass spectrometry (LC-MS/MS).




2.4 Lens dissection

Following enucleation, lenses were dissected from the eye. Lenses collected for RNA extraction were placed in TRIzol Reagent (Invitrogen, Waltham, Massachusetts, USA) and then stored at -80°C. Lenses collected for western blot analysis were homogenised in homogenising solution and then stored at -80°C. Lenses collected for immunohistochemical analysis were fixed in paraformaldehyde. Lenses collected for LC-MS/MS were homogenised in 200μL of 50mM EDTA, spun at 14,000 rpm for 20 minutes at 4°C, supernatants collected, snap frozen and stored immediately in the -80°C freezer.




2.5 Real time-polymerase chain reaction

Total RNA was isolated from brain (control tissue), or lenses collected at 10am using Trizol according to the manufacturer’s protocol (TRIzol reagent; Life Technologies). Genomic DNA was removed by incubation with 10U/μL recombinant DNase I (Roche Diagnostics, Basel, Switzerland). Total brain or lens cDNA were synthesised from 1 μg total RNA mixed with 50μM oligo(dT)20. The RNA was denatured at 65°C for 5 minutes, immediately placed on ice to cool, and then combined with 2× First-Strand Reaction Mix and SuperScript III/RNaseOUT Enzyme Mix (Life Technologies) for cDNA amplification. A control reaction (no cDNA synthesis) was also conducted in the absence of SuperScript III/RNaseOUT enzyme. Synthesised cDNA or control reaction (0.5–1μL) were added to separate PCR mixtures containing final concentrations of 5μL PowerUpTM SYBR Green PCR Master Mix (Applied BiosystemsTM, Waltham, Massachusetts, USA) and 3μL RNase-free water to a final volume reaction mixture of 10μL and 2 μM sense and antisense primers15,16 (Table 1). The qPCR reaction was 95°C for 10 minutes, 40 cycles of denaturation at 95°C for 15 seconds, and a combined annealing/extension at 60°C for one minute. The mRNA relative quantity of target genes was obtained from the method of comparative threshold cycle (CT) and the target gene level of expression were normalised to the β-actin levels as an endogenous control within each group.


Table 1 | Primer sequences for target genes.






2.6 Western blotting

Lenses (n=16 lenses) and positive control tissue (kidney, liver or brain; n=1) were collected at 10am and homogenised in homogenising solution (5mM Tris-HCl, 5mM EDTA, and 5mM EGTA (pH 8.0) containing cOmplete Protease Inhibitors (Roche, Basel, Switzerland). Homogenates were centrifuged at 13,000g for 20 minutes and the supernatant stored at −80°C until further use. Concentrations of proteins were determined using the Direct Detect Infrared Spectrometer (Merck, Millipore). Proteins (20µg/lane) were first separated on a 10% or 15% vol/vol acrylamide separating gel and then transferred onto the Immuno-Blot PVDF membrane (Bio-Rad Laboratories) by electrophoresis. After transfer, membranes were incubated with blocking solution (5% milk powder in 1× Tris-buffered saline with Tween 20, pH7.6) for 1 hour and then incubated with primary antibodies (BMAL1 (1:500), CLOCK (1:200), CRY1 (1:1000), CRY2 (1:500), PER 1 (1: 500), PER 2 (1:500), PER 3 (1: 500), NRF2 (1:500), GCLC (1:500), GS (1:1000) or GR (1:500) overnight at 4°C. Membranes were incubated with donkey anti-rabbit secondary antibodies (1:10,000) for 1 hour. Labelled protein was visualised using enhanced chemiluminescence detection (ECL Prime; GE Healthcare) and developed using the Fujifilm Luminescent Image Analyser LAS-4000 System (GE Healthcare).

To determine if protein expression changed over a 24-hour period, lenses were collected at 6am (ZT0), 10am (ZT4), 2pm (ZT8), 6pm (ZT12), 10pm (ZT16), 2am (ZT20) (n=16 lenses for each time point) and processed as described above. Proteins were electrophoresed and transferred to membranes where the following primary antibodies were used: BMAL1 (1:500), CLOCK (1:200), CRY2 (1:500), NRF2 (1:500), GCLC (1:500), GS (1: 1000) or GR (1:500). Membranes were then incubated with secondary antibodies and labelled protein visualised as described above. Equal protein loading was tested by stripping the membranes with 2% SDS, 100 mM β-mercaptoethanol, 62.5mM Tris (pH 6.7) and then re-probing the membrane with antibodies to detect β-actin (1:1000).




2.7 Immunohistochemistry

Whole lenses collected at 10am (ZT4), 2pm (ZT8), 6pm (ZT12) and 10pm (ZT16) (n= 4 lenses for each time point) were fixed in 0.75% wt/vol paraformaldehyde, cryoprotected, and cryosectioned in an axial orientation using standard protocols developed in our laboratory. Sections were washed three times and incubated in blocking solution (3% wt/vol bovine serum albumin and 3% vol/vol normal goat/donkey serum) for 1 hour to reduce nonspecific labelling. The sections were then labelled with either BMAL1 (1:200), CLOCK (1:200) or NRF2 (1:100) antibodies diluted in blocking solution, followed by the goat anti-rabbit Alexa Fluor 488 (1:200) secondary antibody for 2 hours. To highlight cell morphology, cell membranes were labelled with WGA Alexa Fluor 594 (1:100) in PBS and to highlight epithelial and fiber cell nuclei, sections were stained with DAPI (1:10,000). Sections were then washed and mounted with VECTASHIELD HardSet aqueous mountant (Vector Laboratories, Burlingame, CA, USA) and viewed using an Olympus FV1000 confocal laser scanning microscope (Olympus Corporation, Tokyo, Japan). To facilitate comparison between data sets, the same pinhole size was used. Specific emission filter sets were used to detect signals from Alexa Fluor 488, WGA Alexa Fluor 594, and DAPI fluorophores.




2.8 Quantification of GSH levels in aqueous humour and lenses using LC-MS/MS

LC-MS/MS was used to quantify GSH and GSSG in the AH and lens as previously described (26). Samples were collected at six different time points (6am (ZT0), 10am (ZT4), 2pm (ZT8), 6pm (ZT12), 10pm (ZT16) and 2am (ZT20)) over a 24-hour period. Briefly, lens supernatants and AH samples were first thawed on ice. Known concentrations (calibration curve) of GSH and GSSG, internal standards (isotopically labelled GSH (13C 15 N)) and GSSG (13C 15 N) as an internal quality control), and AH and lens samples were immediately treated with monobromobimane (MBrB). Samples were then added to a previously conditioned solid phase extraction cartridge (Strata-X-C, Phenomenex, Torrance, CA, USA) before being eluted in 5% NH4OH. Known and unknown samples were vacuum-concentrated and reconstituted in 5% acetonitrile/0.1% heptafluorobutyric anhydride in H2O. Separations were then performed by injecting 10µL sample into the LC equipped with a Phenomenex Synergi Hydro-RP C18 4μm 150 × 2mm column (Phenomenex, Torrance, CA, USA) and a 0.2μm in-line filter (Phenomenex, Torrance, CA, USA) in gradient mode. The column effluent was then directed into an Agilent 6460 A Triple Quadrupole mass spectrometer (Agilent Technologies, Santa Clara, California, USA) with parameters set in Table 2. GSH and GSSG were quantified using the calibration curve with known concentrations of CSH (range 0–100μM), CSSC (range 0–50μM), GSH (range 0–400μM) and GSSG (range 0–50μM). Metabolite concentrations were expressed as μM and normalised to lens wet weight as individual fractions, particularly of the epithelium, were too difficult to accurately measure.


Table 2 | MS/MS ions and parameters.






2.9 Statistical analysis

All numerical values and graphs are displayed as mean ± standard error of the mean (SEM) unless otherwise stated. To compare gene expression between the brain and lens, for each target gene, a t-test was conducted to determine statistical significance. To compare changes across the 24 hour period, a one-way ANOVA test was first conducted to determine statistical significance. Once significance was confirmed, a Tukey’s post-hoc analysis was conducted to determine significance between groups using GraphPad Prism® Version 8. P values of <0.05 were considered statistically significant. To compare differences between GSH levels in the lens and AH at different time points, GSH concentration in the lens and AH was rescaled against the max concentration in either the lens or AH and tabulated. A two-way ANOVA along with the Bonferroni multiple comparison test was then conducted to determine significance at each time point. P values of *p<0.05, **p<0.01 or ***p<0.001 were considered statistically significant.





3 Results



3.1 Identification of clock component genes in the rat lens

Brain (positive control) and lens tissue was collected from the same animal at the same time (10am (ZT4)) and total RNA extracted. Brain or lens cDNA was synthesised and then used as a template for RT-qPCR using isoform specific primers for the clock component genes; Bmal1, Clock, Per1, Per2, Per3, Cry1, and Cry2. The relative expression of each clock component gene was normalised to the internal control β-actin. Lens -RT reactions where reverse transcriptase was omitted produced no amplification plots and therefore no relative expression values were provided. Figure 1A shows the relative expression of clock component genes in the brain compared to the lens (n =4 rats). While the lens expresses all the clock component genes, the levels of expression are significantly lower compared to that of the brain. A closer look at the expression levels in the lens (Figure 1B) revealed some interesting findings compared to the brain. Firstly, for Bmal1 and Clock in the lens, Clock expression appeared higher compared to Bmal1 expression. This was different to the pattern in the brain in which Bmal1 was more highly expressed compared to Clock. However, these differences were not statistically significant. Secondly, in the lens, all three Per isoforms appear to be expressed at similar levels, whereas in the brain Per1 appeared to be the more abundant isoform. Finally, like the brain, Cry1 expression appeared to be slightly higher relative to Cry2 expression in the lens. However, these differences were not statistically significant. Taken together, this is the first time that expression of all these clock component genes have been identified in the rat lens.




Figure 1 | The relative expression of the clock component genes in the brain and lens.  Brain and lens tissue were harvested at 10am and RNA extracted for cDNA synthesis. RT-qPCR in combination with isoform specific primers for the clock component genes was then performed. (A) The relative expression of clock component genes in the brain compared to the lens. (B). Rescaled version of (A) to show the relative expression of clock component genes in the lens only. The relative expression for each clock component gene was calculated using the DCt method where the mean Ct value of the target gene is normalised to the b-actin internal control. Data is presented as mean relative expression ± the standard error of the mean (± SEM) from n = 4 rats. *p<0.05; **p<0.01.






3.2 Expression of core clock component proteins in the rat lens

Having established that clock component genes are expressed in the lens, we next investigated whether BMAL1, CLOCK, PER1-3 and CRY1-2 are expressed at the protein level (Figure 2). Brain, kidney or liver (positive control) and lens tissue was collected at the same time (10am (ZT4)) and protein extracted. We originally used brain tissue as control but found it hard in some cases to identify bands of interest, so opted to test two different control tissues: kidney and liver. Because clock cycling can differ in peripheral tissues versus the brain it was more likely we would detect all of our clock proteins if we used more than one control tissue. As was the case, we were able to detect all core clock proteins in control tissue (kidney, liver or brain). However, in the lens, we only detected bands of the appropriate molecular weight for BMAL1 and CLOCK (Figure 2). While we loaded an equal amount of protein in the kidney and lens, the band for BMAL1 and CLOCK was more intense in the kidney relative to the lens, suggesting these clock proteins are more abundantly expressed in the kidney. While we detected a faint band for CRY2, we were unable to detect bands for CRY1 or PER1-3. This might suggest that time of day differences exist in the expression of these clock proteins in the lens, with BMAL1 and CLOCK expression more abundant during the day (10am) relative to CRY and PER expression.




Figure 2 | Protein expression of clock components of the positive and negative arm of the circadian clock in the rat lens. 20µg/lane of positive control tissue (kidney, liver or brain (n= 1 rat)) and 20µg/lane lens tissue (n=8 rats) was electrophoresed on an SDS-PAGE gel and protein levels analysed by Western blotting. Expression of BMAL1, CLOCK, PER1, PER2, PER3, CRY1 & CRY 2. Arrowheads indicate the predicted size of the target protein. Target proteins were all identified in positive control tissue but not all could be detected in the lens.






3.3 Expression and localisation of core clock component proteins in the lens at different times of the day

To determine if time of day differences existed in clock protein expression, we investigated whether the expression of BMAL1, CLOCK and CRY2 oscillated over a 24-hour period. Wistar rats were housed in a 12hr/12hr light-dark cycle with the lights turned on at 6am and the lights turned off at 6pm. Lenses were collected at 4-hour intervals starting at 6am (ZT0) over a 24-hour period and then clock protein expression at 6am (ZT0), 10am (ZT4), 2pm (ZT8), 6pm (ZT12), 10pm (ZT16) and 2am (ZT20) examined by western blotting. BMAL1 expression changed over the course of the 24-hour period, with expression significantly increased at 2pm relative to the 6am time point. BMAL1 expression then declined to reach a significant trough at 10pm relative to the 6am time point (Figure 3A). On the other hand, CLOCK expression remained unchanged over the 24-hour period (Figure 3B). CRY2 expression was also seen to change over the course of the day with expression levels peaking at 6pm which was significantly increased relative to the 6am time point (Figure 3C). Since BMAL1 expression was higher during the day and CRY2 expression lower during the day, this may explain why it was difficult to initially detect CRY2 at 10am (Figure 2).




Figure 3 | Expression of clock component proteins in the rat lens at different times of the day. (A) Expression of BMAL1, (B) CLOCK and (C) CRY2 over a 24-hour time period. Lens tissue (n=8 rats) was harvested at 4-hour intervals over a 24-hour period. 20µg lens protein/lane was electrophoresed on an SDS PAGE gel and protein levels analysed by Western blotting and expressed relative to the β-actin internal control. Relative expression of BMAL1, CLOCK and CRY2 expression in lenses at different times. Data is presented as mean relative expression ± standard error of the mean (SEM) from 5-7 western blots. * Indicates significant differences from the 6am time point; *p<0.01; **p<0.005.






3.4 Expression of NRF2 and NRF2-regulated GSH related proteins involved in GSH homeostasis

Given that in other tissues, BMAL1 is important in the regulation of NRF2 (17) which drives the transcription of genes involved in the synthesis and regeneration of GSH, we examined the expression patterns of NRF2 over a 24-hour period. While it was expected that NRF2 expression may peak and trough in phase with BMAL1 as had been previously reported in mouse lenses (24), we found that in rat lenses, NRF2 expression remained constant over the 24-hour period (Figure 4A). To determine whether GSH related proteins linked to NFR2 regulated transcription showed time of day differences in their expression patterns, we examined the expression of Glutamate-Cysteine Ligase (GCLC) -the enzyme involved in the first step of GSH synthesis, Glutathione Synthetase (GS) - the enzyme involved in the second step of GSH synthesis, and Glutathione Reductase (GR) -the enzyme involved in the regeneration of GSH (Figures 4B–D). GCLC expression significantly decreased at 10am relative to 6am, and then slowly increased at 2pm and remained constant over the 24-hour period (Figure 4B). On the other hand, GS expression increased from 6am through to 6pm, with expression significantly increased at the start of night (6pm) relative to the 6am time point. (Figure 4C). GR levels fluctuated over the 24-hour period, with expression significantly increased at 10am and at 6pm relative to the 6am time point (Figure 4D). Taken together, it appears that GSH related enzyme expression generally increased at the start of the dark period which would coincide with the start of the active phase of the nocturnal rat.




Figure 4 | Relative expression of NRF2 and NRF2 related proteins in the rat lens over a 24-hour period. Lens tissue (n=8 rats) was harvested at 4-hour intervals over a 24-hour period. 20µg lens protein/lane was electrophoresed on an SDS-PAGE gel and protein levels were analysed by Western blotting and expressed relative to the β-actin internal control. Relative expression of (A) NRF2, (B) GCLC, (C) GS and (D) GR in lenses at different time points. Data is presented as mean relative expression ± standard error of the mean (SEM) from 5-7 western blots. * Indicates significant differences from the 6am time point; *p<0.05, ***p<0.001.






3.5 Time of day differences in the subcellular localisation of BMAL1, CLOCK and NRF2

Given that BMAL1, CLOCK and NRF2 are transcription factors, we investigated the subcellular localisation of these proteins as localisation to the nuclei might suggest active transcription of genes at a particular time of the day. To do this, we labelled axial sections from lenses collected at four different time of the days; 10am (ZT4), 2pm (ZT8), 6pm (ZT12) and 10pm (ZT16) with antibodies specific for BMAL1, CLOCK or NRF2 (green), DAPI (blue) to visualise the nuclei, and WGA (red) to highlight the membranes of the epithelial and fiber cells. These sections were then visualised under a confocal microscope and images taken at the anterior pole (Figures 5A–L) and at the equator region (Figures 5A’–L’). At the anterior pole, BMAL1 labelling was mainly detected in the epithelium, with less labelling evident in the fiber cells for each time point (Figures 5A–D). While BMAL1 labelling was mainly cytoplasmic, at 2pm and 10pm, BMAL1 could be seen to be co-localised to the nuclei (Figures 5B, D). At the lens equator, BMAL1 labelling was detected in the epithelial and fibre cells for each time point (Figures 5A’–D’). While BMAL1 was predominantly localised to the cytoplasm for each time point, at 10am BMAL1 was strongly co-localised to the nuclei (Figure 5A’). At the anterior pole and equator region, CLOCK was strongly associated with the nuclei for each time point (Figures 5E–H, E’–H’). Like CLOCK, NRF2 was co-localised to the nuclei of epithelial cells at the anterior pole for each time point (Figures 5I–L), but at the lens equator, NRF2 appeared to translocate in and out of the nuclei at the different timepoints (Figures 5I’–L’). At 10am, NRF2 was absent from the nuclei (Figure 5I’), which was different to what was observed for BMAL1 and CLOCK at this same time point (Figures 5A’, E’). However, at 2pm, NRF2 was co-localised to the nuclei, then was absent from the nuclei at 6pm and then reappeared in the nuclei at 10pm (Figures 5J’–L’).




Figure 5 | Expression of clock component proteins and NRF2 in the rat lens at different times of the day. Subcellular localisation of BMAL1, CLOCK and NRF2 at different times of the day. Lenses were dissected at 10am, 2pm, 6pm or 10pm, fixed, cryoprotected and cryosectioned in an axial orientation. Images were taken at either the anterior pole (A–L) or the lens equator (A’-L’). (A–L) Left hand panels-sections labelled with the membrane marker WGA (red), DAPI (blue) and BMAL1, CLOCK or NRF2 antibodies (green). A’-L’: Right hand panels -sections showing only BMAL1, CLOCK or NRF2 labelling. n = 4 lenses.






3.6 GSH levels fluctuate at different times of the day in the lens and aqueous humour

Having shown that the expression of enzymes involved in GSH synthesis appeared to increase at night, we determined if this corresponded to higher levels of GSH during the dark period. To investigate this, lenses were collected at six different time points (6am (ZT0), 10am (ZT4), 2pm (ZT8), 6pm (ZT12), 10pm (ZT16), 2am (ZT20)) from male Wistar rats over a 24-hour period and GSH/GSSG concentrations measured via LC-MS/MS (Figure 6). In the lens, the majority of GSH was in the reduced form relative to the oxidised form. Reduced GSH levels in the lens appeared high at 6am and to then decrease at 2pm, before increasing at 6pm which correlates to the start of night. From here, GSH levels decrease at 10pm and then levels remain steady overnight (Figure 6A). While an obvious trend was seen, this was not statistically significant. GSSG levels in the lens were almost negligible with no time-of-day differences seen (Figure 6B). While the lens can synthesise GSH, it is known that the lens can take up GSH directly from the aqueous humour (AH). To investigate time-of-day differences in GSH levels in the AH, we collected AH at six different time points (6am, 10am, 2pm, 6pm, 10pm, 2am) over a 24-hour period and GSH/GSSG concentrations measured. Like the lens, the majority of GSH in the AH was in the reduced form relative to the oxidised form. While not statistically significant, there was a trend with low levels of GSH detected at 6am before increasing to a peak at 10am, decreasing from 10am to 6pm, before gradually increasing and then plateauing at 6am (Figure 6C). GSSG levels were low compared to GSH levels and did not appear to change over time (Figure 6D). At 6pm where GSH levels in the AH are lowest (Figure 6C), GSH levels in the lens appear highest (Figure 6A). To compare these differences, individual GSH concentrations for each time point were rescaled against the max value in either the lens or the AH and plotted (Figure 6E). At 6pm, the levels of GSH in the lens were significantly different to the levels of GSH in the AH (p=0.03). A similar trend was seen at 6am where high levels in GSH in the lens appeared to correspond to low levels of GSH in the AH. However, this was not statistically significant.




Figure 6 | GSH levels in the rat lens and aqueous humour over a 24- hour period. (A, B) Lenses and (C, D) aqueous humour (AH) were collected from six-week-old male Wistar rats at six different time points (6am, 10am, 2pm, 6pm, 10pm and 2am) over a 24-hour period and analysed by LC-MS/MS to quantify the concentration of GSH (A, C) and GSSG (B, D). (E) Concentration of GSH in the AH and Lens rescaled to max concentration. Each point and error bars represent the mean ± S.E.M. (n=6 animals). *p<0.05.







4 Discussion

Traditionally there has been a strong bias in basic research on circadian rhythms towards the use of male animals in studies with less than 20% of work in this area including female cohorts (27). To determine in the first instance if the rat lens contained the machinery of a circadian clock, we opted to use a use male rats, so that we could compare our findings to the existing literature. In this study, we confirmed the presence of clock genes from the positive (Bmal1 and Clock) and negative arms (Per1-3, Cry1-2) of the circadian clock in the rat lens (Figure 1). The expression of these core clock genes was significantly lower than that of the brain (Figure 1A). However, it is worth noting that since most cells are anucleate, a homogenate of whole lenses might appear to show less clock gene expression than brain because only a subset of lens cells express those clock genes whereas all brain cells express clock genes. Therefore, it might still be possible that those individual lens cells that are expressing clock components are expressing them to a same level as individual brain cells. Another possibility is that lens and brain clocks may not necessarily be in sync. Nevertheless, the identification of Bmal1 and Clock in the rat lens supports another study that identified Bmal1 and Clock at the mRNA level in human lens epithelial cells and mouse lenses (24). However, to our knowledge, this is the first report of components of the negative arm of the circadian clock being identified in the lens. The detection of all Per and Cry isoforms in the lens is consistent with other studies where it is common for Per 1-3 and Cry 1-2 to be expressed in the same tissue; for example, Per1-3 mRNA are all expressed in the SCN (28, 29), lungs (30), liver (31), and cartilage (32), and Cry 1 and 2 mRNA are expressed in tissues such as the SCN (33), lung (34) and liver (35). Taken together, the detection of both the positive and negative limb of the circadian transcriptional-translational feedback loop supports the idea that the lens may contain its own circadian clock.

At the protein level, BMAL1, CLOCK and CRY2 were detected in the lens, but CRY1 and PER1-3 was undetectable (Figure 2), suggesting that these proteins may be more abundantly expressed during the night compared to during the day. Examining the expression of clock proteins at 4-hour intervals over a 24-hour period and their subcellular localisation during the light (10am) and the start of the dark period (6pm), revealed that BMAL1 expression was highest during the light period (6am-2pm) (Figure 3A), which corresponded with the nuclear localisation of BMAL1 at 10am (Figure 5A’). This is consistent with studies in other peripheral tissue cells, where BMAL1 levels and/or activity have been shown to be highest during the day and lowest at night (36–38). In this study, the pattern of expression for BMAL1 in the lens suggests during the light period, BMAL1 may be actively transcribing genes such as Nrf2 and those related to GSH homeostasis.

In contrast to BMAL1 expression in the lens, CLOCK expression did not fluctuate over the 24-hour period (Figure 3B) and the subcellular localisation of CLOCK remained nuclear during the light vs dark period (Figures 5E–H, E’–H’). This is consistent with the finding in rodent SCN that CLOCK shows stable levels during the 24-hour cycle and is constitutively expressed in the mouse SCN (36, 39). In other tissues, it has been reported that constitutively expressed CLOCK has the potential to make temporally specific associations, alternating between BMAL1 and PER/CRY, thus resulting in transcriptional activation or repression, respectively. In addition, it has also been reported that CLOCK is available to bind to other target proteins such as the p65 subunit of NF-kB (40) which in the lens has been shown to be associated with oxidative-induced damage in human lens epithelial cells (41).

At the protein level, circadian oscillation of clockwork negative factors such as PERs and CRYs were expected to be in anti-phase with BMAL1, and to be more highly expressed during the dark period relative to the night based on studies on mouse SCN (36). In support of this, western blotting of lens samples collected during the day revealed negligible labelling for PER1-3 and CRY 1-2 compared to BMAL1 and CLOCK (Figure 2). When examining CRY2 expression over a 24-hour period, it was revealed that expression was relatively low at all time points except at 6pm (Figure 3C), confirming that at least for CRY2, its peak expression at night was out of phase with peak BMAL1 expression during the day. Unfortunately, we were unable to replicate this with CRY1 or the PER isoforms. Despite testing with different commercial antibodies, our western blot results were inconsistent, and we could not obtain a reliable pattern of expression (see Supplementary Figure 1).

Having established the expression pattern for the core clock protein BMAL1 in the lens, we next examined the expression of NRF2 and GSH related proteins (GCLC, GS and GR) at different times of the day (Figure 4). We expected that if BMAL1 was driving NRF2 expression that BMAL1 and NRF2 expression would be in phase with each other as reported in female mouse lenses (24). However, in our study, using male mouse lenses, NRF2 expression remained relatively steady over the 24-hour period (Figure 4A). The difference may be due to sexual dimorphism in the expression of Nrf2 (13) where it was reported that Nrf2 transcript expression in the liver was highest during the day than at night in female but not males, with Nrf2 transcript levels also higher in females than in males. In the same manner, NRF2 protein expression might also exhibit sexual dimorphism and explain the lack of obvious time of day differences in NRF2 expression in male lenses. Given that is has become increasingly apparent that sex differences exist in terms of antioxidant defence and the regulation of redox homeostasis (42), it is clear that further studies comparing male and female expression of Nrf2 in the lens should be conducted as if there are sex differences in Nrf2 expression, this might impact GSH regulation.

NRF2 is a transcription factor which induces the transcription of various genes involved in redox balance in response to oxidative stress (43–45). These include GCLC which is involved in the first step of GSH synthesis, GS which is involved in the second step of GSH synthesis and GR that is involved in the regeneration of GSH. Given that we did not see any obvious time of time day differences in the expression of NRF2, it was uncertain whether we would observe differences in NRF2 regulated GCLC and GR expression. However, our studies showed that GCLC expression increased during the later part of the day and through to the dark period (2pm-6am) (Figure 4B), while GS and GR levels peaked at the start of the dark period (Figures 4C, D). While we did not measure enzyme activity per se, these findings indicate that GSH synthesis and regeneration may be higher during the dark period.

Given that BMAL1/CLOCK has been shown to drive NRF2 expression in other tissues (17, 24), we reasoned that examining their subcellular localisation might give us an idea of what time of day these proteins were transcribing genes (Figure 5), and whether this correlated to specific regions in the lens which contain nucleated cells: the anterior epithelium which is in the direct pathway of light, and the lens equator, which is not in the direct pathway of light as it covered by the iris, but represents nucleated epithelial and fiber cells area that provide the majority of lens GSH via GSH synthesis (46). However, it was difficult to make a correlation. At the anterior pole and lens equator, CLOCK localised to the nuclei at each time point, while BMAL1 and NRF2 appeared to shuttle in and out of the nuclei at different times. While this might suggest a temporal association between BMAL1 driven transcription/translation of NRF2, we cannot be certain since BMAL1 and CLOCK can each separately bind to other proteins (40, 47) and NRF2 can transcribe genes involved in xenobiotic disposition, protection from electrophiles and general stress response (48, 49). As such, the presence of BMAL1 in the nuclei is not solely indicative of Nrf2 transcription nor the presence of NRF2 in the nuclei solely indicative of transcription of genes involved in GSH homeostasis. However, the finding that GSH levels oscillated over a 24-hour period does provide supportive evidence that regulation of GSH levels may be circadian driven. GSH levels were shown to rise towards the start of night (6pm) which correlates with the higher expression of GS and GR during the dark period. This finding suggests that higher levels of GSH may be required at the start of the active phase of the nocturnal rat. While exogenous ROS sources, such as UV light from sunlight may contribute to the oxidative milieu, endogenous ROS sources such as the mitochondria (50) are likely to be more significant ROS contributors to the nocturnal rat. Therefore, higher levels of GSH can act to directly scavenge ROS or act as a cofactor for antioxidant enzymes such as glutathione peroxidase (GPx), which uses GSH as a cofactor to detoxify hydrogen peroxide (H202) (51).

Measurements of GSH levels in the aqueous humour over a 24-hour period also revealed that GSH levels fluctuate over the course of the day/night. However, the peaks and troughs of GSH in the lens were opposite to that seen in the aqueous humour. GSH levels in the aqueous humour were lowest at the start of the night (6pm) and GSH levels in the lens highest at the start of night. To our knowledge, no other studies have measured GSH levels in the lens and aqueous humour at different times of the day. From our data it is not possible to determine whether GSH levels follow a circadian rhythm per se as since levels peaked at 6am and 6pm this could also indicate the presence of an ultradian rhythm of 12 hours. However, studies have measured intraocular pressure (IOP) where it has been shown that IOP is highest during the day due to increased aqueous humour secretion and lowest at night due to decreased aqueous humour secretion at night (52). Interestingly these patterns of secretion are similar in both nocturnal (rodents) and diurnal (human) studies. In this study, GSH levels in the aqueous humour mirror the same pattern as fluctuations in IOP which makes sense given that GSH is delivered to the lens via the aqueous humour. This suggests that there is some circadian input into the control of lens GSH levels and that GSH availability to the lens differs at different times of the day. In the rat lens, low GSH levels in the aqueous humour and high levels of GSH in the lens may reflect an increase in the uptake of GSH by the lens, and together with GSH synthesis and/or regeneration of GSH may enable the lens to ensure GSH levels are highest towards the start of night. In terms of diurnal animals like humans, it is expected that GSH levels in the human aqueous humour would mirror that of the rat aqueous humour, but that GSH levels in the human lens would be higher during the day versus the night to counteract increased oxidative stress encountered during the day. However, testing using a diurnal animal model would be required to confirm this.

Taken together, our findings demonstrate the lens to contain the molecular machinery of a circadian clock that may be used to ensure high GSH levels in the lens are available to protect against ROS generated through increased metabolic activity and/or exogenous sources. Further work will be aimed at knocking down the expression of BMAL1 to see the effect this has on the other clock component genes as well as NRF2 and GSH levels. Moreover, while our findings implies that there is a rhythmic expression of clock and redox proteins and GSH levels in the lens, further experiments are required to demonstrate that these rhythmic expressions persist in constant darkness and are therefore truly circadian in nature. This will help to establish a direct link between a circadian clock in the lens regulating GSH levels. Since GSH levels in the lens are known to decline with age, understanding these mechanisms may provide a better understanding as to whether the circadian clock can be used to restore GSH levels in the lens with advancing age.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.





Ethics statement

The animal study was approved by University of Auckland Animal Ethics Committee (Ethics number R001413). The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

BL: Data curation, Formal analysis, Methodology, Supervision, Writing – original draft. HS: Formal analysis, Methodology, Supervision, Writing – review & editing. RM: Data curation, Formal analysis, Methodology, Supervision, Writing – review & editing. CL: Data curation, Writing – original draft. ZW: Data curation, Writing – original draft. TN: Data curation, Writing – original draft. PD: Investigation, Writing – review & editing. RP: Investigation, Supervision, Writing – review & editing. JL: Conceptualization, Formal analysis, Funding acquisition, Investigation, Methodology, Supervision, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. The Royal Society of New Zealand Marsden Fund provided funding for the project along with postgraduate scholarships for CL and TN.




Acknowledgments

We thank Dr. George Guo for statistical advice.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fopht.2024.1407582/full#supplementary-material
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UV light is known to cause damage to biomolecules in living tissue. Tissues of the eye that play highly specialised roles in forming our sense of sight are uniquely exposed to light of all wavelengths. While these tissues have evolved protective mechanisms to resist damage from UV wavelengths, prolonged exposure is thought to lead to pathological changes. In the lens, UV light exposure is a risk factor for the development of cataract, which is a condition that is characterised by opacity that impairs its function as a focusing element in the eye. Cataract can affect spatially distinct regions of the lens. Age-related nuclear cataract is the most prevalent form of cataract and is strongly associated with oxidative stress and a decrease in the antioxidant capacity of the central lens region. Since UV light can generate reactive oxygen species to induce oxidative stress, its effects on lens structure, transparency, and biochemistry have been extensively investigated in animal models in order to better understand human cataract aetiology. A review of the different light exposure models and the advances in mechanistic understanding gained from these models is presented.
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1 Introduction



1.1 The cataract epidemic

Our sense of sight is critically dependent on the ability of the ocular lens to maintain its transparent and refractive properties over many decades of life. Failure to maintain lens transparency results in opacification of the lens due to the scattering of transmitted light rays. Lens opacification, or cataracts, are the leading cause of vision impairment and blindness worldwide (1), accounting for around half of all forms of vision loss (2). While cataract is a multi-factorial pathology, with genetics, increasing age, diabetes, and environmental factors such as exposure to cigarette smoking (3) and alcohol use (4) all contributing to its development, exposure to sunlight (UV radiation) is also a major risk factor (5–7), which can exacerbate different types of cataract.

Cortical cataract, the second most prevalent form of cataract, occurs earlier than age-related nuclear (ARN) cataract (8–10), and progresses slowly before manifesting as tissue damage in the outer cortex of the lens (Figure 1A) (11). In contrast, ARN cataract in the human lens (Figure 1B) occurs when the intrinsic repair and protection mechanisms that exist to mitigate the effects of oxidative stress slowly deteriorate or become ineffective (12). Under oxidative stress conditions, thiol groups of proteins are easily oxidised to form protein mixed disulfides with oxidised glutathione (PSSG), cysteine (PSSC), and eventually, protein:protein cross-links (PSSP) (12). This accumulated damage can change protein structure and function, and leads to protein aggregation and insolubilisation (13, 14), which causes the light scattering that is characteristic of ARN cataract. Posterior subcapsular cataracts (Figure 1C) are characterised by dysplasia of the equatorial epithelial cells (15). On their own, they are relatively uncommon (16), and are generally associated with other types of opacities, especially in those aged >80 years old (17).




Figure 1 | Schematic diagrams (Top) and Scheimpflug slit-lamp photographic (bottom) images of the three main types of cataracts. (A) cortical cataract, from Uspal NG, Schapiro ES (2011). Cataracts as the initial manifestation of type 1 diabetes mellitus. Paediatric Emergency Care. 27 (2): 132–4. (B) Nuclear cataract, from Ophthalmic Atlas Images by EyeRounds.org. (C) Posterior subcapsular cataract, from Chaudhary M, Shah DN, Chaudhary, RP (2017). Scleritis and Takayasu’s disease. Nepalese Journal of Ophthalmology (18): 170–174. Reproduced with permission from MDPI under Creative Commons Attribution (CC BY 4.0).



Currently, the only treatment for human cataract is surgical removal of the opaque lens and implantation of an intra-ocular lens (IOL). Cataract surgery is one of the most commonly performed elective surgical procedures in developed countries (18) and is highly successful. The main outcomes include a marked improvement in visual acuity, decreased risk of falls, and improved quality of life (19, 20). In economically developed countries, cataract blindness in the community is rare, yet across developing countries with low rates of cataract surgery, blindness from unoperated cataract is common (21). Cataract surgery is a substantial cost to global health systems. For example, in the USA, approximately 3 million surgeries are performed each year, with an estimated cost of >$3.4 billion in annual Medicare spending (19, 22). In developing countries, costs associated with cataract surgery can be prohibitive (23, 24). Hence there is a need to develop more cost-effective therapeutic alternatives to cataract surgery to delay, prevent, or reverse cataract formation (25).

Unfortunately, investigating the causes and mechanisms of human cataract formation and the ongoing effort to develop non-surgical anti-cataract therapies has associated difficulties. The use of post-mortem human donor tissue suffers from an inconsistent supply of cataractous lenses (26), as well as variable post-mortem delays between death and tissue processing (27). In addition, lenses obtained from human donors have significant biochemical variability. For example, the lifestyle, genetics, underlying diseases, and causes of death of individual donors will all contribute to this variability, and therefore the consistency of subsequent analysis. Finally, whole, cataractous lenses are now less readily available (28) due to the arrival of the extracapsular cataract surgical extraction (ECCE) method (29), where the nucleus and cortex are now emulsified and removed, leaving the capsule behind that can then be used to hold the IOL implant.

As a consequence of these challenges to utilising human tissue in cataract research, animal models have been used to investigate the underlying mechanisms of cataract formation (26) following a range of cataractous insults. While animal models of cataract aim to recapitulate the characteristics seen in human cataract that take many decades to develop, they are often induced in a laboratory environment over a relatively short time period. Lens parameters that are typically monitored in these models include transparency and morphological changes (that induce light scattering), biochemical changes (such as antioxidant depletion and pigmentation), and biomechanical changes (such as stiffening of the lens) that only manifest as cataract in later in life (30–32).

Animal models that mimic the distinctly different cataract phenotypes observed in ARN cataract (27) and diabetic cortical cataract (33) have previously been reviewed. In this review, animal models used to determine the mechanisms of lens cataract formation following exposure to UV radiation are presented and evaluated. We will first review the evidence for the cataractous effects of UV radiation in humans, and the intrinsic properties that the human eye has to protect against cataract formation. This will provide a contextualisation of the animal models used to study the role of UV exposure in cataract formation.




1.2 UV light in human cataract formation: exposure, epidemiology, and effects of aging

UV radiation is a known toxin to biological tissues and is classified as a carcinogen (34). The sun produces UV radiation in the UV-A, -B, and -C ranges. Approximately 97% of the wavelengths of radiation that pass through the atmosphere and reach Earth are UV-A (λ = 315-400nm), while ~3% is UV-B (λ = 280-315nm) (35, 36). Solar UV-C (λ = 200-280nm) is blocked by the Earth’s atmosphere (35) and UV-C wavelengths are produced in only a few settings on Earth, such as Arc welding.

Three main types of tissue damage can result from light exposure. While photothermal and photomechanical damage typically result from exposure to the upper end of visible and infrared light wavelengths, photochemical damage is the result of exposure to wavelengths in the UV and visible light range (37). Photochemical damage is further divided into three types. Ablation is utilised extensively in ophthalmology, where high energy wavelengths under 200 nm remove or shape ocular tissue structures. In contrast, both photo-oxidative damage and photosensitised reactions are the result of UV-A and UV-B exposure, typically as a result of long exposure times (37).

Several mechanisms have evolved to protect the eye from the phototoxic effects of UV radiation. For example, the cornea absorbs the majority of incoming UV-B light and a small amount of UV-A (38–41). However, the age of the eye has an impact on UV light penetration and consequently the amount of UV light entering the eye and reaching the lens increases with age (38). Once adulthood is reached, it is assumed that the retina is no longer exposed to UV radiation, due to the decreasing transmission properties of the lens (42). The lens absorbs most of the incoming UV-A, and the small amount of UV-B radiation that is not absorbed by the cornea (Table 1) (39, 40).


Table 1 | Corneal absorbance of incoming UV light as a function of age, and lenticular absorbance of incoming light.



Considerable epidemiological evidence shows the harmful effects of different UV wavelengths of light on the lens. The World Health Organization estimates that cataracts in up to 20% of the people who become blind annually may be caused or enhanced by sun exposure (43). Generally, UV-B light has been associated with an increased risk of cortical cataracts (Figure 1A) and subcapsular cataract (Figure 1C) (44–46), but there is less evidence for the effects of UV-B exposure on nuclear cataracts in humans (47, 48). This is possibly due to its limited depth of penetration into the lens in humans (49), monkeys (50), and rats (51). Although once dismissed as a risk factor for cataract, UV-A has since been associated with nuclear cataract formation (Figure 1B) (52, 53), with UV-A light shown to penetrate deep into the lens nucleus of guinea pigs (44).

Epidemiological studies have shown that higher rates of cataract are observed in populations that spend more time outdoors (54) or in the sun (55), in rural as opposed to urban living (56–58), and other specific geospatial relationships (17, 47, 48, 57, 59–73). For example, higher exposure to sunlight significantly increases the risk of age-related cataract, with a slight increased risk of cortical cataract, but no risk effect on nuclear or posterior subcapsular cataract (74). This higher exposure to sunlight can be from reflection of UV from different surfaces in the environment, with snowfields and/or increased altitude (75) having the most reflection, and forest the least (76). Interestingly, prevalence of the type of cataract appears to change with global location. Sasaki and colleagues showed that cortical opacification was more prevalent in Iceland and Japan, while nuclear cataract was more prevalent amongst Singaporeans (77). Furthermore, variations in populations within Japan show an increased prevalence for nuclear cataract formation in Okinawa due to high UV exposure (78).

Brunescence, the process of progressive pigmentation of the aging human lens which turns a young, colourless lens increasingly yellow, brown and even black, has been specifically linked to UV exposure (53). Moreover, brunescent cataracts are particularly prevalent in populations living in tropical regions of the world due to their higher exposure to solar radiation (76, 79, 80). Several of the chromophores and fluorophores (81, 82) responsible for lens colouration have been isolated and identified, including advanced glycation end products (83–86), and tryptophan oxidation products (87–89). Interestingly, some of these tryptophan metabolites are beneficial in young lenses where they play an important role in the intrinsic UV protection mechanism of the eye but become detrimental to the lens following chronic exposure to UV.




1.3 Lens UV exposure protection mechanisms

The young lens contains several tryptophan metabolites, which act as UV filter compounds that absorb light in the 300 to 400 nm wavelength range (90, 91). Approximately 95% of the light that enters the lens is absorbed by these compounds, with the remaining 5% being absorbed by tryptophan residues on proteins (92). UV filters also decrease chromatic aberration, thus enhancing visual acuity (93), and aid in protecting the retina from induced photo-oxidative damage (92). Synthesis of UV filters occurs between late pregnancy and birth, with some filters detectable in lenses five months post-natal (94). There are two main types of filters: primary and secondary filters. In young lenses, the ratio of primary to secondary is approximately 10:1, but this decreases with age to 2:1 (91).

When found in their free form, both primary and secondary filters are photochemically inert, and act to dissipate UV energy (95) without the production of harmful radicals (93, 96, 97), that could induce oxidative stress (97) (Figure 2). Photo-oxidative damage occurs when incident light reacts with a tissue chromophore such as a UV filter, which then attains an excited state. Reactive oxygen species (ROS) are generated through interaction of the excited state chromophore with a variety of substrates, which go on to oxidatively damage biomolecules (37). In contrast, photosensitisation reactions occur when oxygen and a photosensitiser molecule absorb the UV to produce hydrogen peroxide (H2O2). This can either be detoxified by the action of glutathione peroxidase, or go on to form the hydroxyl radical, which can damage a range of biomolecules, including DNA, proteins, and lipids (37).




Figure 2 | Diagram showing the age-related shift in proportion of free human UV filters to modified free and protein bound filters that produce oxidatively damaging species. The free (i.e. not bound to proteins) filters absorb UV light and dissipate the UV energy efficiently. However, with increasing age, there is conversion of filters to different compounds which produce singlet oxygen and superoxide radicals, and the binding of filters to proteins which produce peroxide and hydroxyl radicals, in response to UV light. It is this age-dependent accumulation of oxidative damage that is thought to be responsible for the initiation of ARN cataract.



While the young lens contains high levels of glutathione (GSH) to protect it from oxidative stress through direct neutralisation of ROS, the age-related decline in this key antioxidant makes the lens vulnerable to cataract formation. This is due to the high concentration of cell membranes in the lens, which make it vulnerable to damage from free radical-mediated lipid peroxidation (37), its high protein concentration which can form irreversible protein-protein cross-links (12), and a variety of naturally occurring small molecules, such as UV filter molecules. While UV filters are highly efficient at dissipating energy, modifications to the filters, and the binding of filters to proteins within the lens, can change their ability to quench UV radiation (95), and instead act as photosensitisers in the aging human lens (98). These filters and their modifications are discussed herein, and their classification summarised (Table 2).


Table 2 | Classes of UV filters within the human lens.



The primary UV filters in the human lens are kynurenine (kyn), 3-hydroxykynurenine (3OHK), and 3-hydroxykynurenine O-β-D-glucoside (3OHKG) (99–102). One of the intermediates in the formation of kyn from tryptophan metabolism, N-formyl-kynurenine (NFK), differs from other tryptophan metabolites in its photophysical properties, in that it acts as a photosensitiser to produce singlet oxygen and superoxide (103, 104). In the presence of oxygen, NFK is synthesised enzymatically by indoleamine 2,3-dioxygenase (IDO), which has been found in human lenses (105), or through tryptophan photolysis following in vitro exposure to UV light (106). NFK has been shown to bind to crystallin proteins under oxidative stress in vitro (107), and during exposure to sunlight (108), suggesting that in the absence of UV filters, it could be a key mediator of UV light induced damage in the lens. 3OHKG is the most abundant filter (109), and is formed via glycosylation of 3OHK (110). Kyn, 3OHK and 3OHKG are found prominently in young lenses (102), but decline at a rate of ~12% per decade, with kyn and 3OHK being nearly undetectable in 80 year old lenses (110).

The amino acid side chain of primary filters is unstable, and is thought to be able to spontaneously deaminate, to form an α-β-ketoalkene (109, 111–113), which is also highly unstable (94). The primary filters are able to form GSH adducts, whereby a molecule of GSH scavenges the deaminated filter, potentially protecting lens proteins from covalent binding of filters (111, 114). NAD(P)H has also been identified as a protective agent, scavenging the deaminated filters (109). High concentrations of GSH, such as those in young lenses, can protect the lens in two ways: by scavenging filter deamination products, and promoting the decomposition of kyn-protein adducts. GSH-conjugated UV filters increase with a corresponding decrease in free GSH, and therefore may contribute to a decreased capacity for nuclear GSH to protect lens proteins from cross-linking and insolubilisation (110). In addition to glutathionylation, all three primary filter compounds can also undergo cyclisation to form 3OHKG-yellow, kyn-yellow, and 3OHK-yellow respectively, although this is thought to be a slow process (109). Enzymatic modification of kyn can result in the formation of kynurenic acid, which acts as a photosensitiser and produces reactive oxygen species (104).

The secondary filters 4-(2-amino-3-hydroxyphenyl)-4-oxobutanoic acid O-β-D-glucoside (AHBG) and glutathionyl-3-hydroxykynurenine O-β-D-glucoside (GSH-3OHKG) are found predominantly in the lens nucleus (98, 110, 115, 116). The α-β-ketoalkene formed through primary filter deamination undergoes reduction to form AHBG (94), binds to GSH to create GSH-3OHKG (117), or free cysteine (118), and can bind to proteins through lysine, cysteine and histidine (119). 3OHK can also form 3-hydroxyanthranilic acid (3OAA), through the enzyme kynureninase (102). This molecule is also photochemically inert and inhibits the crosslinking of crystallins within the lens (104). High levels of GSH should prevent the autooxidation of 3OAA, but with falling GSH levels in aging lens, autooxidation can occur, producing H2O2 that can damage crystallins (120). For secondary filters, AHBG can undergo additional glycosylation to create 4-(2-amino-3-hydroxyphenyl)-4-oxobutanoic acid O-β-D-di-glucoside (AHBGD), but neither of these filters can bind to lens proteins. This is because neither compound is able to undergo deamination, in contrast to the other filters (121).

With increasing age, the levels of free UV filters decrease markedly (110), to the point where protein-bound UV filters and free UV filters are equal in concentration in the centre of normal lenses (122). UV filters, however, are present in cataractous tissue at higher concentrations than aged-matched controls (123). Deamination of the UV filters appears to be more pronounced in the nuclear region of the lens (110). This, in combination with the age-related decrease in nuclear GSH (124), would make the nuclear region more susceptible to the covalent linkage of UV filters to crystallin proteins.

In addition to binding to proteins, UV filters also create some damaging products. Xanthurenic acid (XA) is proposed to be one of the damaging products created through filter modification, although there are conflicting findings on whether or not XA is present in normal human lenses (103). However, it is present in cataractous lenses (125), with its glucoside (XAG), being present in brunescent cataracts (95, 126). XA could be formed enzymatically within the lens, from 3OHK, or through oxidation of 3OHK-yellow (127, 128), or through 3OHKG (95, 129). In addition to its glucoside, XA can be oxidised to form oxo-xanthurenic acid (OXA) and subsequently dioxo-xanthurenic acid (DOXA). DOXA may induce oxidative stress by generating oxygen free radicals, and also denature proteins through the crosslinking of crystallin proteins within the lens (128).

It is hypothesised that instead of protecting the lens from oxidative damage, the protein-bound UV filters may initiate oxidative damage, or act as an oxidant (130), resulting in the formation of proteins with altered physical and chemical properties (96, 98). These alterations include cross-linking, oxidation, fragmentation, peroxide formation, amino acid isomerisation, unfolding, and alterations to protein solubility (96–98, 131–134). The coloration or brunescence seen in the cataractous lenses is thought to be a result of accumulated oxidative reactions involving protein bound UV filters (121).

In summary, it has been shown that the human lens has developed a collection of filters to absorb the UV-A and UV-B light that passes through the cornea and penetrates into the different regions of the lens. UV light causes the degradation of these filters, with GSH preventing some of these damaged filters from binding to proteins. With age, the amount of UV light reaching the lens increases as the UV filtering capacity of the cornea declines. This increase in the incidence of UV light, plus a reduction in the efficacy of the filters and a parallel age-related decrease in the GSH availability in the lens, produces oxidative stress that leads to cataract formation. In the next sections, we review what we have learnt about the effects of UV light on lens transparency from a variety of different animal models and critically assess whether these models accurately model the effects of UV exposure seen in the human lens.




1.4 The use of animal models to mimic UV-induced cataract in humans

To understand how UV radiation induces lens cataract, a considerable number of studies have exposed animal lenses, either in vivo or ex vivo, to UV light (Supplementary Table 1). For in vivo models, sub-threshold doses can be applied over many days as cumulative, chronic doses, whereas ex vivo models are subject to tissue degradation, and therefore often use acute, super-threshold doses. While in vivo models can better mimic the processes that occur in a whole system than an ex vivo lens, this comes at added time and financial cost. In addition, the penetration of UV light through the cornea changes depending on the animal model used. Hence, ex vivo models that use the lens alone must also consider that the dose given to the lens may be different to what the lens would experience in vivo, due to the lack of protection from the cornea. While both in vivo and ex vivo models can be used to assess recovery of lens tissue post-exposure, ex vivo models are again constrained by tissue degradation and time post-mortem. Despite these limitations, ex vivo models can be exposed to large doses of UV without concerns for animal welfare. In addition, lenses from larger animals, such as pigs and cows, can often be obtained as a by-product from abattoirs and are more cost effective than tissue derived from smaller laboratory animals. The downside of this, however, is that the exact age and other potential confounding factors such as disease, sex, and post-mortem time is less precise than small laboratory animals sourced in-house.

Despite the above factors, both in vivo and ex vivo models have been very effective in elucidating the mechanisms underlying cataract initiation and progression following UV exposure (Table 3). However, the relevance of the chosen animal model to the level of exposure and cataract development in the human lens is often not critically assessed. In each section of this review, we have assessed the relative merits of the existing animal models of UV cataract and have assigned the models to one of two categories: 1) Nocturnal animal models where “non-environmental” UV exposure serves as an oxidative stress that compromises lens transparency, and 2) UV light exposure in crepuscular and diurnal animals that could act as more relevant models that mimic the effects of UV light on cataract development in humans. While many of these animal studies investigated alterations in gene expression (135–140) and DNA damage (141, 142) upon irradiation, in this review we focus on the morphological, biochemical, metabolic, and protein changes that characterise the cataract phenotype induced as a result of UV-A or UV-B exposure.


Table 3 | Key features of UV cataract in humans - a comparison to animal models of UV exposure.







2 Nocturnal animal models of UV as an oxidative stress

Due to their size and ease of housing, mice and rats have proven to be popular choices for the development of models of UV cataract formation. However, the most widely used rodent animal models are nocturnal and not naturally exposed to the high levels of UV light experienced by diurnal animals. Moreover, rodent models are often exposed to UV light at much higher doses than diurnal animals experience environmentally in order to shorten the experimental time course required for the development of cataract. Due to their low natural exposure to UV radiation nocturnal animals do not express the same system of UV filters seen in the human lens. Therefore, the same radiation energy dissipation that occurs in the human lens does not occur in mice and rat lenses that do not have UV filters.



2.1 Mice

Mice have been used as models for many types of cataract (see (27)). Important differences between the mouse and human lens include a different distribution of β-crystallins (143) and crystallin proteins that are modified differently (144). Critically, however, mice see in the ultraviolet range (145), and thus their lenses contain no UV filters to absorb UV radiation (32). Despite these differences, mice have been used to study the effects of both UV-A and UV-B radiation on lens protein content, as well as the morphological and biochemical status of UV-exposed lens. Murine tissue has also been used to assess the efficacy of external agents, such as caffeine and ascorbate, in preventing UV cataract in vivo (146, 147).



2.1.1 Cataract phenotypes induced by UV light exposure

To establish the relative toxicity of UV light exposure to lenses, mice have been exposed to UV-A or UV-B for up to 39 weeks. UV-A exposure was found to be weakly cataractogenic when compared to UV-B in albino mice in vivo (148, 149). In vivo exposure of mice to UV-B has not only induced subcapsular cataract, but also cortical and nuclear cataract (150). Further development of this model showed that when only one eye was exposed to UV-B, the non-exposed eye suffered intraocular inflammation and an increase in lens light scattering also, perhaps due to a co-cataractogenic inflammatory response (151).




2.1.2 Effects of UV light on metabolism, antioxidant pathways and protein function

Changes to lenticular protein concentration of albino mice in response to UV-A has been investigated in vivo (152, 153). Following long-term exposure to UV-A (up to 87 weeks), insoluble protein levels rose to 46% higher than controls (153), which is similar to the accumulation of insoluble proteins observed in ARN cataracts in humans (124, 154). Subcapsular and cortical opacities were observed between 30 and 50 weeks, after which anterior cortical cloudiness was observed. While the cataract phenotype observed here was different to that observed in humans, these results confirmed that long-term in vivo exposure to UV-A light leads to cataract in an albino mouse model.

Morphological and biochemical alterations produced as a result of in vivo exposure of mice to UV-B radiation have been investigated (155). Within two days of exposure, the mice had developed anterior subcapsular cataracts, similar to results from another study (156), with the onset of morphological changes beginning at 24 hours post-exposure. Importantly, older mice showed more prominent macroscopic changes compared to younger mice, and GSH depletion was more prominent in the older lenses than the younger lenses, again reflecting changes observed in human lenses. Glyceraldehyde-3-phosphate dehydrogenase (G3PD) inactivation was more exaggerated in the older lenses, diminishing ATP production and having a direct impact on lens transparency.

In addition, the enzymes thioltransferase (TTase) and thioredoxin (Trx) were upregulated following UV exposure, likely providing oxidative damage repair in the younger mice. Trx has been shown to play an important role in defending against UV-A light in cultured human epithelial cells (157). The decrease in G3PD function, which can be restored by dethiolation of TTase, was thought to be a result of suppressed enzyme activity by UV exposure, rather than a direct effect on protein expression levels. While there are differences in how deep UV will penetrate into the mouse eye versus the human eye, the same age-related deterioration in enzyme function is seen in humans (158), suggesting that a similar response to UV-B exposure may occur in the human lens.

In summary, while prolonged UV-A exposure to mice in vivo induces a variety of cataract morphologies that differ to those observed in humans, these studies showed that elevated protein insolubility and impaired enzyme function are caused by UV-B irradiation. In addition, older lens tissue appears to have a reduced capacity for repair compared to younger lens tissue.





2.2 Rats

Rats are one of the most commonly used laboratory animals. However in comparison to human lenses, rat lenses have different protein distributions (159). Relative to body size, rats have larger lenses and thinner corneas than humans (49, 160). Rat corneas attenuate less UV-B and more UV-A radiation than the human cornea (49). Rat lenses also do not accommodate, due to poorly developed ciliary muscles (161). In addition, rat lenses transmit almost all incoming UV-A, which can damage the rat retina (162), suggesting that rats lack UV-A absorbing compounds (32). Despite these fundamental difference to human lenses, numerous studies have investigated the effects of UV light exposure on lens morphology and biochemistry.



2.2.1 Cataract phenotypes induced by UV light exposure

Acute exposure of rat lenses in vivo to both UV-A and UV-B cause a variety of cataract phenotypes (163, 164). Results from these studies have suggested that the lens epithelium exhibits an ability for regenerative repair, which is not observed in cortical fibre cells. Dose accumulation of UV-B radiation was assessed in a chronic exposure rat lens model (160). Lenses that were exposed to UV irradiation developed cataracts on the anterior surface. In addition, the anterior lens opacities intensified in all exposure period groups with the increasing cumulative dose. However, the sensitivity of the lens to UV-B radiation decreased with the number of days during which the dose was accumulated, suggesting that repeated exposure to UV-B decreases the lenses ability to recover and repair damage (160).




2.2.2 Effects of UV light on metabolism, antioxidant pathways and protein function

The localised cell swelling induced in the anterior surface of the rat lens induced by in vitro UV-A exposure appears to be due to an effect of UV-A on Na+/K+ ATPase activity, which decreased in both the lens epithelium and cortex (164). Low Na+/K+ ATPase activity may also underly cataract formation following exposure to UV-B, where lactate dehydrogenase (LDH) activity, and therefore ATP production, was lower predominantly in the anterior lens regions (epithelium and outer cortex), which was consistent with the pattern of exposure (51). While the decrease was relatively small (20%), this suggested a role for decreased ATPase activity in UV-B-induced cataract formation. However, this mechanism is yet to be confirmed in human lenses exposed to UV-B.

Changes in the metabolic profile of lenses exposed to UV-B radiation may also be anticipated if ATP production is affected as shown by Löfgren and Söderberg (51). Decreases in phenylalanine, GSH, and succinate, have been detected, potentially due to their leakage from the lens following membrane damage from UV irradiation (165). Metabolite levels can be restored following UV-B exposure, although the timeframe of metabolite decrease and restoration can vary (166). It would be interesting to apply this approach to study UV-B exposure in human lenses, and whether similar changes to metabolites and LDH are observed, whether metabolite levels can be restored, and whether this exposure would produce similar cataract phenotypes to those observed in the rat.

The effect of UV-B irradiation on lens glycolysis has been investigated in Sprague-Dawley rats (167). Lactate (produced by LDH) is an end product of anaerobic glycolysis and is often used as an indicator for activity of the glycolytic pathway (168). Lactate production was reduced initially, however, six hours after exposure, the lactate level in the exposed lenses was greater than contralateral lenses (167).

In vitro, irradiation of both intact and homogenised rat lenses has shown decreased activity of enzymes involved in the major metabolic pathways. For example, hexokinase, G6PD, aldose reductase, and Na+/K+ ATPase showed decreased activity of up to 57% compared to the control lenses, although UV-B exposure did not result in cataract formation (169). Interestingly, physiologically relevant levels of antioxidants (vitamins C and E, and β-carotene) that were added to the lens incubation medium during irradiation prevented the perturbation of enzymatic activity detected in UV-B-exposed lenses in a concentration dependent manner (169), suggesting that the damage to enzymes was through an oxidative stress mechanism. While enzyme activity changes may be involved in UV-B-induced lens opacity, the therapeutic potential of antioxidant supplementation for human lenses remains unclear since it has already been shown that both vitamin C and E have little to no effect on the prevention of human ARN cataracts when consumed as a dietary supplement (170–172).

Interestingly, albino rats are more sensitive to UV-B radiation than pigmented rats in vivo (173), possibly due to differences in corneal, aqueous humour, or iris transmission of light. The same trend is also seen with in vitro irradiation of lenses extracted from albino and pigmented rats (174). However, it is difficult to say whether the pigmented or albino rat is more suitable as a model for UV cataract.

In summary, rat models have shown that both UV-A and UV-B can impact cation homeostasis through Na+/K+ ATPase, and both ranges of wavelengths can create anterior subcapsular cataracts in the rat lens. The rat lens has been shown to be most susceptible to UV-B at 300 nm (175), with most of these models employing this wavelength. UV-B increases light scattering, and also decreases water soluble metabolites, enzyme activities, and cellular respiration.






3 Crepuscular animal models of human age-related cataract

Crepuscular animals are active during twilight hours of dawn and dusk. The UV index at twilight is approximately 200 µJ cm-2 (176), and therefore considerably less than the average 2 J cm-2 experienced during the day. However, the dose of UV that these animals would be exposed to in their natural environment is more than nocturnal animals and more similar to humans. Thus, crepuscular animals have been used as animal models of human age-related cataract. Crepuscular animals can be used in vivo as they are relatively small and easy to keep, and ex vivo tissue is readily available.



3.1 Guinea pigs

Guinea pigs have previously been used for models of ARN cataracts (177–180), and galactose-induced cataract (181, 182). Due to high levels of a UV-A chromophore in the lens (122) that mimics that of the human UV filter, a similar pattern of lens GSH distribution with lower levels of GSH in the nucleus relative to the cortex (183), and a similar age-dependent pattern of nuclear disulfide formation (184), it is proposed that guinea pigs are the best non-primate model currently available for the study of UV-A exposure and cataract (32).

However, while there are many benefits to the use of guinea pigs as a model of human UV exposure, it is also important to consider inconsistencies between humans and guinea pigs. For example, there is conflicting evidence for the formation of brunescence in the guinea pig lens (185, 186), unlike the characteristic time dependent increase in colouration observed in the human lens (187).



3.1.1 Cataract phenotypes induced by UV light

Chronic exposure of guinea pigs to a low level of UV-A light in vivo produces protein aggregation and cataract in the centre of the lens (188). In contrast, the anterior lens cortex showed no difference between UV-A exposed and control guinea pigs, perhaps due to the higher metabolic activity, and therefore antioxidant capacity of the lens cortex. The mechanism of nuclear cataract formation in the guinea pig nucleus may be due to the binding of the UV-A chromophore NADPH to zeta crystallin. This is proposed to mimic the binding of kynurenine to crystallin proteins in the human lens (122). NADPH is known to cause the formation of superoxide ions (189), and H2O2 (190), when it absorbs UV-A (see Figure 2). Interestingly, the guinea pig is over 10-fold more tolerant to UV-B than pigmented rabbits, rats, and mouse (191). Very high doses of UV-B are required to produce cortical cataracts in the anterior subcapsular region of the lens in vivo. The exact mechanism for this enhanced protection is unclear, although perhaps it is because the guinea pig lens contains more ascorbate than rat lenses, with levels similar to the human lens (191), as well as high levels of free NADPH (44, 192) and zeta-crystallins (193).




3.1.2 Effects of UV light on metabolism, antioxidant pathways and protein function

Interestingly, UV-A light produced deleterious effects on the nucleus of guinea pig lenses, when compared to age-matched controls (44). There was an increase in light scattering, distention of intracellular spaces, a decrease in GSH, increased lipid peroxidation, and a loss of water-soluble proteins in the lens nucleus. Results from UV-A exposure of guinea pig lenses in vivo strongly support the role of oxidative stress in cataract formation following UV exposure. For example, lenses show up to a 50% reduction in free sulfhydryl, with a concomitant 100% increase in disulphide formation (185). This is possibly due to the formation of protein mixed disulphides (44), or reduction in activity of glutathione reductase, such as that suggested from studies of squirrel lenses (194). The guinea pig has also been used to test if ascorbate delivered by the diet (195–197) can protect against photooxidative damage to the lens induced by UV exposure. While this work showed promise, more recent investigations showed that ascorbate does not prevent human ARN cataract formation when consumed as a dietary supplement (170, 171).

In summary, in vivo guinea pig models show that UV-A can penetrate deep into the lens nucleus and cause dense nuclear opacification, as well as brunescence of lens tissue. In addition, ROS may be generated, which may contribute to changes to the lens after exposure that are characteristic of oxidative stress. Nuclear opacification, protein aggregation, loss of free GSH, and increased levels of disulphides within UV-A exposed lenses show how potentially damaging UV-A radiation can be in vivo. Guinea pigs appear to be quite tolerant to UV-B radiation, with very high doses required to produce cataracts.





3.2 Rabbits

Rabbits have previously been used as ex vivo models for ARN cataract formation (198) and oxygen-induced protein changes (199, 200). Cultured rabbit lens epithelial cells have also been used to investigate the effects of UV-A and/or UV-B (201–206), as well as the efficacy of UV blocking contact lenses (207, 208). While rabbit lenses lack kynurenine-based UV filters (32), they contain high levels of NADH and NADPH (207) which absorb UV-A light and may therefore act as a human UV filter analogue. Rabbit lenses are also more similar in size and sphericity to human lenses than other commonly used rodent lenses and have been used in both ex vivo and in vivo studies.



3.2.1 Cataract phenotypes induced by UV light

The rabbit cornea absorbs radiation completely at wavelengths at, and below 290 nm (209), and therefore the lens is more susceptible to damage at wavelengths greater than 290 nm. UV-A irradiation of rabbit lenses (210) produced opacification, potentially due to the tight bundling of actin filaments, or other morphological effects indicating cell cytotoxicity, including the breakdown of plasma membranes. Relatively low exposures of UV-B can produce anterior subcapsular lenticular opacities in vivo, although these opacities are not permanent and resolve within three months (209).

After in vivo irradiation of rabbit lenses, the lenses exhibit a pale yellow colour, although the reason for this colouration is unclear (207). Given that human lenses show colouration with aging, this is an interesting finding and suggests the potential of the rabbit lens for investigating the effects of UV light on lens colouration, despite differences in UV absorbing compounds.




3.2.2 Effects of UV light on metabolism, antioxidant pathways and protein function

Changes to the metabolic profile of in vivo albino rabbit lenses with either a single dose, or repeated exposures adding up to a single dose, of UV-B has been investigated (211). Interestingly, repeated exposure to a small dose had more of an impact on the lenticular metabolic profile than a single dose (equal to cumulative repeated dose) did, demonstrating the cumulative effect of repeated UV-B irradiations. No lenticular opacification was reported, therefore, combined with the results of Pitts (209), it is unclear whether UV-B irradiation produces permanent cataracts in rabbit lenses in vivo. In contrast, exposure of ex vivo albino rabbit lenses to UV-B does produce lens opacification. This appears to confirm that impairment of Na+/K+ ATPase function is a common mechanism for UV-induced lens cataract (212), while highlighting that in vivo and ex vivo exposure systems can produce conflicting results.

Cultured lenses from rabbits four to five weeks old are not sensitive to UV-A irradiation alone (213), which contradicts previous findings (210), although the age of the rabbit may influence the extent of UV-A sensitivity. However, a combination of UV-A and UV-B has been shown to be more damaging to the cultured rabbit lens than UV-A alone (213). In vivo exposure to combinations of UV-A and UV-B using a variety of protocols have not consistently produced changes to rabbit lens metabolites (211, 214), proteins or malondialdehyde as a marker of oxidative stress (215). Taken together it appears that the rabbit lens in vivo is relatively well protected from UV-induced damage.






4 Diurnal animal models of human age-related cataract

Diurnal animals are active during the day, and sleep at night and therefore more closely resemble the activity of the average human than nocturnal and crepuscular animals. Moreover, UV filters have been identified in diurnal animal lenses. Like humans, primate lenses have been found to contain 3OHKG (216–218). 3OHKG is the main absorbing species in young primate lenses, and both UV-A and UV-B have been shown to penetrate, and be absorbed by, the young lens nucleus (219). Primate lenses have similar optical and biometric properties to human lenses (220), but tissue can be difficult to obtain. Primate lenses have been used to investigate changes in UV absorption and transmission with age (219, 221), and effects of UV radiation on the cornea (222). However, to our knowledge, primate lenses have not been used experimentally to assess the impact of UV radiation on the lens, and thus will not be discussed further. Grey squirrels (223, 224), thirteen-lined ground squirrels (225, 226), cows (227), fish (228–230), and other mammalian lenses (231), have been shown to contain tryptophan metabolites or UV sensitive pigments. While smaller diurnal animals (e.g. squirrels) can be studied in vivo, most diurnal animal models generally use ex vivo tissue.



4.1 Cows

Bovine lenses are thought to express limited UV filter compounds, such as 3OHK (227), but share a similar predominance of α-crystallin (232, 233). Bovine lenses also do not undergo significant accommodation (234). There are UV models that utilise isolated bovine proteins (235–238), and epithelial cell cultures (239), however they will not be discussed.



4.1.1 Effect of UV light on cataract phenotype

Daily exposure of ex vivo bovine lenses to UV-A results in no significant changes to transmittance or focal length, when compared to controls (240). Mild subcapsular opacity is also observed. When ex vivo bovine lenses were exposed to UV-B, the results show that weekly doses of UV-B prevented lens repair, but these changes should not be considered to be cumulative, since the damage did not worsen with subsequent doses (240). 

The effect of varying low-level UV-B exposure on light scattering and lens focal length ex vivo has also been investigated (241). Although not statistically significant, the second lowest dose (0.06 J cm-2) appeared to have the greatest impact on the measurement parameters. Slight anterior subcapsular opacities became apparent as soon as two hours after irradiation, but in most cases, the damage cleared and only a very small area of damage remained on the anterior surface of the lens. Most of the exposed lenses showed measurable increases in light scatter and focal length but were able to recover. Thus, low doses of UV-B radiation do not permanently damage ex vivo bovine lenses, similar to findings in rabbit lenses (209).




4.1.2 Effects of UV light on metabolism, antioxidant pathways and protein function

The effect of UV-A irradiation and subsequent recovery on the biochemical and optical properties of ex vivo bovine eyes has been investigated (242). The activity of hexokinase, catalase, and G6PD enzymes is perturbed by UV-A in a dose-dependent manner. Hexokinase appears to be the most sensitive to UV-A exposure, similar to the observation for rat lens hexokinase in response to UV-B radiation (243). In addition, the activity of Na+/K+ ATPase in lens epithelial cells is impaired in response to UV-A exposure (244). However, repair mechanisms exist within the bovine lens that remain intact ex vivo, which were able to repair damage done to optical quality and Na+/K+ ATPase activity in the central region of the lens epithelium.

The effect of UV-A irradiation on the chaperone-like properties of α-crystallin has been investigated in bovine lenses, showing differences between the response of α-crystallin from young, and old lenses (245). In comparison to young lenses, α-crystallin from old lenses had a decreased ability to inhibit protein denaturation in vitro. There was an increase in the molecular weight of α-crystallin fractions, and a loss of tryptophan fluorescence which barely recovered following irradiation. This suggested that older lens proteins are more susceptible to damage from irradiation, which has also been observed in mice exposed to UV-B (155). This is perhaps due to a cumulative effect of UV-A radiation, and potentially similar to the UV-B effects observed in rats (160), and rabbits (211). When the lenses began to recover (indicated by focal length repair), chaperone-like activity recovered and tryptophan fluorescence increased predominantly in young lenses, suggesting that conformational changes to α-crystallin which had occurred during irradiation had resolved.

In summary, UV-A irradiation can cause anterior subcapsular opacities in the bovine lens and older lens proteins appear to be more susceptible to UV-A damage. Permanent damage to lenticular enzyme activities can occur with sufficiently high doses of UV-A and may be implicated in UV-A induced cataract. UV-B can induce small subcapsular opacities in the bovine lens, although low doses do not appear to permanently damage the lens. However, lens repair may be prevented with repeated UV-B exposure.





4.2 Pigs

In comparison to humans, pigs have a similar lens protein concentration (32, 246), lens shape (247, 248), light transmission (249), and protein content (250). While pig lenses are thought not to accommodate (251), and differences in the UV filter composition of pigs and humans exist (252), some inferences on human lens response to UV radiation may be made from porcine studies. While the impact of UV-A light on protein isolates (253, 254), and lens tissue sections (255) have been investigated, we will only focus on changes induced in ex vivo organ cultured lenses.



4.2.1 Cataract phenotypes induced by UV light

The effectiveness of different wavelengths of light has been assessed using ex vivo porcine lenses (256). Mid-range UV-B (295 nm) was 25 times more effective than tail-end UV-B (315 nm) radiation at producing anterior subcapsular lesions. To assess for the ability of porcine lenses to recover from exposure to UV, lenses were exposed to five times UV-B threshold exposure, resulting in the appearance of the lens sutures, suggesting the radiation had inflicted permanent damage to the lens. At two times threshold for UV-A, there was no full recovery of the lens, confirming that UV-A is cataractogenic in the porcine lens. This study concluded that the most damaging wavelengths are 270 to 315 nm, due to the low dosages required to produce visible damage. Without the protection provided by the cornea in vivo, the UV-B radiation was able to have a substantial impact on the lens tissue. Wavelengths shorter than 285 nm would be expected to be more damaging, since shorter wavelength photons are also higher energy (257), but this was not the case.

In addition, the same group utilised ex vivo porcine lenses to investigate the effect of a combination exposure of both UV-A and UV-B radiation (252). This model demonstrated the synergistic effects of low, subsolar UV-A and UV-B, with significant inhibition of cellular metabolic activity and no indication of recovery. Some recovery of plasma membrane damage was observed; however, optical quality did not recover in the study period. UV-A radiation alone required high doses (λ = 365 nm, 86 J/cm2) to produce significant decreases in cellular and optical integrity, in accordance with the previous study (256).

In summary, there are numerous similarities between porcine and human lenses, making them a more popular animal model of choice in recent UV exposure investigations. High doses of UV-A are required to produce anterior subcapsular opacities in porcine lenses, compared to the lower doses of UV-B required to produce the same phenotype. However, a combination of UV-A and UV-B incurs significant damage to the cellular metabolic activity and optical quality of the lens. Further experiments using porcine lenses could monitor changes to the cellular systems that are known to be involved in UV-induced damage which have been established in other models, and to investigate whether porcine lenses would become brunescent with age and/or UV exposure.





4.3 Squirrels

Squirrel lenses share several features in common with humans, suggesting they may be a good model animal for understanding the effects of UV exposure on lens transparency. For example, they contain UV filters (226) which have a similar structure and concentration to those found in humans (225), and display brunescence (224, 225). Squirrels have similar levels of GSH in the nucleus as a young human lens (225), but the total GSH is approximately twice that of humans (258). While cultured squirrel lens epithelial cells have been used to study the use of vitamin E as a protective agent against UV-induced damage (202, 205), only in vivo and ex vivo experiments that utilised whole squirrel lenses will be discussed here.



4.3.1 Cataract phenotypes induced by UV light

The effects of ambient exposure to UV-A have been investigated in grey squirrels in vivo (194). Following chronic UV-A (λ = 365nm), well defined lens opacities (cortical and subcapsular) were observed, and histological analysis showed swelling of the superficial cortical fibre cells and some degenerating fibres post UV-A exposure. Anterior opacities that increase in severity with exposure time have also been observed using ex vivo squirrel lenses (259). The type of cataract formed from exposure to UV-B is not documented, but UV-B exposed lenses have been used for biochemical analyses (260).




4.3.2 Effects of UV light on metabolism, antioxidant pathways and protein function

UV-A exposure was associated with an increase in crosslinking and degradation of crystallin proteins, and small changes in the levels of soluble crystallin proteins (194). A major loss of GSH in the outer and inner cortex was detected, while levels in the nucleus remained the same, which is opposite to the pattern seen in the aging human lens (183). Although apparent in the lens cortex, this study showed that chronic exposure of UV-A light can induce cataract formation.

Furthermore, UV-A exposure causes significant damage to phosphorous metabolites, such as ATP, in the ex vivo squirrel lens (259). Changes to ATP levels appear to scale with dose, whereby a lower dose causes a smaller decrease in ATP. Crystallin proteins have been shown to undergo crosslinking when exposed to UV-A in the squirrel lens (261). In vivo, increases in proteins with greater molecular weights occurred in the outer layers of the lens, but not the nucleus (261). This is similar to the pattern of altered lens protein distribution in cataractous human lenses (262). Crosslinking of soluble crystallins was seen in both in vivo and ex vivo exposed lenses. A link was also made between squirrel lens pigment and protein crosslinking, indicating that lens pigment stimulates the photosensitised crosslinking of lens proteins in vitro (261) which may provide some insight into the protein changes that occur during human cataract formation.

Indoleamine 2,3-dioxygenase (IDO) is an antioxidant enzyme, and the first-rate limiting enzyme of tryptophan catabolism. Exposure of squirrel lenses to UV-B led to an increase in IDO activity within the lens, and thus an increase in tryptophan metabolites (i.e. kyn and 3OHK) (260). Irradiation also led to increased lipid peroxidation and a decrease in GSH, suggesting UV-B had caused oxidative stress within the lens. Long durations of UV-B exposure had a small but suppressive effect on the activity of superoxide dismutase (SOD), an antioxidant protein that reduces intracellular levels of superoxide radicals. Human lenses rely on IDO for the formation of UV filters (105, 263, 264), and these findings in squirrel lenses may have parallels in human lenses.

In summary, squirrel models have been used to show the damaging effect UV-A has on proteins, initiating crosslinking and degradation. Although it is unclear if UV-B induces opacification of squirrel lenses, it does cause oxidative stress, shown through increasing lipid peroxidation and a reduction in antioxidant.






5 Conclusions

The paucity and significant biochemical variability of human lens tissue necessitates the use of animal tissue to model and characterise the effect that UV light has on tissue transparency and its role in cataract formation. While conclusions drawn from animal studies cannot always be directly translated to human cataract due to the morphological and biochemical differences between species, animal models have revealed several changes that take place in lenses exposed to different wavelengths of UV light with both UV-A and UV-B light appearing to play a role in cataract formation, albeit by different mechanisms. It remains clear that the same wavelength and dose of UV-A or UV-B can produce an array of different biochemical and metabolic changes, as well as cataract phenotypes, and is dependent on the animal model used. Similarly, different cataract phenotypes can result from the same underlying mechanism. While mice and rats are convenient laboratory animal models, the fact that they are nocturnal animals that normally experience completely different UV exposure levels to humans means that the role of UV light exposure in cataract development in rodents must be carefully interpreted with respect to cataract formation in the human lens. Nevertheless, these models have helped to identify oxidative stress via photooxidation, and photosensitisation as major factors involved in UV cataract development. Specifically, the Na/K ATPase activity is impaired in several UV exposure models, which is likely to impair the specialised transport system known to maintain lens tissue transparency (265).

Although crepuscular animals experience higher levels of UV radiation than nocturnal animals, they still do not experience the same levels of exposure as humans. In addition, both classes of animal lack the same range of UV filters found in the lens. However, in both types of animals the application of “non-environmental” UV exposures to these laboratory animals does provide information on UV-A and UV-B as cataractous stressors that can differentially activate oxidative defence pathways in different regions of the lens that normally act to maintain lens structure and function. Guinea pigs, however, appear to recapitulate many of the characteristics of UV cataract in humans, including lens brunescence.

Diurnal animals share more similarities with humans than nocturnal or crepuscular animals with respect to UV exposure levels, the presence of UV filters, and the characteristic brunescence of lens tissue at least in the case of the squirrel lens (225). This suggests that mechanisms of UV damage observed in squirrel lenses could be directly applicable to UV cataract formation in humans. However, not all laboratories have access to these animals.

In contrast, porcine and bovine lenses are more readily available and easily utilised in organ culture experiments. The use of these diurnal ex vivo animal models has shown that UV-A radiation has the potential to be more harmful than UV-B radiation, possibly due to the absorption of this longer wavelength energy in deeper lens cell layers that inactivates enzymatic activity involved in the protection against oxidative stress. They have also shown that in younger lenses at low doses this UV induced damage can be repaired; but that older lenses are more susceptible to UV damage and showed impaired recovery compared to young lenses receiving the same dose. The lack of evidence surrounding yellowing of the lens tissue with age (or UV exposure) in these larger animals, however, means that while they are useful for understanding potential changes to proteins resulting from photooxidation and photosensitisation, they lack a key characteristic of human UV cataract.

Despite this substantial body of work, gaps in our understanding of the extent of the impact that exposure to UV light has on the lens remain. To close this gap continued development of UV light exposure models that utilise diurnal animals, especially guinea pig and squirrel lenses, will further enhance our understanding of the role that UV light exposure plays in the development of human lens opacities. In addition, models that combine stressors, for example oxidative and photooxidative stress, may prove useful to further investigate human cataract development.
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Introduction

Accommodation is the process of changing the ocular lens’ refractive power and focal distance. This process involves application of biomechanical forces on the lens by the surrounding musculature. Previous studies have demonstrated that the lens epithelium demonstrates mechanotransduction and that tension influences its chemical activity. It is not yet known how these forces affect the structure and permeability of the lens. This study aimed to identify the influence of tension on molecular transport of dyes through the lens.





Methods

Paired porcine eyes were incubated in each of four dyes for three time periods with no stretch (null), static, or cyclic stretching using a bespoke mechanical lens stretcher. After incubation, the lenses were frozen and cryosectioned sagittally through the optic axis. Photographs of the stretched and unstretched lenses were compared and qualitatively assessed.





Results

None of the four dyes showed drastic stretch-induced differences in dye penetration depth. However, the dye neutral red showed dramatic stretch-induced changes in the dye uptake color behind lens anterior surfaces, with unstretched lenses appearing far more orange than their stretched counterparts. Three of four dyes showed notable differences between anterior and posterior diffusion patterns. One dye, methylene blue, demonstrated unexpected intensity in the lens nucleus compared to the lower intensity shown in the cortex, suggesting active transport rather than a linearly graded passive diffusion regardless of stretching condition.





Discussion

All this taken together suggests that lens transport is more complex than simple passive diffusion and that active transport of some molecules may be affected by stretching. Future work should assess the mechanisms of transport for the various dyes and attempt to explain the dye permeation patterns observed here, including the effects of stretching.






Keywords: crystalline lens, tension, diffusion, stretching, lens circulation




1 Introduction

Accommodation is the ability of the crystalline ocular lens to change shape, resulting in a wider range of focal distances. During accommodation and disaccomodation, the ciliary muscle constricts and relaxes which modulates tension in the zonular fibers that connect the lens to the ciliary body and attached sclera (Figure 1). Recent studies have indicated that the causes and/or treatments of multiple lenticular pathologies, such as Presbyopia and cataract, are likely to be biomechanical in nature (1–6). There are no efficient preventative therapies for these pathologies, and current treatments can only help symptoms rather than restore accommodative function. A more comprehensive understanding of ocular biomechanics will reveal the root causes of lenticular disease, lead to effective preventative treatments, and improve the accuracy of ocular modeling.




Figure 1 | Diagram showing ocular lens anatomy. The lens is comprised of many layers of transparent matrix, with metabolically active lens epithelial cells along the anterior surface. The lens is held in place behind the iris by zonules, which are connective fibers extending from the ciliary body. The ciliary body contains the ciliary muscle, which exerts force on the zonules and lens capsule to change the shape of the lens.



The optical changes caused by accommodation can be mimicked ex vivo by varying radially applied mechanical forces (1–8). While there have been many variations in the methodology, all studies use the principle of radial stretching and transmission of forces through the zonules onto the lens capsule. The lens capsule is a basement membrane composed of extracellular matrices of lens epithelial cells (LECs) and has been shown to exhibit mechanotransduction (6). When force is applied through the zonules, the lens capsule, deforms the lens fiber cells changing the curvature of the biconvex lens (9). The mechanical properties of the lens capsule are also yet to be fully illuminated.

The chemical properties of the lens capsule have been more thoroughly studied than the lens mechanical properties. The lens capsule is known to be permeable to small molecules such as water, carbon dioxide, and oxygen (10, 11). Studies have additionally shown the lens capsule has selective permeability to nutrients and proteins needed for cortical fiber cells development and metabolism (9, 12, 13). The current understanding in the field is that lens capsule permeability varies greatly depending on molecule size, polarity, hydrogen bond affinity, and other chemical properties (12–15). Additionally, zonular tension has been shown to influence both aquaporin activity and hydrostatic pressure gradient, which are intrinsically linked to lens capsule properties (16).

The geometry, physical properties, chemical properties, and tissue composition of the anterior and posterior lens differ significantly. The anterior lens houses a monolayer of LECs that are most metabolically active just anterior of the equator where LECs continually proliferate throughout life. The lens is biconvex, meaning that each side has a distinct convexity throughout all accommodative conditions (17). The posterior has a larger curvature, resulting in larger lens volume posterior to the equator.

In 1997, Mathias et al. proposed the lens Fluid Circulation Model (FCM), which theorized a pattern of transport going inward at the poles and outward at the equator (18, 19). Since then, multiple studies have supported this model, and it is becoming foundational in lens transport research (20–23). It has yet to be investigated whether this pattern of microcirculation holds true for all molecules or in various accommodative/stretched conditions.

It is thus hypothesized that LEC mechanotransduction and chemical effects of tension are likely to be observed after the lens is exposed to tensile stretching force. Few studies to date have analyzed the effects of stretching on transport in the lens. In theory, application of mechanical force will alter the structure of the lens capsule and thus influence permeability. Stretching could also affect permeability of LECs and fiber cells even deep within the lens cortex. Variations in dye permeation under different stretching conditions may elucidate the structural behavior of the lens capsule and underlying cells under accommodative conditions.




2 Materials and methods

Fresh, paired porcine eyes were obtained from a local abattoir. Pig sex was unknown, and age was 6 months. The lenses were dissected less than four hours after the whole eyes were extracted to maximize tissue viability. The dissection involved removing the cornea, iris, vitreous humor, and the posterior sclera (6). The zonules and ciliary body were left intact to allow force distribution onto the lens capsule. The anterior cup (sans cornea, iris, and vitreous humor) was mounted to a silicone elastomer ring via staples in the equatorial sclera, as shown in Figure 2.




Figure 2 | After the porcine eyes were cleared of cornea, iris, and vitreous humor, they were bisected and the posteriors discarded. The sclera was then cut into 8 flaps to allow the anterior cup to lay flat. The equatorial sclera was stapled to a silicone elastomer ring via 8 equally spaced staples. The ring’s 8 bolt holes were used to affix the sample to the stretching device. The sample photo was oriented with its anterior facing into the page and posterior lens closest to the reader.



The paired eyes were incubated with 4 different dyes, 3 durations of incubation, and one of three stretching conditions: cyclic, static, or control (null), as shown in Figure 3. The silicone rings attached to experimental eye cups were attached using 8 bolts to the stretching apparatus shown in Figure 4, which allowed for equally distributed stretching along the eye cup’s circumference (6). A single motor was used to impart equibiaxial stretching using a 3D-printed lens stretcher as discussed further in 6. The statically stretched eye cups were placed in the stretcher and the equatorial radius increased by 6-12% using the rigid bar shown in Figure 4C. The cyclically stretched cups were connected to the stretcher in the same manner (Figure 4D). The cyclic stretcher was then fixed on one side and attached to an Arduino controlled motor on the opposite side. The motor caused the stretcher to continually oscillate between the stretched and unstretched positions throughout the incubation period at about 0.25 Hz.




Figure 3 | Experimental design showing how paired eyes were divided into experimental conditions. Each dye was incubated for 3 time points and each time point had a cyclic and a static experiment. Each stretch condition had one eye of the pair stretched and the other not. This system was replicated for 4 dyes, though one of the dyes could not survive the 2nd or 3rd time point.






Figure 4 | (A) Bespoke stretching apparatus in the unstretched and (B) stretched positions. The eye was stapled to an elastomer ring, which was bolted into the center of the device. Force on the stretcher’s outer edge caused the sample to be stretched equally in all directions, similarly to accommodation. (C) Stretcher in its static stretching apparatus. The metal bar across the top held opposite sides of the stretcher a fixed distance apart to continuously stretch the sample in a radial fashion. The whole stretcher and its sample were submerged in a large dish of dyed media. (D) Cyclic stretching apparatus inside its glass dish for submersion in media and dye. The right side of the stretcher was affixed to the plastic base plate while the left side was attached to an Arduino-powered oscillating motor.



Once set up in their respective stretching apparatus, each system was placed in a 10:1 media to dye solution covering the entire eye cup and put in an incubator at 37°C and 5% CO2. This experiment used four dyes, chosen to represent a variety of molecular weights and hydrogen bond affinities, which were Neutral Red (NR) (Sigma Aldrich, 72210-5G), Methylene Blue (MB) (Millipore Sigma, M4159-25G), Crystal Violet (CV) (Sigma Aldrich, 61135-25G), and Erythrosin Extra Bluish (EB) (Sigma Aldrich, 45690-10G-F). Table 1 shows some relevant properties of each dye. All dyes were used at a concentration of 1mg dye powder to 1mL deionized water and 1mL liquid concentrate to 10mL media. All tests used media 199 without phenol red to eliminate confounding color effects (Gibco, 11043-023). Each stretch/dye combination was incubated for 3 time periods before imaging. Eyes were incubated for 24, 48, and 72 hours for MB, CV, and EB dyes. In preliminary testing, NR had a particular affinity for the lens cortex and was therefore incubated at 1, 3, and 6 hours.


Table 1 | Chemical properties of 4 dyes used.



Once incubated, the lenses were removed from the eye cups and frozen in Optimal Cutting Temperature (OCT) compound for at least 12 hours at -80°C. The OCT Blocks were mounted into a cryotome and cut to reveal sagittal planes of the lenses. The sagittal midline or optic axis was assumed to be the cross section that had the largest area within the lens outline. Photos were taken using a dSLR camera at a standardized angle and distance (Figure 5). Photographs were organized into figures to allow direct visual comparison between experimental conditions within each dye.




Figure 5 | Representative experimental result of a lens embedded in frozen OCT compound after submersion in dyed media. Photos were oriented with the anterior facing left and superficial aspects closest to the photo’s edges. The lighter colored/white background was frozen OCT. The brown line was the outline of the lens, most likely caused by dye particles adhering to the outer surface of the lens capsule. The center of the photo showed dye uptake in the lens cortex via color intensity. The yellow arrow indicates black zonule tissue that remained at the lens equator.






3 Results

The cryotome sectioning process yielded images like those seen in Figure 6. All photos were oriented with the anterior lens toward the left and the posterior lens toward the right.




Figure 6 | Results of the EB experiments after 24, 48, and 72 hours of incubation. Dye uptake manifests as bright pink, while freezing medium and areas of no dye uptake appear white. The pink outlines of the lenses are relatively thin, covering only the lens capsule with little to no penetration into the cortex.



Lenses were incubated for up to 24 hours in CV, but beyond that showed considerable degradation of the zonules, in all cases causing detachment of the lens from the sclera. Due to zonular failure, this subset of CV lenses was unable to be assessed. The results of the 24-hour duration can be seen in Figure 7A. Lenses were incubated for 24, 48, and 72 hours in solution containing EB. As seen in Figure 6, EB did not permeate past the lens capsule even at the longest incubation duration. The EB samples did not show any visual differences between stretch conditions or anterior vs. posterior surfaces. The intensity of the dye adherence to the superficial lens capsule was, as expected, greater after longer exposure. The concavity of the anterior and posterior lenses was as expected and relatively consistent. In preliminary experiments, NR dye showed a much higher affinity for the lens than other dyes, such that the lens was fully colored before 24 hours. This led to alteration of the incubation duration to 1, 3, and 6 hours. As seen in Figure 8A, NR experiments showed the expected gradual increase in concentration over time and the expected intensity gradient going from superficial penetration to complete penetration into the lens nucleus. Differences between stretch conditions were not perceptible for 1 or 3 hours. However, for both cyclic and static stretching, lenses stretched for 6 hours showed different coloring on the anterior side when compared to their unstretched controls. As seen in Figure 8B, unstretched NR 6h lens anterior regions were noticeably more orange than unstretched NR 6h lens posteriors, unstretched NR lenses at all other time points, and stretched NR 6h lens anterior sections. MB did not show consistent observable changes between stretching conditions (Figure 9). The overall presence of dye was greater at longer time points, as expected, but its distribution pattern was distinct from other dyes. While NR showed a high intensity superficially which decreased gradually as depth increased, MB exhibited a more piecewise distribution of dye. The outermost ring of tissue had a sharp rather than gradual drop in intensity, then a ring of little to no dye uptake, and finally a moderate intensity in the deepest region. There existed a non-monotonic concentration gradient within the lens. Nine of twelve MB samples showed disparity in anterior-posterior dye distribution. Posterior sides of both the whole lens and the nucleus tended to have higher intensity concentration than the respective anterior.




Figure 7 | (A) Results of the CV experiments after 24 h of incubation. Tissue samples did not keep tension for 48- or 72-hour tests, so the results are not reported. Dye uptake manifests as dark purple, while freezing medium and areas of no dye uptake appear white. (B) Expanded image of the 24 hour-incubated null eye of the static test. Red ovals indicate areas of lower dye uptake on the lens anterior towards the equators compared to higher uptake on the anterior pole.






Figure 8 | (A) Results of the NR experiments after 1, 3, and 6 hours of incubation. Dye uptake manifests as red, while freezing medium and areas of no dye uptake appear white. All photos show simple linear gradients appearing the darkest at superficial areas and decreasing intensity going deep. (B) Analysis of 6-hour NR samples. The anterior sides of the unstretched samples showed a more orange color compared to their own posterior sides and compared to the paired anteriors. NR being a pH indicator, this result suggests that stretching has a physiological impact on acidity. (C) All samples showed regions of decreased intensity at the anterior equators, which are known to be LEC proliferation sites.






Figure 9 | Results of the MB experiments after 24, 48, and 72 hours of incubation. Dye uptake manifests as blue, while freezing medium and areas of no dye uptake appear white. All samples show a dark ring deep to the lens outline, which abruptly decreases intensity in the lens cortex. Samples incubated for 48 hours show a mild patch of dye uptake in the lens center. For 72-hour samples the central mass of dye is darker and more heavily contrasts with the white just superficial to it. This pattern of nonlinear dye uptake indicates that lens microcirculation of MB is influenced by active transport rather than mere passive diffusion.



Additionally, MB seemed to induce shape changes in the lens, making its overall shape more ovular than the typical biconvex. Future work should analyze the curvature changes quantitatively and elucidate the reasoning for such changes.




4 Discussion

The mechanism by which the zonules degraded in CV solution was not evident in this study’s results nor the literature due to CV’s novel use in the lens. Since the tissue cannot be cultured beyond 24 hours with CV, it is not an ideal dye to use in lens stretching research. Notably, all samples showed a slightly decreased permeation on the anterior surface closest to the equator, as shown in Figure 7B. This may be due to the lens anterior having a layer of lens epithelial cells (LECs) that is known to be metabolically active.

EB’s lack of penetration could be due, in part, to its large polar surface area, which indicates the molecule is highly polarized. More importantly, EB molecules have a molecular weight of nearly 880 g/mol, which is 2-3 times as large as the other dyes. This shortcoming prevents any visualization of changes from stretch condition, and as such we were able to determine that EB is an unsuitable dye with which to visually assess lens transport in these culture conditions.

NR is known to act as a pH indicator from 6.8 to 8 as red to yellow, respectively (Sigma Aldrich n.d.). This indicates unstretched NR 6h anteriors had a higher pH and lower acidity than all other test conditions. The mechanism by which stretching preserves the physiological pH in this case is unknown and warrants further inquiry. Perhaps LECs are dependent upon a certain level of tension to remain healthy, and absence of tension led to a buildup of acidic byproducts which manifested in the NR uptake color. This correlation between tension and lens activity would be a natural sequitur from the research suggesting LECs experience mechanotransduction. Additionally, NR lenses showed a similar decrease to CV in absorption at the areas of active cell proliferation on the lens anterior, again suggesting metabolic influence.

The lower permeation of dye at the LEC proliferation sites seen in CV and NR (Figures 7B, 8C) could be due to several factors. The metabolic activity itself or the phenotype of the LECs could have resulted in less uptake. Alternatively, these cells may have absorbed the same amount of dye but processed or degraded it more quickly or more thoroughly than other tissues did. A difference in molecular breakdown chemistry may also relate to the observed color change between NR 6h stretched vs. unstretched.

MB’s irregular concentration gradient strongly supports that the lens has pathways of active transport for certain molecules and does not merely rely on passive diffusion. The increased central concentration of MB seems to occur within the outline of the lens nucleus, which is of a much higher cell density than the surrounding cortex. The ring of low dye concentration between the outer cortex and the outer nucleus defies the expected gradation pattern. That is, where we expect the lens to be darkest on the periphery and lightest in the innermost region, it appears lightest in the central concentric layer and moderate at the nucleus core. Standard fluid dynamics declares that unaided diffusion occurs in a concentration gradient going predominantly from areas of high to low concentration, which we do not see here. As such, a more complex process like active transport must be at work. The pathways illustrated by the dye concur with predicted models of lens diffusion. Full analysis of the chemical differences between the dyes and how this manifested in differing patterns was outside the scope of this paper but should be further explored.

MB samples containing higher posterior concentrations is unusual due to the posterior’s larger area, which intuitively should result in a more diffuse dispersion. This result may suggest that the epithelium of the anterior provides a protective barrier against certain molecules used in this study.

CV and EB were ineffective at visualizing lens transport, in this particular application, due to induced tissue degradation and low penetration depth, respectively. NR dye showed stretch-induced pH differences between anterior and posterior surfaces at 6 hours. Future work should inspect the mechanism of this pH change and how stretching contributes. MB demonstrated clear pathways of active transport with significant anterior-posterior differences, though stretching effects were not apparent within this sample. These findings are in agreement with the microcirculation or FCM by Mathias et al., though CV and MB require more chemical characterization in the lens to be situated in the literature.

This study was limited by both small sample size and lack of statistical quantification. Quantification is possible using image analysis software to convert RBG images into vectors of intensity values, which correlate to dye uptake throughout the lens and could then be compared between experimental conditions. This approach yielded a massive amount of data, best visualized using surface plots, but meaningful statistical analysis was beyond the scope of this study. The raw data were, therefore, not reported. However, this pilot study revealed topics for the focus of future research and eliminated certain ineffective routes of study.

In summary, we investigated the potential role of biomechanical stretching in driving lens transport. The findings generally indicated that lens transport was not significantly altered by stretching, at least on the timescales investigated in this study. It may be that any stretch-induced changes are very transient in nature, acting on the order of seconds rather than hours or days. Studying such brief events is infeasible with the current protocol owing to the lengthy processing of tissue to mount it on the stretcher; it seems likely that the biomechanical manipulations during the mounting process would overwhelm those of the stretching and would confound the effects. Still, it is certainly interesting that stretching may alter the pH of the lens’ anterior and that the distribution of MB within the lens is governed by some active process. Future work should focus on developing a more real-time monitoring of dye uptake, such as in calcium imaging.
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Introduction

Phosphoinositide 3-kinase (PI3K), Phosphatase and tensin homolog (PTEN) and connexin50 (Cx50) have individually been shown to play critical roles in the growth, development and maintenance of the lens and to functionally interact in vitro. To elucidate how gap junctional coupling mediated by Cx50 and intracellular signaling mediated by PI3K and PTEN synergistically interact to regulate lens homeostasis in vivo, we generated and characterized double knockout animal models lacking the p110α subunit of PI3K and Cx50, or PTEN and Cx50.





Methods

We interbred lens specific p110α and PTEN conditional knockout animals with Cx50 deficient mice to generate double knockouts. Animals and eyes were weighed, lenses were dissected, photographed, measured, fixed and sectioned for histological analysis. Lens epithelial cell proliferation was determined using 5-ethynyl-2’-deoxyuridine (EdU) labeling.





Results

Double knockout of p110α and Cx50 led to a significant reduction in lens and eye size, and a high rate of lens rupture. The individual cell proliferation defects of the Cx50 and p110α single knockout lenses both persisted in the double KO. Double deletion of Cx50 and PTEN produced severe lens defects, including cataract, aberrant cell migration, altered cell proliferation, vacuole formation and lens rupture.





Conclusion

The severe phenotypes in p110α/Cx50 and PTEN/Cx50 double deficient lenses suggest that PI3K, PTEN and Cx50 participate in both distinct and common regulatory pathways that are necessary to maintain normal lens growth and homeostasis.
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1 Introduction

Multicellular organisms utilize several mechanisms to provide the intercellular communication needed between cells to achieve the normal growth, differentiation and maintenance of organs. These mechanisms can include communication being directly mediated by the connexin channels present in gap junctions (1–3), or driven by extracellular growth factors binding to receptors and activating intracellular signal transduction cascades (4, 5). Both signal transduction pathways and connexin mediated communication have been shown to play critical roles in the development of the eye lens by numerous laboratories (5–23), however, less is known about the potential interplay between them (24).

Gap junction channels facilitate the direct transport of ions, metabolites, and small signaling molecules between cells of the lens (25). Gap junctions are comprised of hexameric oligomers of connexin proteins (26). When two of these complexes from neighboring cells dock, they form a channel that directly connects the cytoplasm of two cells (27). Three connexins are present in the lens with different patterns of expression: Connexin43 (Cx43) is present in the lens epithelium (28), Connexin46 (Cx46) is expressed in the lens fiber cells (29), and Connexin50 (Cx50) is highly abundant in both cell types (13, 30, 31). Knockout of Cx43 in the lens had no detectable phenotype, while loss of Cx46 resulted in cataract (32–34). By contrast, deletion of Cx50 significantly reduced postnatal lens cell proliferation, particularly in the central epithelium, resulting in deficient lens growth, micropthalmia and cataract (13, 15, 17, 35).

Phosphoinositide 3-kinases (PI3Ks) act downstream of cell receptors to phosphorylate the 3′-hydroxyl group of phosphatidylinositol- (4, 5)P2. This generates phosphatidylinositol- (3–5)P3 (PIP3), which then activates signaling pathways to regulate cell growth, proliferation, and survival (36). PI3Ks are separated into different classes depending upon sequence homology and substrate specificity (37). Class IA enzymes are heterodimers composed of 110kD catalytic and 85kD regulatory subunits. The p110α catalytic subunit is widely expressed, and responds to input from receptor tyrosine kinases (38), generating PIP3, whose most prominent biological function is the activation of the AKT signaling pathway (39–42). PI3K signaling is antagonized by phosphatase and tensin homolog (PTEN), a ubiquitously expressed lipid phosphatase that dephosphorylates PIP3 (43, 44). Regulatory control mediated by the interplay between PI3K and PTEN governs numerous cellular processes in many organs, including the lens (45–47).

The lens contains a monolayer of epithelial cells covering the anterior surface, with fiber cells derived from epithelial precursors filling its core (48). Epithelial proliferation drives lens growth, which predominantly occurs near the equator in the germinative zone (49–51). Lens growth and development are regulated by growth factor signaling, such as that provided by the fibroblast growth factors (FGFs) and fibroblast growth factor receptors (FGFRs) that control lens induction, epithelial cell proliferation and fiber differentiation (5, 18, 52). FGFRs are receptor tyrosine kinases that stimulate the mitogen-activated protein kinase (MAPK, or Ras-Raf-Mek-ErK) or PI3K-AKT intracellular signaling pathways (45, 53, 54). Components of the MAPK pathway have been extensively studied in the lens by genetic dissection using transgenic mice (9, 10, 55–59).

Elucidation of the role(s) played by components of the PI3K/PTEN branch of the intracellular signaling pathway has also been explored using genetically engineered mice. Lens specific deletion of PTEN induced elevated levels of phosphorylated AKT, with distinct consequences depending upon the developmental timing of deletion (6, 60). Deletion at the lens placode stage rescued a cell death phenotype caused by knockout of FGFR2 (6), whereas deletion at the lens vesicle stage inhibited Na+/K+-ATPase activity, leading to lens rupture and cataract (60). Lens specific conditional knockouts of the p110α and p110β catalytic subunits of PI3K alone, or in combination, have also been generated (16). Deletion of p110α significantly reduced eye and lens growth due to altered spatial organization, and a reduced magnitude of lens epithelial cell proliferation on postnatal day 0 (P0). Deletion of p110β did not induce a detectable phenotype, and mice with double knockout of p110α and p110β had the same lens phenotype as p110α single knockout animals (16).

We have previously shown that both Cx50 and PI3K individually regulate postnatal lens cell proliferation and growth in vivo (15, 16, 35). We have also demonstrated that PI3K can specifically modulate the functional activity of Cx50 in vitro (61). We have further established that PI3K/PTEN signaling critically regulates the activity of a broad network of lens ion channels and transporters, including Cx50 (60, 62–64). We do not currently know if Cx50, PI3K and PTEN operate independently, or in a common pathway, in the regulation of lens cell proliferation. We also do not understand the mechanism(s) whereby PI3K/PTEN signaling leads to Cx50 dependent changes in lens differentiation and homeostasis. To address how Cx50 and PI3K/PTEN signaling work together in the lens to maintain clarity, preserve integrity and regulate postnatal mitosis, we have examined the in vivo functional interactions between PI3K, PTEN, and Cx50 using double knockout mouse models.




2 Materials and methods



2.1 Generation of double knockout animals

The Stony Brook University Institutional Animal Care and Use Committee approved all animal experimentation. Mice with a global knockout of Cx50 (17) and lens-specific conditional knockouts of the p110α catalytic subunit of PI3K (16), or PTEN (60), were mated to generate double knockout animals (p110/Cx50α dKO, or PTEN/Cx50 dKO). Briefly, Cx50 KO and p110α floxed (65) mice were interbred to homozygosity. Cx50 KO and PTEN floxed mice (66) were also interbred to homozygosity. MLR10-Cre mice, whose Cryaa driven Cre expression is limited to the lens epithelium and fibers (67), were interbred with both strains to heterozygosity, maintaining the homozygous floxed p110α and PTEN alleles, in addition to the homozygous Cx50 KO alleles. Animal genotypes were confirmed by PCR of DNA from tail biopsies as previously described (16, 17, 60). Due to the mixed genetic background that resulted from the interbreeding of the different strains of original mice, littermate controls (Cx50 KO Cre negative) were used for all experiments. All animals used for breeding had homozygous Cx50 KO and homozygous floxed alleles for either PTEN or p110α, while one member of the breeding pair carried a heterozygous copy of the MLR10-cre transgene. The resulting litters contained half of the animals with no Cre (Cx50 KO controls) and half with a double knockout of p110α/Cx50, or a double knockout of PTEN/Cx50 (dKOs).




2.2 Lens photography and growth measurement

Littermate mice between birth and 24 weeks of age were euthanized by CO2 asphyxia and weighed. Eyes were dissected, weighed, and transferred to 37°C Tyrode solution on a warmed stage. Lenses were removed, transferred to 35mm glass bottom culture dishes and photographed with a SZX16 dissecting microscope attached to a digital camera (Olympus, Waltham, MA). Diameters of lenses were measured from the images, and lens volume was calculated assuming a spherical shape. The incidences of the presence of blood vessels associated with the lens and lens rupture were also recorded (16, 17, 60).




2.3 5-ethynyl-2’-deoxyuridine labeling

Postnatal day 0 (P0) or postnatal day 2 (P2) mice were subcutaneously injected with 50 µg/gm EdU (Click-iT, Thermo Fisher Scientific, Waltham, MA) and then returned to their mothers for 2 hours. Subsequently, lenses were removed and fixed in a 4% formaldehyde in PBS for 1 hour at room temperature (~22°C) and photographed for measurement. Permeabilization and Click-iT staining were performed as described in the manufacturer’s instructions and previously published protocols (16, 68, 69). Z-stacks of fluorescent images were acquired on an Axiovert 200M microscope (Zeiss, Thornwood, NY) and processed using ImageJ. For line-scan analysis, the flattened fluorescent image of EdU staining was manually thresholded, and the plot profile function in ImageJ was used to measure fluorescent intensity across the entire lens diameter as described previously (16, 68). For central epithelial cell counts, a circular region with a diameter equal to the lens radius was drawn over the central region, fluorescent values were thresholded using the color threshold fuction in ImageJ, and EdU stained cells were quantified using the analyze particles function in ImageJ. The number of labeled cells was divided by the circular area to calculate the density of labeled cells.




2.4 Histological staining

Eyes from postnatal day 2 mice were dissected and fixed in 4% formaldehyde in phosphate-buffered saline (PBS) overnight at room temperature. Eyes were rinsed with PBS, dehydrated through increasing ethanol concentrations (50, 70, 70, 80, 95, 100%), and then embedded in paraffin. 2.5 µm sections were cut using a diamond knife, mounted on glass slides and deparaffinized. Slides were stained with hematoxylin-eosin as previously described (16, 60), and histological sections were observed on a BX51 microscope and photographed with a DP72 digital camera (Olympus).




2.5 Statistical analysis

Data were plotted as the mean ± SD, or SEM, as described in each figure. Statistical significance was determined using one-way ANOVA in the Origin software program (OriginLab Corporation, Northampton, MA) with Tukey’s post hoc test. P values less than 0.05 were considered significant.





3 Results



3.1 Double knockout of p110α/Cx50 or PTEN/Cx50 altered lens size, clarity and integrity

Cx50 KO mice (17) containing homozygous floxed p110α, or PTEN alleles (65, 66) were interbred with MLR10-Cre transgenic mice (67) to obtain double knockout animals. All comparisons in this manuscript are made between animals lacking Cx50. As described in the introduction, loss of Cx50 reduced postnatal lens cell proliferation, causing deficient lens growth, micropthalmia and cataract (13, 15, 17, 35). Please see Table 1, and the original knockout papers (16, 17, 60) for a comparison of the single KO mouse phenotypes with wild-type lenses. Lenses isolated from homozygous floxed p110α/Cx50, or PTEN/Cx50 animals lacking the MLR10-Cre transgene (i.e. Cx50 KO) remained intact at all ages examined (Figures 1A–D), with a mild nuclear cataract as previously described (70). By contrast, lenses dissected between 1 and 24 weeks of age from homozygous floxed p110α/Cx50 animals expressing the MLR10-Cre transgene (i.e. p110α/Cx50 dKO) showed a distinct dual pathology. Intact lenses formed the first group, which were noticeably smaller than their Cx50 KO littermates, and no longer displayed the mild nuclear cataract phenotype of the Cx50 KO (Figures 1E–H). The second group of p110α/Cx50 dKO lenses displayed a partial posterior rupture, leaving a small transparent anterior lens fragment attached to posterior lens debris (Figures 1I–L). Lenses dissected between 1 and 24 weeks of age from homozygous floxed PTEN/Cx50 mice expressing the MLR10-Cre transgene (i.e. PTEN/Cx50 dKO) showed a progressive pathology that also included lens rupture. A dense central cataract, the presence of vacuoles, and progressively worsening cortical opacities, characterized the PTEN/Cx50 dKO lenses that remained intact (Figures 1M–P). Lens rupture was not detected at 1 week of age for PTEN/Cx50 dKO lenses, however from 5 weeks of age onward, ruptured lenses were observed with an increasing frequency leaving behind a dense nuclear cataract attached to cortical fragments (Figures 1Q–T). Thus, lens size, clarity, and integrity were all differentially impacted by the double deletion of Cx50 with p110α, or PTEN. p110α/Cx50 dKO lenses were prone to lens rupture, however, intact p110α/Cx50 dKO lenses were much smaller than Cx50KOs, and had lost the central cataract. PTEN/Cx50 dKO lenses had more severe cataracts that either Cx50, or PTEN single KOs, and displayed frequent lens rupture.


Table 1 | Summary of phenotypic differences between single and double knockout animals.






Figure 1 | p110α/Cx50 dKO and PTEN/Cx50 dKO mice show altered lens size, clarity and integrity. Lenses were dissected and photographed at 1, 5, 12, and 24 weeks of age. Cx50 KO lenses (A–D) were intact at all ages studied and contained a mild nuclear cataract. p110α/Cx50 dKO lenses that did not rupture (E–H) were smaller than single Cx50 KOs, and lacked the mild nuclear cataract. Most p110α/Cx50 double KO lenses (I–L) displayed a partial posterior rupture, leaving a transparent anterior lens fragment attached to posterior lens debris. PTEN/Cx50 dKO lenses displayed a more severe phenotype than single Cx50 KO or PTEN KO lenses. Intact lenses (M–P) displayed a dense nuclear cataract and abundant cortical vacuoles. The incidence of total lens rupture increased with age (Q–T). Bar = 1mm, all panels are at the same magnification.






3.2 Double deletion of p110α/Cx50 resulted in reduced eye and lens growth

Previous studies reported that individual knockouts of either Cx50, or p110α, resulted in the lens volume being reduced by 44% and 27%, respectively with a corresponding decrease in eye mass (13, 16, 17). By contrast, single knockout of PTEN resulted in a small increase in lens volume and eye mass (60). To determine the effect of double knockout of Cx50 and p110α or PTEN, changes in animal mass, eye mass and lens volume were quantified over time by weighing mice, weighing eyes, and photographing lenses between postnatal day 0 (P0) and 24 weeks of age in Cx50 KO, p110α/Cx50 dKO and PTEN/Cx50 dKO animals. Lens diameters were measured, and then used to calculate lens volumes as previously described (16, 17, 60, 68). There were no significant differences in body mass between Cx50 KO, p110α/Cx50 dKO and PTEN/Cx50 dKO animals between birth and 24 weeks of age (Figure 2A). By contrast, eye mass in the p110α/Cx50 dKO was significantly reduced (p < 0.05, one-way ANOVA) compared to Cx50 KO and PTEN/Cx50 dKO mice (Figure 2B). At 1 week old, the mass of p110α/Cx50 dKO eyes was reduced 23% and by 12 weeks of age, the eyes were 40% smaller than Cx50 KO mice. By contrast, eyes from PTEN/Cx50 dKO animals were 8-15% larger than Cx50 KO littermates at 5 and 12 weeks of age (p < 0.05). The eye mass data includes all eye samples, regardless of lens rupture status. Similar to eye mass, lens volume in the p110α/Cx50 dKO animals was significantly reduced (p < 0.05) compared to either the Cx50 KO or PTEN/Cx50 dKO (Figure 2C). At P0, the volume of p110α/Cx50 dKO lenses was reduced 35% and at 12 weeks of age the lenses were 37% smaller than those of Cx50 KOs. The lenses from PTEN/Cx50 dKO animals were 8-18% larger than Cx50 KO littermates between 12 and 24 weeks of age (p < 0.05). The lens volume data was calculated from lenses that had not ruptured. These data show that the eye and lens growth deficiencies induced by individual knockout of Cx50 or p110α were compounded in the p110α/Cx50 dKO. The modest effect of single PTEN KO on lens and eye size (60) was not notably altered in the PTEN/Cx50 dKO animals.




Figure 2 | Double knockout of p110α/Cx50 reduced eye and lens growth. Changes in animal mass, eye mass and lens volume were quantified between P0 and 24 weeks of age. Body mass (A) for Cx50 KO, p110α/Cx50 dKO, and PTEN/Cx50 dKO animals was similar at all ages (n = 8-27 animals/genotype/age). Eye mass (B) in the p110α/Cx50 dKO was significantly reduced at all ages (23-40% smaller, p < 0.05, one-way ANOVA, n = 16-42 eyes/genotype/age) compared to either the Cx50 KO or PTEN/Cx50 dKO mice. Between 5 and 12 weeks, eyes from PTEN/Cx50 dKO animals were slightly larger than Cx50 KO (8-15% increase, p < 0.05). Lens volume (C) in the p110α/Cx50 dKO was significantly reduced (up to 37% smaller, p < 0.05, n = 6-36 lenses/genotype/age). Lens volume in the PTEN/Cx50 dKO animals were increased between 12 and 24 weeks of age (8-18% larger, p < 0.05). Data are plotted as mean ± SD. Asterisks indicate significantly different values compared to the Cx50 KO.






3.3 Double knockout of Cx50 and p110α or PTEN increased lens rupture

Previous studies have shown that single Cx50, or p110α, KO lenses never displayed lens rupture (16, 17, 68). By contrast, single PTEN KO lenses displayed an increasing propensity to rupture with age (60). To quantify changes in lens integrity over time, dissected lenses from Cx50 KO, p110α/Cx50 dKO and PTEN/Cx50 dKO animals between birth and 24 weeks were scored for the incidence of lens rupture (Figure 3). Reduced viability or anophthalmia were never observed in either dKO strain. Lenses from p110α/Cx50 dKO mice were intact between P0 and P2, but displayed 65% to 81% rupture between 1 week and 24 weeks of age. Lenses from PTEN/Cx50 dKO mice were intact between P0 and 1 week of age. By 5 weeks of age, PTEN/Cx50 dKO animals had an 18% incidence of lens rupture, which increased to 32% at 12 weeks, and 73% at 24 weeks of age. These data show that loss of either p110α or PTEN from Cx50 KO lenses produced a loss of lens integrity and high incidences of lens rupture. However, the kinetics of lens ruptured differed dramatically between the p110α/Cx50 dKO and PTEN/Cx50 dKO mice.




Figure 3 | Lens rupture increased in p110α/Cx50 and PTEN/Cx50 dKO mice. The incidence of lens rupture was plotted against age between P0 and 24 weeks. No lens rupture was observed in Cx50 KO animals. Lenses from p110α/Cx50 dKO mice were intact up until P2, but then displayed high rates (65-81%) of rupture after 1 week. PTEN/Cx50 dKO lenses displayed an increasing propensity to rupture with age, than was accelerated compared to single PTEN KO mice (60). n = 16-42 lenses/genotype/age.






3.4 Double deletion of PTEN/Cx50 alters the association of blood vessels with the early postnatal lens

In the early mouse eye, the hyaloid artery grows out from the optic nerve head ensheathing the lens as the tunica vasculosa lentis (71, 72). This structure persists during the first postnatal week before regressing prior to eye opening on P14 (73, 74). In PTEN/Cx50 dKO mice, this process appeared to be compromised in a subset of lenses dissected between P2 and P7. All of the postnatal lenses from Cx50 KO and p110α/Cx50 dKO, and the majority of lenses from PTEN/Cx50 dKO animals could be easily dissected away from the tunica vasculosa on P2 (Figures 4A–C). However, 29% (n = 14) of the P2 lenses (Figures 4D–F) and 13% (n = 16) of the P7 lenses (Figures 4G–I) from PTEN/Cx50 dKO could not be separated from highly adherent/penetrant blood vessels that presumably originated from the tunica vasculosa lentis. This phenomenon was not previously observed in wild-type, single Cx50 KO, or single PTEN KO eyes (13, 17, 60).




Figure 4 | Postnatal PTEN/Cx50 dKO lenses show altered interaction with blood vessels. The tunica vasculosa lentis provides a blood supply to the developing lens during the first postnatal week (71–74). All P2 lenses from Cx50 KO (A) and p110α/Cx50 dKO (B) could be dissected away from the blood vessels of the tunica vasculosa. Most lenses (71%, n = 14) from PTEN/Cx50 dKO animals could also be separated from the tunica vasculosa on P2 (C). However, 29% of P2 PTEN/Cx50 dKO lenses could not be separated from highly adherent/penetrant blood vessels (D, anterior view, E side view, F posterior view). On P7, 13% (n = 16) of PTEN/Cx50 dKO lenses were associated with tunica vasculosa blood vessels (G, anterior view, H side view, I posterior view). Bars = 0.5 mm.






3.5 The P0 proliferation defect present in single p110α KO lenses persisted in p110α/Cx50 dKO mice

The pattern of mitosis in p110α single KO lenses was altered on P0, with a large reduction in cell division in the equatorial germinative zone of the lens epithelium (16, 68). To examine postnatal mitosis in p110α/Cx50 mice, lenses from Cx50 KO and p110α/Cx50 dKO mice were labeled with EdU on P0. Cx50 KO lenses showed strong EdU labeling, with the highest level of fluorescence in the germinative zone near the lens equator (Figures 5A, B). By contrast, p110α/Cx50 dKO lenses lacked the ring of increased labeling near the equatorial germinative zone, and showed a more uniform pattern of EdU incorporation across the lens epithelium (Figures 5D, E). Line scans of the mean fluorescent intensity taken across the lens diameter (black lines, ± the SEM green bars) confirmed this change in mitotic pattern between EdU labeled images from P0 Cx50 KO (Figure 5C) and p110α/Cx50 dKO lenses (Figure 5F, arrowheads). All P0 Cx50 KO lenses displayed large peaks of EdU fluorescent intensity in the equatorial germinative zone (n = 5). By contrast, all P0 p110α/Cx50 dKO lenses lacked the equatorial peaks, and had maximum mean values of fluorescence that ranged from 35% to 39% lower than Cx50 KO lenses (n =4). These data show that further deletion of Cx50 from p110α knockout lenses did not restore normal P0 epithelial cell proliferation.




Figure 5 | P0 p110α/Cx50 dKO lenses showed a large reduction in cell division in the equatorial germinative zone of the lens epithelium. Lenses from Cx50 KO (A, B) and p110α/Cx50 dKO (D, E) animals were labeled with EdU (green A, B, D, E) and Hoechst (blue A, B, D, E) on P0. Z-stack images were created looking onto the epithelial surface (A, D), or onto the lens edge (B, E). Plots of mean values of line scans (black lines, ± the SEM green bars) of EdU fluorescence taken across the lens diameter (C, F) showed that the p110α/dKO lenses (F) had reduced peak proliferation in the equatorial germinative zone (black arrowheads) compared to Cx50 KO lenses (C). n = 4-5 lenses per genotype. White boxed area in A depicts a representative scan region. Bar = 0.5 mm.






3.6 PTEN/Cx50 dKO lenses did not rescue central epithelial proliferation and displayed altered distribution of nuclei on P2

Single PTEN KO lenses were previously shown to display robust postnatal EdU labeling with a pattern similar to wild-type animals with the highest level of fluorescence in the germinative zone near the lens equator (68). By contrast, single Cx50 KO lenses previously showed decreased DNA replication on P2, especially within the central anterior epithelium (15). To examine mitosis on P2 in in p110α/Cx50 and PTEN/Cx50 dKO animals, lenses from Cx50 KO, p110α/Cx50 dKO and PTEN/Cx50 dKO mice were labeled with EdU. On postnatal day 2, Cx50 KO (Figures 6A, B), p110α/Cx50 dKO (Figures 6E, F), and PTEN/Cx50 dKO (Figures 6I, J) lenses all displayed the greatest levels of proliferation in the equatorial germinative zone. Similar to p110α KO mice (16), P2 p110α/Cx50 dKO lenses had recovered the deficit of proliferation in this region that was evident on P0. The mean values of line scans (black lines, ± the SEM green bars) of EdU fluorescence taken across the lens diameter confirmed that the p110α/Cx50 dKO lenses had recovered peak proliferation in the equatorial germinative zone on P2 (Figure 6H). All three of the Cx50 deficient lenses also showed decreased EdU incorporation in the central lens epithelium (Figures 6M–O), consistent with prior studies (15, 35), with the lowest levels observed in the Cx50 KO and PTEN/Cx50 dKO animals (Figure 6P). The Hoechst staining of nuclei in the PTEN/Cx50 dKO lenses (Figures 6J, K) further illustrated a loss of organization of nuclei in the equatorial bow region, compared with the dense band of nuclear staining seen in both Cx50 KO and p110α/Cx50 dKO mice where new fiber cells become internalized (Figures 6B, C, F, G, white arrowheads). Lens nuclei in the P2 PTEN/Cx50 dKO animals failed to internalize in the bow region and were diffusely distributed and displaced toward the posterior pole. These data suggest that the independent additive effects of transient loss of proliferating epithelial cells in the germinative zone on P0 and in the central zone on P2, as seen previously in the single p110α and Cx50 KO mice respectively could cause the significant reduction in lens size following p110α/Cx50 double deletion. They further show that double deletion of PTEN/Cx50 disrupted the spatial organization of lens nuclei.




Figure 6 | PTEN/Cx50 dKO lenses did not rescue central epithelial proliferation and displayed altered distribution of nuclei on P2. Lenses from Cx50 KO (A–C), p110α/Cx50 dKO (E–G) and PTEN/Cx50 dKO (I–K) animals were labeled with EdU (green A, B, E, F, I, J) and Hoechst (blue A, B, E, F, I, J) on P2. High contrast grayscale images of stained nuclei (C, G, K) were generated to highlight changes in distribution between genotypes. Z-stack images were created looking onto the epithelial surface (A, E, I), or onto the lens edge (B, C, F, G, J, K). Plots of mean values of line scans (black lines, ± the SEM green bars) of EdU fluorescence taken across the lens diameter (D, H, L) showed that p110α/Cx50 dKO lenses had recovered peak proliferation in the equatorial germinative zone (H), and that PTEN/Cx50 dKO lenses displayed EdU incorporation that peaked in the germinative zone (L). Hoechst staining in the PTEN/Cx50 dKO lenses (J, K) illustrated that equatorial nuclei were diffusely distributed and displaced toward the posterior pole, compared to the dense band of nuclear staining seen in Cx50 KO and p110α/Cx50 dKO mice where new fiber cells become internalized (B, C, F, G, white arrowheads). Quantitation of central proliferation (M–O) revealed an elevated mean density of EdU positive lens epithelial cells in p110α/Cx50 dKO (P) mice compared to Cx50 KO or PTEN/Cx50 dKO animals (p < 0.05). n = 4-5 lenses per genotype. Bar = 0.5 mm. Open squares are raw data, filled circles are the mean ± SD. Asterisk indicates significantly different values compared to the Cx50 KO.






3.7 Double deletion of PTEN/Cx50 resulted in histological abnormalities in the lens

To compare the histology of Cx50 KO, p110α/Cx50 dKO and PTEN/Cx50 dKO lenses, eyes from mouse pups on P2 were dissected, fixed, sectioned and stained with hematoxylin and eosin. Sagittal sections through the central region of Cx50 KO lenses (Figure 7A) contained a central zone where the lens fibers displayed reduced eosinophilic staining as previously described (17). The bow region of Cx50 KO lenses was normal (Figure 7B), although there was evidence of delayed denucleation of differentiated fiber cells as formerly reported (13). Consistent with the absence of nuclear cataract shown in Figure 1, the p110α/Cx50 dKO lenses lacked the central zone of reduced eosinophilic staining (Figures 7C, D). In addition, p110α/Cx50 dKO lenses often displayed posterior defects that may represent early stages of lens rupture. By contrast, PTEN/Cx50 dKO lenses showed severe histological anomalies (Figures 7E, F). The bow region failed to form properly, with shortened lens fibers and their associated nuclei displaced toward the posterior lens, consistent with the Hoechst staining described above (Figures 6J, K). This equatorial area also contained large vacuoles, and additional histological defects were present in the anterior and posterior regions of PTEN/Cx50 dKO lenses. Thus, double deletion of PTEN/Cx50 from the lens induced several histological defects in the lens.




Figure 7 | PTEN/Cx50 dKO lenses showed histological abnormalities. P2 eyes were fixed, embedded in paraffin and sectioned. Sagittal sections through the central region were stained with hematoxylin and eosin. Cx50 KO lenses (A) contained a central zone of reduced eosinophilic staining. The bow region of Cx50 KO lenses (B) showed delayed denucleation of differentiated fiber cells. p110α/Cx50 dKO lenses (C, D) were similar to Cx50 KOs, but had normal eosinophilic staining, and often displayed posterior defects. PTEN/Cx50 dKO lenses (E, F) had several histological anomalies. The bow region failed to form properly, with shortened lens fibers and their associated nuclei displaced toward the posterior lens. The equatorial area also contained large vacuoles, and additional histological defects were present in the anterior and posterior regions. Bars = 100 µm.







4 Discussion

We have generated and characterized p110α/Cx50 and PTEN/Cx50 double knockout mice with the goal of improving our understanding of the integration of gap junctional communication mediated by Cx50 with the intracellular signaling activity of PI3K and PTEN in the pathophysiology and normal physiology of the lens. As summarized in Table 1, double deletion of Cx50 and p110α resulted in a unique phenotype compared to both of the respective single knockouts. The microphthalmia, proliferation defects, and smaller sizes of single Cx50 KO and p110α KO lenses (15–17) were additively intensified in the p110α/Cx50 dKO. In addition, a novel rupture phenotype, never observed in the single KOs, appeared in the p110α/Cx50 dKO with a rapid time course of development. Double knockout of PTEN and Cx50 produced lenses with some features similar to each of the respective single knockouts. The smaller eye and lens size of the Cx50 KO was not notably altered by further removal of PTEN in the dKO. By contrast, the cataract and rupture phenotype seen in single PTEN KO lenses (60) was more severe and had a faster time course in the PTEN/Cx50 dKO mice. Two novel phenotypes also emerged, that were absent in the respective single KOs. PTEN/Cx50 dKO animals had postnatal lens fiber differentiation defects that resulted in disorganized and anteriorly displaced cell nuclei. Finally, a subset of PTEN/Cx50 dKO lenses displayed an anomalous association with blood vessels of the tunica vasculosa lentis during the first postnatal week.

The lens growth pattern in rodents undergoes a change at P0, the time point where we observed a large decrease in dividing epithelial cells in the germinative zone of p110α/Cx50 dKO lenses. During embryonic development, the diameter of the lens increases linearly while the lens volume grows exponentially (75, 76). During the first postnatal week, lens growth occurs in an oscillatory manner corresponding to epithelial cell cycle timing that can be simulated by pulsatile administration of growth factors to organ-cultured lenses (77, 78). In single p110α KOs, peak lens epithelial cell proliferation in the germinative zone vanished at P0, despite being clearly evident on E17 and P2 (16). In p110α/Cx50 dKO lenses, germinative zone peak proliferation also transiently vanished at P0, but returned by P2. This suggests that both embryonic and postnatal growth mechanisms can produce maximum cell division in the germinative zone that do not require the activity of p110α. However, the transition period between these two distinct growth mechanisms on P0 was affected by the absence of p110α activity, in a manner that was independent of the presence of Cx50.

Loss of Cx50 activity was also correlated with discrete temporal changes in epithelial cell proliferation linked to significant reductions in lens size. Knockout of Cx50, or its replacement with Cx46 by genetic knocking, resulted in significantly smaller lenses that failed to generate a single pulse of postnatal epithelial cell proliferation on P2 (15, 17, 23, 35). Cx50 functional activity reaches a peak in early postnatal epithelial cells when lens mitosis switches to the pulsatile growth pattern, and Cx50 conductance can be significantly upregulated by p110α activity (35, 61). The finding that the two distinct lens growth defects persisted independently in the p110α/Cx50 dKO, and resulted in a much smaller lens that either single KO, suggests that there was no functional epistasis between the Cx50 and p110α growth deficits, despite their ability to functionally interact in vitro (61).

The vast majority of p110α/Cx50 dKO lenses underwent a posterior rupture within 1 week of age. This was unexpected, as neither Cx50, nor p110α, single KO lenses ever displayed lens rupture (16, 17, 68). Both p110α and Cx50 play a central role in the regulation of intracellular hydrostatic pressure in the lens (62–64), so it is possible that the combined loss of their activities led to a catastrophic loss of homeostasis. PTEN antagonism of p110α signaling is critical to maintain lens homeostasis (68). In single PTEN KO lenses, unchecked p110α activity reduced epithelial cell Na+/K+-ATPase activity (60), causing reduced sodium and water efflux mediated by the lens circulation (79, 80), and resulted in increased intracellular hydrostatic pressure and lens rupture. The incidence and kinetics of lens rupture in the PTEN/Cx50 dKO was also accelerated compared to the single PTEN KO (60), highlighting the importance of Cx50 and PTEN in regulation of the lens circulation. Elucidation of the precise mechanisms whereby Cx50, PI3K and PTEN collaboratively preserve lens homeostasis will require additional investigation.

The PTEN/Cx50 dKO mice displayed two additional defects that were not previously observed in wild-type mice or the respective single KOs (13, 17, 60). First, blood vessels, presumably from the tunica vasculosa lentis, became highly adherent to a subset of PTEN/Cx50 dKO lenses between P2 and P7. The reasons for this alteration in tunica vasculosa structure, and how these changes were driven by the combined loss of Cx50 and PTEN in the lens are not known. Second, newly differentiated fiber cells in the bow region failed to elongate properly and migrated posteriorly, leading to displaced and disordered cell nuclei. The cytopathology in PTEN/Cx50 dKO animals was amplified when compared to the specific and limited histological defects present in either PTEN or Cx50 single KO lenses (17, 60). PTEN/Cx50 dKO lenses also showed a less organized band of new fiber nuclei in the bow region. Examination of the nuclear distribution by Hoechst staining showed that Cx50 single KOs had a clearly demarcated transition zone where the anterior epithelium ended and fiber differentiation began. By contrast, disordered surface nuclei persisted well toward the posterior pole in PTEN/Cx50 dKO lenses. Fiber cell differentiation is largely regulated by FGF signaling (5, 6, 81), although in the absence of PTEN the differentiation process can be influenced by non-FGF signaling pathways (7). Cx50 also affects lens fiber differentiation (13, 21, 82), and it is possible that the loss of both modes of communication could not be compensated for in the PTEN/Cx50 dKO lenses.

We have examined interaction between Cx50 mediated gap junctional communication and PI3K/PTEN signaling in the lens using an in vivo methodology involving mice with multiple gene knockouts. Double knockout of p110α and Cx50 significantly reduced eye and lens size, and resulted in a high rate of lens rupture starting in the first postnatal week. Cell proliferation defects identified in the single Cx50 and p110α knockouts were maintained in the p110α/Cx50 dKO lenses. Double deletion of Cx50 and PTEN produced severe lens defects, including cataract, aberrant cell migration, vacuole formation and lens rupture. Taken together, these observations suggest that interaction between PI3K/PTEN signaling and Cx50 mediated intercellular communication may participate in the regulation of lens cell proliferation, differentiation and homeostasis, and that loss of this regulation may contribute to a variety of developmental defects. Further study of how lens gap junction channels and PI3K/PTEN signaling work together to maintain clarity, preserve integrity and regulate postnatal mitosis could provide broad insights into the regulation of channel/transport activity in other tissues.
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Protein:

: Modified . . o
Peptide . Peptide with Modification
Residues

oA-crystallin: 3L Cl YRLPSNVDQSALSC(ALK)SLSADGM
118-145 ’ (OX)LTFC(DHA)GPK
oB-crystallin: . LFDQFFGEHLLES(DHA)
22-56 DLFPTSTSLSPFYLRPPSFLR
O‘B;‘;yslt;’gm’ T170 EEKPAVT(DHB)AAPK
BA3-crystallin: o M(OX)EFTSSC(DHA)
46-58 PNVSERSEDNVR
BA3-crystallin: o SLKVESGAWIGYEHTSFC(DHA)
65-95 GQQFILERGEYPR
A3- tallin:
B lzc;y: - m T127 M(OX)T(DHB)IFEKENFIGR
A 3- tallin:
B 1;?:77 C170 IQSGAWVC(DHA)YQYPGYR
A4- tallin:
B C;y; n Cs T(ACE)LQC(DHA)TK
Ad- tallin:
B 2?’:5 m C33 RHEFTAEC(DHA)PSVLELGFETVR
[3A41-5c;y:t7a7111n: C166 GFQYVLEC(DHA)DHHSGDYK
B1- tallin:
B ;;";2 m c79 RAEFSGEC(DHA)SNLADRGFDRVR
BB2-crystallin: . AGSVLVQAGPWVGYEQANC(DHA)
49-81 KGEQFVFEKGEYPR
- tallin:
L Clrg 532 C19, C23 SYEC(DHA)TTDC(ALK)PNLQPYFSR
- tallin:
C CIIZ S3 : C23 SLHVLEGC(DHA)WVLYELPNYR
- tallin:
™ ';12'838 m C19 HYEC(DHA)SSDHPNLQPYLSR
yD-crystallin: oo, CLLL EDYRGQMIEFTEDC(DHA)SC(ALK)
102-117 ’ LQDRFR
YS-crystallin: YDC(ALK)DC(ALK)DC(DHA)
20-36 (23, C2a 27 ADFHTYLSR
BESP1:
ree 7 C259 SAHEC(DHA)YDDEIQLYNEQIETLRK
BFSP2:
s C65 APGVYVGTAPSGC(DHA)IGGLGAR
BESP2: L SSGLATVPAPGLERDHGAVEDLGGC
90-121 (DHA)LVEYMAK
BFSP2:
L 175 ci161 ASWASSC(DHA)QQVGEAVLENAR
BFSP2: dons QLAGC(DHA)
251-276 ELEQMDAPIGTGLDDILETIR
BESP2:
118336 C326 VELHNTSC(DHA)QVQSLQAETESLR
CBR1:
10134 C122 DVC(DHA) TELLPLIKPQGR

*ALK refers to alkylated and a mass shift of 57.0215. OX refers to oxidized and a mass shift of
15.9949. ACE refers to acetylated and a mass shift 0f42.0106. C(DHA) refers to a mass shift of
-33.9877. S(DHA) and T(DHB) refer to a mass shift of -18.0106. BFSP1 and BFSP2 refer to
filensin and phakinin, respectively.
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Cx50 reduced 32% reduced 44% reduced on P2 in central zone none (15, 17)
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OPS/images/fopht.2025.1502836/fopht-05-1502836-g004.jpg
p110a/Cx50 dKO PTEN/Cx50 dKO

PTEN/Cx50 dKO PTEN/Cx50Q dKO.
igkt"“ : } . - 2






OPS/images/fopht.2024.1407582/fopht-04-1407582-g006.jpg
GSH concentration

&3

AH GSH Concentration (pM)

(Rescaled to max)

Lens GSH Concentration (uM) 3=

M2
=
=
=

-
en
=
o

80

60

40

20

6am 10am 2pm 6pm 10pm 2am 6am

Bam 10am 2pm 6pm 10pm 2am 6am

Bam 10am 2pm &pm 10pm 2am 6&am

Lens GSSG Concentration (pM) ©

o

AH GSSG Concentration (pM)

[
=
o
=

1500

1000

200

Bam 10am 2pm 6pm 10pm 2am Bam

80
60
40

Bam 10am 2pm 6pm 10pm 2am 6am






OPS/images/fopht.2024.1407582/table1.jpg
Gene Name Primer Sequence Amplicon

(GenBank (5"-3) Size (bp)
Accession #)

B-actin Forward: 171
AGCCATGTACGTAGCCATCC

(NM_001101.5) Reverse:
TCTCAGCTGTGGTGGTGAAG

Bmall Forward: 215
CCGATGACGAACTGAAACACCT

(NM_024362) Reverse:
TGCAGTGTCCGAGGAAGATAGC

Clock Forward: 110
TCTCTTCCAAACCAGACGCC

(NM_021856) Reverse:
TGCGGCATACTGGATGGAAT

Cryl Forward: 271
TGCTCCTGGAGAGAATGTCC

(NM_198750) Reverse:
TGACTCTCCCACCAACTTCA

Cry2 Forward: 155
GGATAAGCACTTGGAACGGAA

(NM_133405) Reverse:
ACAAGTCCCACAGGCGGT

Perl Forward: 164
ACACCCAGAAGGAAGAGCAA

(NM_001034125) Reverse:
GCGAGAACGCTTTGCTTTAG

Per2 Forward: 195
GAGAGAGGAACAGGGCTTCC

(NM_031678) Reverse:
TTGACACGCTTGGACTTCAG

Per3 Forward: 104
ATAGAACGGACGCCAGAGTGT

(NM_023978) Reverse:
CGCTCCATGCTGTGAAGTTT

Nrf2 Forward: 56
GTTGAGAGCTCAGTCTTCAC

(NM_031789) Reverse:
CAGAGAGCTATCGAGTGACT

Gcle Forward: 129
ATCTGGATGATGCCAACGAGTC

Catalytic Reverse:

Subunit CCTCCATTGGTCGGAACTCTACT

(NM_012815)

Gs Forward: 169
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(NM_053906.2) Reverse:
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Class of filter Molecules References

Primary Kynurenine (105, 263)
3-hydroxykynurenine (30HK) (93, 102, 217)
3-hydroxykynurenine (216, 266)
glucoside (30HKGQG)

Secondary GSH-kynurenine (91, 267)
GSH-30HK (267)
GSH-30HKG (117, 268-270)
Cys-30HKG (118)
4(2-amino-3-hydroxyphenyl)-4- (94, 268)
oxobutanoic acid O-B-D-glucoside
4(2-amino-3-hydroxyphenyl)-4- 7 (99, 115, 267)
oxobutanoic acid O-B-D-di-glucoside

Modified Kynurenine-yellow (109)
30HK-yellow (109)
30HKG-yellow (109)
3-hydroxyanthranillic acid (102, 104)

Damaging/ N-formyl-kynurenine (104)

toxic products

Kynurenic acid
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(95, 128)

(95, 126)

Oxo-, dioxo-, XAG

(128)

Protein interacting

Protein-kynurenine

(96, 131)

Protein-30HK

30HK crosslinked products

Protein-30HKG

(119, 134)
(110)

(110)

Primary and secondary filters act to dissipate incoming UV light without the formation of
reactive or damaging species. The damaging and toxic products produce singlet oxygen and
superoxide when excited by UV light, and protein bound filters produce peroxide and
hydroxyl radicals when excited by UV light.
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downregulation (W) is shown in red. Genes that did not change across any of the characterized groups are not included in the table.





OPS/images/fopht.2024.1410860/table2.jpg
Epha2 Lens Epithelium Efnas Lens Epithelium

Mean AC, Summary YKO MwT YKO MKo

Mean Mean Mean  StDev.

Epha3 104 1764 N 1139 0365 In Noise & Range Noise R 1 Noise Rang I

Ephat 1 Noise Rars N 12s ost 1o Nowe Fane 1079 112 ows fan e 0% | nNoweR
Ephas™ 758 o413 799 1103 748 oass 565 o | zeomeaw o am ow o o
Ephas® 1061 1734 102 069 1061 0196 1130 0793 1042 0339 118 1582 1ot 0206 n

Ephas™ 916 0234 959 0570 913 0286 1016 0592 o9 | oom 1065 0793 931 0436 108 0321
Ephas™™* 1 Noise R I . I . I B Noise R Noise In Noise R
Eplas o T In N T T Noise 5

Ephas 1097 2191 In N Rang 1156 1252 1o Noise ne 200 s N T
Eplion 106t 1395 s 0570 149 osts un osss 110 L1t e 036

Eoli2 ou 030 e o791 sa0

Ephbs 599  ss 0279 su

Ephba"" 815 822 629 7:7

Ephba s s ose 3%

Eplibs s a9 o s

Brar" 4 459 T

Efna1*? Range In Noise Range I e R

Euaz o1z 0751 110 035 029 052 1060 0157 1028 0 10 1150 ™ oss  1isa | 03
Eagor s 046 Noke Rarge 1028 oses R e 30 e uss 031 na oses |

P . ) . . - . B

Eat 707 0407 706 o105

Enas"®> | am s | om

Efnas™ 624 0234 639 0670 552 oo |

bt [ | I s |

Eiz P 0256 P 0538

b3 838 0099 938 0379 05 | 0321 952 179

A summary of mean AC, and standard deviation from epithelial cell eadings. Expression levels are color coded in 5 categories: 3-color gradients ranging from dark to light shading indicate high tolow expression, respectivelys gray boxes with faded text indicate readings in
the noise range (AC 2 11.9); Stippled boxes indicate undetermined or non-detected readings. Data sets with fewer than 3 replicates and/or a mean in the noise range were removed.





OPS/images/fopht.2024.1410860/fopht-04-1410860-g001.jpg
Eph Subtypes Epithelium
20 B Ephb

Gene Expression (ACq)

BB Young Adult Epha2** [4] Middle Aged Epha2** [l Young Adult Epha2™ Middle Aged Epha2™

207 ¢ Epha D Ephb Efnab Strain

Gene Expression (ACq)
=

[
[$,]

BB Young Adult Efmas**  [+] Middle Aged Efna5"* [l Young Adult Efnas™~ [2] Middle Aged Efna5™~





OPS/images/fopht.2024.1410860/fopht-04-1410860-g002.jpg
Ephrin Subtypes Epithelium

20 A Efna

B Efmb YL ErANE

-
o

Gene Expression (ACq)
-
o

|
(3]

Middle Aged Epha2™"

Efna5 Strain

209¢ Efna

=

(5}
*
*

Gene Expression (ACq)
—
o

[ %

[
Knockout

[ ¥
Knockout

|
o
B
[

N v & P X & N A 9 %
N N o S % K\ ) 0 o) Re)
AR AR A SR SRR ¢ & &
¢ ¢ ¢

BB Young Adult Efra5**  [+] Middle Aged Efna5** [l Young Adult Efna5™~ [2] Middle Aged Efna5™






OPS/images/fopht.2024.1410860/fopht-04-1410860-g003.jpg
Eph Subtypes Fibers

Gene Expression (ACq)

B Young Adult Epha2*”* [+] Middle Aged Epha2** [l Young Adult Epha2™ Middle Aged Epha2™-

Efna5 Strain

Gene Expression (ACq)

BB voung Adult Efma5**  [+] Middle Aged Efmas** [l Young Adult Efnas5” [2] Middle Aged Efna5™





OPS/images/fopht.2024.1410860/fopht-04-1410860-g004.jpg
Ephrin Subtypes Fibers

-
3]

|
o

Gene Expression (AC))
—
o

In Noise Range
In Noise Range

)
=]
£
o
12
o
2
o
z
=

o

Middle Aged Epha2*”* [l Young Adult Epha2”~ [2] Middle Aged Epha2™"

20 ¢ Efna D Efnb Efnab Strain

o
S 15 * * * * * * *
c
o J = S ——— - S— e
2| i £ 2 & N Ik
o z z z Z o S S
= £ = = X X £
0
D {2 9 v\c’ Q X el X\ N 9 S
N N @ o & & N ) N N O
& ® & 5 S ¢ £ «® & &8
& e ¢

BB Young Adult Efna5**  [+] Middle Aged Efma5** [l Young Adult Efra5~ [2] Middle Aged Efna5™~






OPS/images/fopht.2024.1387961/fopht-04-1387961-g004.jpg
A Anterior Chamber Depth
3 _—
E
= 0.4 *%
£ e
©
2
5
So2
5]
5
B0t
2
H

politd LU LLOLH L L) LT L)

0751 2 4 5 6 7 8 10 1" 12
Postnatal Month

B Vitreous Chamber Depth
st
£
§07
b
£o06
3
o5
o
2
€04
§
]
O 0.3
”
3
goz
>o01

0.0

0751 2 4 5 6 7 8 10 " 12

Postnatal Month

—-—WT
o= CxS0KO

—WT
= CNSOKO

2.0

15

00

[l

el

2m WT
6m Cx50KO





OPS/images/fopht.2024.1387961/table1.jpg
3 weeks 1.667+0.024 (n=5)

3.046%0.033 (n=5)
3.173%0.047 (n=4)
3.245%0.020 (n=8)
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0.563+0.026 (n=8)

1 month 1.76+0.010 (n=4)
2 months 1.916+0.017 (n=8)
6 months 2.221+0.010 (n=8)
12 months 2.328+0.033 (n=5)
Cx5! Age LT (mm)

| 3 weeks 1.366+0.032 (n=10)
1 month 1.409+0.011 (n=12)
2 months 1.659+0.011 (n=6)

‘ 6 months 1.923+0.015 (n=8)
12 months 2.010+0.012 (n=8)

The data are shown as mean + standard deviation (n = number of individual eyes measured).

3.678+0.047 (n=5)

AL

2.706+0.019 (n=6)
2.720+0.033 (n=12)
2.966+0.0493 (n=4)
3.140£0.026 (n=8)

3.21240.029 (n=8)

0.452+0.021 (n=5)

ACD (mm,
026520018 (n=13)
0.283+0.014 (n=12)
0.325+0.011 (n=6)
| 034220010 (n=8)

0.35120.014 (n=8)

0.5330.036 (n=5)

VCD (mm

0.7430.040 (n=6)
0.688+0.022 (n=12)
0.609+0.030 (n=4)
0.547+0.019 (n=8)

0.507+0.013 (n=8)
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Age LT (%) A ACD ( AVCD (¢

3 weeks -18.05+2.27% ** -11.14+1.15% ** -14.8517.99% *** 1.88+6.07%

1 month -19.93+£0.79% ** -14.29+1.64% ** -16.13+5.77% ** -5.56+4.72% **
2 months “13.41£0.96% ** -8.58+1.62% ** -9.85+3.85% ** -6.285.90%

6 months “13.40£0.78% *** “11.21£0.95% *** -19.63+3.49% *** 2.9415.60%
12 months -13.68+1.33% ** -12.68+1.35% ** -22.35:+4.84% ** -4.726.94%

Negative values are percentage reduction, positive values are percentage increase. The data are shown as mean + standard deviation. Two-sided Wilcoxon test was performed for statistical
analysis, *P < 0.05, **P < 0.01, ***P < 0.001.
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A summary of mean AC and standard deviation from fiber cell readings. Expression levels are color coded in 5 categories: 3-color gradients ranging from dark to light shading indicate high to low expression, respectively; gray boxes with faded text indicate readings in the
noise range (AC 2 11.9); Stippled boxes indicate undetermined or non-detected readings. Data sets with fewer than 3 replicates and/or a mean in the noise range were removed
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A summary table of significant gene expression hits in fiber cells across Epha2 and Efnas strains. Young-adult (Y) vs. middle-aged (M) comparisons (columns 1 and 2 in each set) indicate age-
related changes, while wild-type (W) vs knockout (KO) comparisons in columns 3 and 4 indicate a genotype-related change. Gene upregulation (A) is indicated in black, while downregulation
(W) is shown in red. Genes that did not change across any of the characterized groups are not included in the table.





