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Purpose: To adopt molecular screening in asymptomatic individuals at high risk of developing keratoconus as a combinative approach to prevent subclinical patients from post-refractive surgery progressive corneal ectasia.

Methods: In this study, 79 Chinese and nine Greek families with keratoconus were recruited, including 91 patients with clinically diagnosed keratoconus as well as their asymptomatic but assumptive high-risk first-degree relatives based on underlying genetic factor. Mutational screening of VSX1, TGFBI, and ZEB1 genes and full clinical assessment including Pentacam Scheimpflug tomography were carried out in these individuals.

Results: Five variants in VSX1 and TGFBI genes were identified in three Chinese families and one Greek family, and four of them were novel ones. Surprisingly, ultra-early corneal changes in Belin/Ambrosio Enhanced Ectasia Display of Pentacam corneal topography together with co-segregated variants were revealed in the relatives who had no self-reported symptoms.

Conclusions: Variants of VSX1 and TGFBI genes identified in both the clinically diagnosed and subclinical patients may cause the keratoconus through an autosomal dominant inheritance pattern, with different variable expressivity. Combining genetic with Belin/AmbrosioEnhanced Ectasia Display can be used to identify patients with latent keratoconus. This study indicates that genetic testing may play an important supplementary role in re-classifying the disease manifestation and evaluating the preoperative examination of refractive surgery.
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INTRODUCTION

Keratoconus (KC, OMIM 148300) is a bilateral non-inflammatory ectasia disorder, sometimes asymmetric and characterized by progressive thinning, bulging, and a conical protrusion of the cornea (Krachmer et al., 1984; Rabinowitz, 1998). It is a relatively common disease with a prevalence ranging from 0.3 to 2,300 per 100,000, affecting both genders and diverse populations around the world (Gokhale, 2013), with higher frequency among certain ethnicities such as in Asians and Middle Easterns (Kok et al., 2012; Gokhale, 2013). It has been known that both genetic and environmental factors contribute to the disease occurrence (Gomes et al., 2015). Although most KC cases are sporadic, the incidence of familial aggregation in KC patients ranges from 6 to 23.5%, and first-degree relatives of KC patients have higher prevalence than the general population. High concordance of KC has been reported in studies of monozygotic twins. Most studies suggest an autosomal dominant mode of inheritance with different variable expressivity (Wang et al., 2000; Rabinowitz, 2003; Romero-Jimenez et al., 2010). These findings support the dominant role of a genetic factor in the pathogenesis of KC.

Over the years, many studies have postulated multiple chromosomal regions and genes (e.g., 5q31, 15q22.32-24.2, VSX1, TGFBI, ZEB1, MIR184, SOD1, and ZNF469) to be causative; therefore, KC is suspected to be a genetically heterogeneous disease (Rabinowitz, 2003; Valgaeren et al., 2018). The VSX1 (OMIM 605020) gene is the most extensively studied gene as a candidate KC gene. An association has been established between VSX1 gene and the pathogenesis of posterior polymorphous dystrophy (Bykhovskaya et al., 2016). Although the role of VSX1 gene in KC remains controversial, various VSX1 gene variants have been identified to be associated with KC in different populations (Shetty et al., 2015; Bykhovskaya et al., 2016; Karolak et al., 2016). It is reported that the expression of VSX1 has been detected in adult corneas during corneal wound healing (Barbaro et al., 2006). The second candidate KC gene is the TGFBI (OMIM 601692) gene, which is responsible for Fuchs endothelial corneal dystrophy. TGFβ1 is reported to be involved in corneal scar formation and fibrosis (Zahir-Jouzdani et al., 2018), and recently, a study found that downregulation of the core elements of the TGF-β pathway influences corneal organization in KC cornea (Kabza et al., 2017). Recently, several mutations in TGFBI were identified in Chinese and Polish KC patients, indicating a potential role of TGFBI gene in KC pathogenesis (Guan et al., 2012; Bykhovskaya et al., 2016; Karolak et al., 2016). The ZEB1 (OMIM 189909) gene is also a candidate gene of KC. This gene has been repeatedly reported in corneal dystrophy. Lechner et al. and Mazzotta et al. have identified the same missense variant c.1920G > T of ZEB1 gene in different patients with KC and other corneal dystrophies, suggesting a potentially significant role of ZEB1 gene in KC pathogenesis. The above three genes (VSX1, TGFBI, and ZEB1) have been widely studied and have been reported to be related to KC as well as other corneal genetic diseases. Consequently, we selected the above three genes as the target genes for preliminary molecular sequencing, for exploring genetic etiology of KC patients in this study.

In the present study, both genetic and clinical examinations were carried out in clinically diagnosed patients and all relatives. We focused on the genetic etiology and clinical phenotype of asymptomatic relatives, who were at high risk of developing KC, to explore whether molecular screening could be adopted as a combined approach to prevent subclinical patients from post-refractive surgery progressive corneal ectasia.



MATERIALS AND METHODS

This multicenter descriptive cross-sectional study was approved by the Institutional Review Board of The Eye Hospital of Wenzhou Medical University and The Emmetropia Mediterranean Eye Institute. The study adhered to the tenets of the Declaration of Helsinki. Written informed consent was obtained from all subjects prior to this study.


Participant Recruitment

For this study, participants were recruited through patients who were admitted to The Eye Hospital of Wenzhou Medical University or The Emmetropia Mediterranean Eye Institute. A total of 88 families with KC, including 79 Chinese and nine Greek families, were recruited. Each family included a proband with clinically diagnosed KC and first-degree relatives of the proband; the parents of the proband must be included at least, regardless of whether they were asymptomatic or diagnosed as having KC. All the subjects were diagnosed by specialists from China and Greece, respectively. The diagnosis of KC is based on the following criteria: (1) at least one typical clinical feature of KC (e.g., regional stromal thinning, Vogt striae, Fleischer ring, Munson sign); (2) inferior–superior (I-S) index > 1.5, maximum keratometry (Kmax) > 47 D, and the difference in Kmax between the two eyes > 1 D; and (3) abnormal topographic criteria such as asymmetric bow tie, central or inferior steepening (Rabinowitz and McDonnell, 1989).



Mutational Screening

Genomic DNA was isolated from peripheral blood and bidirectional sequencing of all coding regions of VSX1 (including two additional novel exons) (Hosseini et al., 2008), TGFBI, and ZEB1 genes was screened as previously described (Rao et al., 2017). The primers were designed based on the sequence information from the University of California, Santa Cruz (UCSC) genome browser (Supplementary Table 1). Genetic co-segregation of identified variants was confirmed in the families.



Computational Assessment

To assess the functional effect of the identified variants, we employed a series of computational tools as described previously (Huang et al., 2015, 2017; Jin et al., 2017, 2018; Rao et al., 2017), including MutationTaster1 (Schwarz et al., 2014), Polyphen–22 (Adzhubei et al., 2010), and SIFT3 (Kumar et al., 2009). In addition, minor allele frequency (MAF) of variants was obtained from 1,000 Genome (1000G) database, Exome Aggregation Consortium (ExAC) database, and Genome Aggregation Database (gnomAD) (Genomes Project et al., 2010; Lek et al., 2016). To evaluate the conservation of variants, multiple-sequence alignment of TGFBI in different species was produced by Clustal X (Version 2.1) and edited by BioEdit (Version 7.2.5.0), and amino acid sequences were obtained from National Center for Biotechnology Information4. Furthermore, protein structures of mutant and wild-type proteins of TGFBI were modeled by Phyre25 and visualized by PyMOL (version 2.7) (Kelley et al., 2015).



Whole-Exome Sequencing

Whole-exome sequencing (WES), as a complementary validation method, was performed on the samples of patients where variants in VSX1, TGFBI, and ZEB1 genes were identified by Sanger sequencing. For each individual, at least 3 μg genomic DNA was broken into fragments to generate the Illumina libraries. The whole-exome region libraries were enriched by using an Exome Enrichment V5 Kit (Agilent Technologies, United States) following the manufacturer’s protocol and were sequenced by using paired-end 100–300 bp reads on a HiSeq 2000 sequencer (Illumina, United States). After quality control, WES sequence data were mapped to the reference human genome (hg19). Single nucleotide variants and indel variants were identified by GATK and annotated by ANNOVAR. For variant analyses, we summarized 40 candidate genes related to KC (Supplementary Table 2), based on several genetics reviews of KC and PubMed database (Bykhovskaya et al., 2016; Loukovitis et al., 2018; Panahi et al., 2019). The pathogenicity of variants in candidate genes with MAF ≤ 0.01 in all of the variant databases, including gnomAD, ExAC, and 1,000 Genomes, was compared with that of variants identified by Sanger sequencing.



Corneal Examinations

In case that a candidate variant was identified in a family, the first-degree relatives of the patient were examined by slit-lamp, Pentacam rotating Scheimpflug tomography (software version 1.19r11; Oculus, Wetzlar, Germany), and other routine ophthalmological examinations. Multiple images and parameters were collected from the Pentacam data, based on corneal three-dimensional (3-D) tomography, including the “refractive maps” and the “Belin/Ambrosio Enhanced Ectasia Display (BAD)” maps, which had a good ability to detect the latent changes in early and subclinical stages (Ambrosio et al., 2011; Ruisenor Vazquez et al., 2014), and several parameters from BAD maps: thinnest pachymetry (TP), front and back elevation at the corneal thinnest location (F.Ele.Th and B.Ele.Th), pachymetric progression index average (PPIavg), Ambrosio relational thickness maximum (ARTmax), deviation of front elevation difference map and back elevation difference map (Df and Db), deviation of average pachymetric progression (Dp), deviation of minimum thickness (Dt), deviation of Ambrosio relational thickness maximum (Da), and total deviation value (BAD-D). All clinical data, including corneal signs by slit-lamp and images and parameters by 3-D tomography, were analyzed to compare phenotypic and subclinical phenotypic differences between KC patients and their first-degree relatives, especially the differences between the parents of the KC patient.



Additional Data for Principal Component Analysis

For principal component analysis (PCA), additional 3-D tomography data of BAD maps were obtained from patients who were admitted to the Eye Hospital from November 2016 to October 2017. A total of 332 eyes in 187 patients with KC, 140 eyes in 70 patients with subclinical KC, and 490 eyes in 245 patients with myopia were enrolled. The myopic patients without other ocular diseases served as a control group. The subclinical group included the patients at high risk of developing KC or post-refractive surgery progressive corneal ectasia from refractive surgery candidates; they had at least three or more of the following conditions in at least one eye: (1) the total deviation parameter from BAD map (BAD-D) ≥ 1.6; (2) The back elevation at the corneal thinnest location parameter from BAD map (B.Ele.Th) ≥ 12; (3) abnormal (red) and/or suspicious (yellow) region(s) found in back elevation difference map from BAD map; (4) thinnest pachymetry < 510 mm; and (5) abnormal pattern in back elevation map from the “refractive maps,” such as island shape, tongue shape, or asymmetric hourglass shape. PCA was performed and visualized by Spyder (Version 2.3.8) with Python 2.7.



RESULTS


Clinical Manifestations

In this study, all the 88 families included at least the proband and proband’s parents, and the number of participants in these families ranged from three to five. According to the preliminary diagnosis, 91 patients were diagnosed as having KC, including 88 probands in all families and three first-degree relatives in two Greek families (G1, G2). All the rest of first-degree relatives in 88 families were excluded from the diagnosis of clinical KC, without any self-reported complaints or symptoms.



Genetic Variants in Patients With KC

Among the 88 probands with clinical KC, we identified five variants in VSX1 and TGFBI genes. To summarize, a frameshift variant c.758-765delTCAACTCC (p.L253Rfs∗18) was found in VSX1, and 4 missense variants c.471C > G (p.D157E), c.805C > T (p.L269F), c.1870G > A (p.V624M) and c.1998G > C (p.R666S) were found in TGFBI (Table 1 and Figure 1A). Notably, c.805C > T (p.L269F) and c.1998G > C (p.R666S) in TGFBI were identified in a single Greek individual (family G1), and other variants were found in different patients from China (F1, F2, and F3).


TABLE 1. Bioinformatics data of variants identified by Sanger sequencing of the four probands.
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FIGURE 1. Pedigree, genotype, and clinical data of four probands with keratoconus. (A) Pedigree charts. Black symbol indicates affected member, white symbol indicates unaffected individual, gray symbol indicates member with subclinical keratoconus, and dotted symbol denotes variant carrier without any clinical feature. M represents a variant, and + indicates normal allele. The sequence chromatogram with red arrow represents mutant type. (B) Conservation analysis revealed evolutionary conservation of the variants. (C) Predicted three-dimensional structure of proteins.


Identified variants were assessed by computational algorithms and human genome aggregation databases (Table 1). All variants were novel except variant c.1998G > C in TGFBI, which had been previously reported (Boutboul et al., 2006). All these variants were predicted deleterious, and the MAF of each one was less than 0.005 in gnomAD, ExAC, and 1000G. In addition, all missense variants in the TGFBI were highly conserved across different species (Figure 1B). Meanwhile, we predicted the three-dimensional structure of mutant proteins and wild-type ones for missense variants in TGFBI. Structure models demonstrated that D157E and L269F were located in a β-sheet and V624M in an α-helix, while L269F and R666S had a change in the hydrogen bonds (Figure 1C). In summary, we identified five variants in VSX1 and TGFBI genes in four unrelated keratoconic families, four of which are reported for the first time.



Whole-Exome Sequencing

To further verify the pathogenicity of the variants identified in VSX1 and TGFBI genes, WES was performed in the four families (Supplementary Table 3). The mean depth of the WES targeted regions was > 60×, and the median coverage reached > 95%. As a result, WES captured the variants successfully, again confirming the variants in the VSX1 and TGFBI genes. In addition, no better explainable variant was found in other known candidate genes responsible for KC, based on a comprehensive analysis of MAF, pathogenicity prediction, and co-segregation. In the absence of further functional studies, these data collectively indicate that the variants identified in both the patients and asymptomatic parents may be major genetic predisposing factors.



Asymptomatic Relatives in the Families With Genetic Variants

We hypothesized that the relatives in the families are at high risk of developing KC even though they did not have self-reported symptoms. To test this hypothesis, we performed mutational screening in the four families with defined variants as mentioned above. Surprisingly, four asymptomatic relatives were found to carry disease-causing variants in an autosomal dominant inheritance pattern (Figure 1A).

In Chinese family F1, the asymptomatic mother (F1:I:2) who carried the missense variant c.471C > G in TGFBI gene transmitted it to the KC patient (F1:II:1). Clinical examination of the mother showed transverse diffused pigmentations in the central region of the cornea, and topographical examination showed five suspicious parameters (PPIavg, ARTmax, Dp, Da, and BAD-D) in the BAD maps of the right eye. Furthermore, there was a suspicious circular region highlighted in yellow in the “difference elevation map” of the front surface of cornea in the left eye with two suspicious parameters (Dt and BAD-D). The topographic parameters of the unaffected father (F1:I:1) were almost normal except a slightly abnormal BAD-D parameter in both eyes (Supplementary Figure 1 and Supplementary Table 4).

In Chinese family F2, the TGFBI variant c.1870G > A was identified in both the KC patient (F2:II:1) and the mother (F2:I:2) who had no self-conscious symptom. The mother was found to have dour suspicious parameters (B.Ele.Th, PPIavg, Dp, and BAD-D) in BAD maps of the right eye, while a yellow region in the back “difference elevation map” with five suspicious parameters (B.Ele.Th, PPIavg, Db, Dp, and BAD-D) was found in the left eye. The father (F2: I:1) was unaffected with KC but had an explicit history of trauma and pterygium in the right eye (Figure 2, Supplementary Figure 2, and Supplementary Table 4).
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FIGURE 2. BAD maps of left eye of the asymptomatic parents with different genotypes in an example family. (A) Tomographic display from “Belin/Ambrosio Enhanced Ectasia Display (BAD)” maps of the asymptomatic parent without variant (F2:I:1). (B) Tomographic display from BAD maps of the asymptomatic parent with variant (F2:I:2). Region highlighted in yellow in the “difference elevation map” indicates suspicious region. OD, right eye; OS, left eye.


In the third Chinese family (F3), two siblings (F3:II:2 and F3:II:1) carried the frameshift variant c.758-765delTCAACTCC in VSX1 gene which was inferably inherited from the asymptomatic father (F3:I:1) who was found to have transverse diffused pigmentations in the inferior region of the cornea in both eyes and a suspicious region in the back “difference elevation map” in the right eye. The father was found to have three suspicious parameters (ARTmax, Da, and BAD-D) and three abnormal parameters (B.Ele.Th, PPIavg, and Dp) in BAD maps of the right eye, while three suspicious parameters (PPIavg, Dp, and BAD-D) were found in the left eye. In the mother (F3:I:2), only a slightly suspicious BAD-D value (1.61) was found in the left eye. The brother (F3:II:1) also had no suspicious clinical finding (Supplementary Figure 3 and Supplementary Table 4).

In the Greek family (G1), the proband (G1:II:2) carried two different heterozygous variants in the same gene TGFBI. The variant c.1998G > C was inherited from the affected father (G1:I:1) who had received cross-linking therapy in both eyes, while the variant c.805C > T was shared with the affected brother (G1:II:1), and both inherited from the asymptomatic mother (G1:I:2) who was found to have three suspicious parameters (TP, Dt, and BAD-D) in BAD maps of the right eye and four suspicious parameters (TP, B.Ele.Th, Dt, and BAD-D) in the left eye. The sister (G1:II:3), without detectable variant, had no suspicious clinical finding. In addition, compared to the father and brother, the proband had more severe symptoms and earlier onset age of the KC (Supplementary Figure 4 and Supplementary Table 4).

PCA had been employed to compare corneal parameters in BAD maps of the KC group, subclinical group, myopia group, and eight eyes in four subclinical parents in this study (Figure 3). We observed that most eyes (6/8) from the four subclinical parents just happen to be in the border region (dotted line area) between myopia group and KC group.
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FIGURE 3. Scatter diagram of data from BAD maps in different groups by principal component analysis. Red circle indicates data from patient with keratoconus, green circle indicates data from control, yellow circle indicates data from subclinical one, and black triangle indicates data from the asymptomatic parent with variant in this study. The image in the upper right corner is a larger image of the dotted line area.


Taken together, genetic variants together with ultra-early corneal topographical changes were found in asymptomatic parents (Figure 4), supporting that the relatives in KC families are of higher risk of developing a latent subclinical KC.
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FIGURE 4. Heatmap of parameters from Pentacam of the parents in the four families. Data visualization was carried out based on the different value range of each parameter, and the darker color represents the higher probability of anomaly. *Data of the right eye of F2: I:1 was excluded from our study because of pterygium, corneal macula, and explicit history of trauma. OD, right eye; OS, left eye.




DISCUSSION

Patients with KC often exhibit a range of disease manifestations of varying severity (Rabinowitz, 1998). Importantly, post-refractive surgery progressive corneal ectasia had occurred in many patients who did not exhibit any clinical sign of risk factors prior to surgery (Klein et al., 2006). Based on the fact that KC has a clear genetic tendency, previous studies have found a large number of families with dominant inheritance (Paliwal et al., 2011). Given the genetic basis of this disease, we screened the genetic variants in two cohorts from China and Greek. With the identified variants in KC patients by Sanger sequencing and WES, we found the same variants in the asymptomatic parents in these families. Further corneal topographical examination discovered the subclinical abnormalities in these parents.

Most patients with KC were sporadic in previous reports (Romero-Jimenez et al., 2010); however, familial aggregation of KC and high prevalence of first-degree relatives of patients with KC had been widely reported. In addition, several scholars had conducted in-depth studies on the corneal topography of first-degree relatives. Awwad et al. (2019) recruited 183 first-degree relatives aged 6 to 18 years of patients with KC for clinical research. Finally, 32 relatives (17.5%) were revealed as having KC by tomographic evaluation, and the unilateral KC accounted for 37.5%. They concluded that first-degree relatives of KC patients were at high risk of developing KC, and the high rate of unilateral KC suggested a high likelihood of developing KC from normal eyes of first-degree relatives. Kaya et al. (2008) analyzed the corneal topographic features of 72 first-degree relatives of patients with KC and found that eight of them were diagnosed as having KC. Meanwhile, in the remaining 64 asymptomatic relatives, more abnormal corneal parameters could be detected, compared with the control group. Shneor et al. (2020). also found that 18% of first-degree relatives were diagnosed with KC or KC suspect, and 34% had at least one abnormal corneal parameter. Steele et al. (2008) found that KC traits were more likely to appear in the corneal topography of first-degree relatives of patients with KC and suggested an autosomal dominant pattern of inheritance with variable expressivity in some families. Karimian et al. (2008). found that relatives of patients with KC had high incidence of latent KC through topographic evaluation. In our study, we found four parents without self-reported symptoms indeed carry genetic variants in the VSX1 and TGFBI genes. Furthermore, corneal examinations revealed subclinical changes in the cornea. These findings are suggestive of disease predisposition by the same genetic variants with various degrees of disease expressivity and, more importantly, warrant further study on asymptomatic family members and early diagnosis of KC. We speculate that the asymptomatic family members of the KC patients are high-risk individuals based on the significant genetic trend of this disease and further hypothesize that there are many similarly high-risk individuals in the population.

From PCA diagram (Figure 3), we can observe the continuity between the patient group and the control group, which is consistent with the clinical situation, because there is no clear boundary between KC patients and normal people. In addition, most eyes of the four subclinical parents (6/8) just happen to be in the critical region (dotted line area) between the two groups, as well as many from the subclinical population, so we speculate that many people similar to them may be at potential risk.

With the sharp increase of myopic population globally, there is a huge demand for refractive surgery, which makes a large number of high-risk individuals face the risk of postoperative corneal ectasia after refractive surgery. Post-refractive surgery progressive corneal ectasia is a rare but severe complication of refractive surgery. In the absence of recognized classification system for KC, especially for the subclinical KC, it is important to find a way to accurately screen these high-risk groups. However, despite the rapid development of corneal measurement technology, it is still hard to find a clinical approach with sufficient sensitivity and specificity to identify subclinical KC. Our study supports that genetic screening is important in detecting subclinical KC in extremely early stage or even suspects without any clinical signs.

In conclusion, we performed genetic screening in a large cohort of Chinese and Greek patients with KC and suggested that variants in the VSX1 and TGFBI genes might be responsible for KC through autosomal dominant inheritance pattern with variable expressivity. Further functional studies will be conducted in the future to verify the results of this study. At the same time, the asymptomatic members in keratoconic families were at high risk to carry subclinical KC and should be encouraged to undertake molecular screening and Pentacam Scheimpflug tomography. Our finding suggested that “Belin/Ambrosio Enhanced Ectasia Display” on the Pentacam plays an important role in detecting the latent subclinical changes, and genetic screening is of great value in establishing disease classification system of subclinical and early-stage KC and for the preoperative screening of refractive surgery individuals to prevent postoperative corneal ectasia.
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ABBREVIATIONS

ARTmax, Ambrosio relational thickness maximum; BAD, Belin/Ambrosio enhanced ectasia display; BAD-D, total deviation value of Belin/Ambrosio enhanced ectasia display; B.Ele.Th, back elevation at the corneal thinnest location; Da, deviation of Ambrosio relational thickness maximum; Db, deviation of back elevation difference map; Df, deviation of front elevation difference map; Dp, deviation of average pachymetric progression; Dt, deviation of minimum thickness; ExAC, exome aggregation consortium; F.Ele.Th, front elevation at the corneal thinnest location; gnomAD, genome aggregation database; KC, keratoconus; MAF, minor allele frequency; PCA, principal component analysis; PPIavg, pachymetric progression index average; TP, thinnest pachymetry; WES, whole-exome sequencing; 1000G, 1,000 genome.

FOOTNOTES
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5http://www.sbg.bio.ic.ac.uk/servers/phyre2/html/page.cgi?id=index


REFERENCES

Adzhubei, I. A., Schmidt, S., Peshkin, L., Ramensky, V. E., Gerasimova, A., Bork, P., et al. (2010). A method and server for predicting damaging missense mutations. Nat. Methods 7, 248–249.

Ambrosio, R. Jr., Caiado, A. L., Guerra, F. P., Louzada, R., Sinha, R. A., Luz, A., et al. (2011). Novel pachymetric parameters based on corneal tomography for diagnosing keratoconus. J. Refract. Surg. 27, 753–758.

Awwad, S. T., Yehia, M., Mehanna, C. J., Fattah, M. A., Saad, A., Hatoum, A., et al. (2019). Tomographic and refractive characteristics of pediatric first-degree relatives of keratoconus patients. Am. J. Ophthalmol. 207, 71–76. doi: 10.1016/j.ajo.2019.05.032

Barbaro, V., Di Iorio, E., Ferrari, S., Bisceglia, L., Ruzza, A., De Luca, M., et al. (2006). Expression of VSX1 in human corneal keratocytes during differentiation into myofibroblasts in response to wound healing. Invest. Ophthalmol. Vis. Sci. 47, 5243–5250. doi: 10.1167/iovs.06-0185

Boutboul, S., Black, G. C., Moore, J. E., Sinton, J., Menasche, M., Munier, F. L., et al. (2006). A subset of patients with epithelial basement membrane corneal dystrophy have mutations in TGFBI/BIGH3. Hum. Mutat. 27, 553–557. doi: 10.1002/humu.20331

Bykhovskaya, Y., Margines, B., and Rabinowitz, Y. S. (2016). Genetics in Keratoconus: where are we? Eye Vis. (Lond.) 3:16.

Genomes Project, C., Abecasis, G. R., Altshuler, D., Auton, A., Brooks, L. D., Durbin, R. M., et al. (2010). A map of human genome variation from population-scale sequencing. Nature 467, 1061–1073. doi: 10.1038/nature09534

Gokhale, N. S. (2013). Epidemiology of keratoconus. Indian J. Ophthalmol. 61, 382–383. doi: 10.4103/0301-4738.116054

Gomes, J. A., Tan, D., Rapuano, C. J., Belin, M. W., Ambrosio, R. Jr., Guell, J. L., et al. (2015). Global consensus on keratoconus and ectatic diseases. Cornea 34, 359–369. doi: 10.1097/ico.0000000000000408

Guan, T., Liu, C., Ma, Z., and Ding, S. (2012). The point mutation and polymorphism in keratoconus candidate gene TGFBI in Chinese population. Gene 503, 137–139. doi: 10.1016/j.gene.2012.04.061

Hosseini, S. M., Herd, S., Vincent, A. L., and Heon, E. (2008). Genetic analysis of chromosome 20-related posterior polymorphous corneal dystrophy: genetic heterogeneity and exclusion of three candidate genes. Mol. Vis. 14, 71–80.

Huang, X. F., Huang, F., Wu, K. C., Wu, J., Chen, J., Pang, C. P., et al. (2015). Genotype-phenotype correlation and mutation spectrum in a large cohort of patients with inherited retinal dystrophy revealed by next-generation sequencing. Genet. Med. 17, 271–278. doi: 10.1038/gim.2014.138

Huang, X. F., Mao, J. Y., Huang, Z. Q., Rao, F. Q., Cheng, F. F., Li, F. F., et al. (2017). Genome-Wide detection of copy number variations in unsolved inherited retinal disease. Invest. Ophthalmol. Vis. Sci. 58, 424–429. doi: 10.1167/iovs.16-20705

Jin, Z. B., Li, Z., Liu, Z., Jiang, Y., Cai, X. B., and Wu, J. (2018). Identification of de novo germline mutations and causal genes for sporadic diseases using trio-based whole-exome/genome sequencing. Biol. Rev. Camb. Philos. Soc. 93, 1014–1031. doi: 10.1111/brv.12383

Jin, Z. B., Wu, J., Huang, X. F., Feng, C. Y., Cai, X. B., Mao, J. Y., et al. (2017). Trio-based exome sequencing arrests de novo mutations in early-onset high myopia. Proc. Natl. Acad. Sci. U.S.A. 114, 4219–4224. doi: 10.1073/pnas.1615970114

Kabza, M., Karolak, J. A., Rydzanicz, M., Szczesniak, M. W., Nowak, D. M., Ginter-Matuszewska, B., et al. (2017). Collagen synthesis disruption and downregulation of core elements of TGF-beta, Hippo, and Wnt pathways in keratoconus corneas. Eur. J. Hum. Genet. 25, 582–590. doi: 10.1038/ejhg.2017.4

Karimian, F., Aramesh, S., Rabei, H. M., Javadi, M. A., and Rafati, N. (2008). Topographic evaluation of relatives of patients with keratoconus. Cornea 27, 874–878. doi: 10.1097/ico.0b013e31816f5edc

Karolak, J. A., Polakowski, P., Szaflik, J., Szaflik, J. P., and Gajecka, M. (2016). Molecular screening of keratoconus susceptibility sequence variants in VSX1, TGFBI, DOCK9, STK24, and IPO5 genes in polish patients and novel TGFBI variant identification. Ophthalmic Genet. 37, 37–43.

Kaya, V., Utine, C. A., Altunsoy, M., Oral, D., and Yilmaz, O. F. (2008). Evaluation of corneal topography with Orbscan II in first-degree relatives of patients with keratoconus. Cornea 27, 531–534. doi: 10.1097/ico.0b013e318165d110

Kelley, L. A., Mezulis, S., Yates, C. M., Wass, M. N., and Sternberg, M. J. (2015). The Phyre2 web portal for protein modeling, prediction and analysis. Nat. Protoc. 10, 845–858. doi: 10.1038/nprot.2015.053

Klein, S. R., Epstein, R. J., Randleman, J. B., and Stulting, R. D. (2006). Corneal ectasia after laser in situ keratomileusis in patients without apparent preoperative risk factors. Cornea 25, 388–403. doi: 10.1097/01.ico.0000222479.68242.77

Kok, Y. O., Tan, G. F., and Loon, S. C. (2012). Review: keratoconus in Asia. Cornea 31, 581–593. doi: 10.1097/ico.0b013e31820cd61d

Krachmer, J. H., Feder, R. S., and Belin, M. W. (1984). Keratoconus and related noninflammatory corneal thinning disorders. Surv. Ophthalmol. 28, 293–322. doi: 10.1016/0039-6257(84)90094-8

Kumar, P., Henikoff, S., and Ng, P. C. (2009). Predicting the effects of coding non-synonymous variants on protein function using the SIFT algorithm. Nat. Protoc. 4, 1073–1081. doi: 10.1038/nprot.2009.86

Lek, M., Karczewski, K. J., Minikel, E. V., Samocha, K. E., Banks, E., Fennell, T., et al. (2016). Analysis of protein-coding genetic variation in 60,706 humans. Nature 536, 285–291.

Loukovitis, E., Sfakianakis, K., Syrmakesi, P., Tsotridou, E., Orfanidou, M., Bakaloudi, D. R., et al. (2018). Genetic aspects of keratoconus: a literature review exploring potential genetic contributions and possible genetic relationships with comorbidities. Ophthalmol. Ther. 7, 263–292. doi: 10.1007/s40123-018-0144-8

Paliwal, P., Tandon, R., Dube, D., Kaur, P., and Sharma, A. (2011). Familial segregation of a VSX1 mutation adds a new dimension to its role in the causation of keratoconus. Mol. Vis. 17, 481–485.

Panahi, Y., Azimi, A., Naderi, M., Jadidi, K., and Sahebkar, A. (2019). An analytical enrichment-based review of structural genetic studies on keratoconus. J. Cell. Biochem. 120, 4748–4756. doi: 10.1002/jcb.27764

Rabinowitz, Y. S. (1998). Keratoconus. Surv. Ophthalmol. 42, 297–319.

Rabinowitz, Y. S. (2003). The genetics of keratoconus. Ophthalmol. Clin. North Am. 16, 607–620. vii

Rabinowitz, Y. S., and McDonnell, P. J. (1989). Computer-assisted corneal topography in keratoconus. Refract. Corneal Surg. 5, 400–408. doi: 10.3928/1081-597x-19891101-10

Rao, F. Q., Cai, X. B., Cheng, F. F., Cheng, W., Fang, X. L., Li, N., et al. (2017). Mutations in LRP5,FZD4, TSPAN12, NDP, ZNF408, or KIF11 genes account for 38.7% of Chinese patients with familial exudative vitreoretinopathy. Invest. Ophthalmol. Vis. Sci. 58, 2623–2629. doi: 10.1167/iovs.16-21324

Romero-Jimenez, M., Santodomingo-Rubido, J., and Wolffsohn, J. S. (2010). Keratoconus: a review. Cont. Lens Anterior Eye 33, 157–166; quiz 205.

Ruisenor Vazquez, P. R., Galletti, J. D., Minguez, N., Delrivo, M., Fuentes Bonthoux, F., Pfortner, T., et al. (2014). Pentacam Scheimpflug tomography findings in topographically normal patients and subclinical keratoconus cases. Am. J. Ophthalmol. 158, 32–40.e32..

Schwarz, J. M., Cooper, D. N., Schuelke, M., and Seelow, D. (2014). MutationTaster2: mutation prediction for the deep-sequencing age. Nat. Methods 11, 361–362. doi: 10.1038/nmeth.2890

Shetty, R., Nuijts, R. M., Nanaiah, S. G., Anandula, V. R., Ghosh, A., Jayadev, C., et al. (2015). Two novel missense substitutions in the VSX1 gene: clinical and genetic analysis of families with Keratoconus from India. BMC Med. Genet. 16:33. doi: 10.1186/s12881-015-0178-x

Shneor, E., Frucht-Pery, J., Granit, E., and Gordon-Shaag, A. (2020). The prevalence of corneal abnormalities in first-degree relatives of patients with keratoconus: a prospective case-control study. Ophthalmic Physiol. Opt. 40, 442–451. doi: 10.1111/opo.12706

Steele, T. M., Fabinyi, D. C., Couper, T. A., and Loughnan, M. S. (2008). Prevalence of Orbscan II corneal abnormalities in relatives of patients with keratoconus. Clin. Exp. Ophthalmol. 36, 824–830. doi: 10.1111/j.1442-9071.2009.01908.x

Valgaeren, H., Koppen, C., and Van Camp, G. (2018). A new perspective on the genetics of keratoconus: why have we not been more successful? Ophthalmic Genet. 39, 158–174. doi: 10.1080/13816810.2017.1393831

Wang, Y., Rabinowitz, Y. S., Rotter, J. I., and Yang, H. (2000). Genetic epidemiological study of keratoconus: evidence for major gene determination. Am. J. Med. Genet. 93, 403–409. doi: 10.1002/1096-8628(20000828)93:5<403::aid-ajmg11>3.0.co;2-a

Zahir-Jouzdani, F., Soleimani, M., Mahbod, M., Mottaghitalab, F., Vakhshite, F., Arefian, E., et al. (2018). Corneal chemical burn treatment through a delivery system consisting of TGF-beta1 siRNA: in vitro and in vivo. Drug Deliv. Transl. Res. 8, 1127–1138. doi: 10.1007/s13346-018-0546-0


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.

Copyright © 2021 Chen, Li, Jin, Shen, Mao, Cheng, Chen, Linardaki, Voulgaraki, Aslanides and Jin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fcell-09-650344-g004.jpg
Asymptomatic parent without mutation Asymptomatic parent with mutation
Parameter | F1:111 F1:1:1 F2I11 F312 F312 | F11:2 F112 F212 F2I12 F3:11 F3I11 G112 G1l2 Abnormal
oD OS OS oD OS oD OS oD OS oD OS oD OS
TP (um)
F.Ele.Th(um)
eriae o - "l
PPlavg
ARTmax Suspicious
Of ]
Db
Dp - I
Dt
Da
D






OPS/images/fcell-09-650344-g003.jpg
Factors 2

Principal Component Analysis

8

6!

4}

1.

Ot

1

—4}| o Keratoconus | o
o Normal \\\\\\

—6}| + Subclinical e
A KC relatives

—8

=2 =3 =1 D 1 2
Factors 1





OPS/images/fcell-09-650344-t001.jpg
Family

Het, heterozygosis; NI, no information.

Source

Maternal
Maternal
Paternal

Maternal
Paternal

Genotype

Het
Het
Het

Het
Het

Gene

TGFBI
TGFBI
VSX1

TGFBI
TGFBI

Amino acid change

c.471C > G:p.D157E
¢.1870G > A:p.V624M

¢.758-765deITCAACTCC
p.L253Rfs*18

€.805C > T:p.L.269F
€.1998G > C:p.R666S

1000 G

0.0008
0.001
NI

0.0024
0.0008

ExAC

0.00009
0.0003
0.00013

0.0018
0.0016

gnomAD

0.00012
0.00024
0.0002

0.00165
0.00117

aMutationTaster: A, known to be deleterious; D, probably deleterious; N, probably harmless; P, known to be harmless.
bPolyphenZ‘: D, probably damaging; P, possibly damaging; B, benign.
CSIFT: D, deleterious; T, tolerate.

Mutationtaster?

O

Polyphen2?

F)
D
NI

SIFT®

T
D
NI





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Genetic Screening Revealed Latent Keratoconus in Asymptomatic Individuals



		INTRODUCTION



		MATERIALS AND METHODS



		Participant Recruitment



		Mutational Screening



		Computational Assessment



		Whole-Exome Sequencing



		Corneal Examinations



		Additional Data for Principal Component Analysis







		RESULTS



		Clinical Manifestations



		Genetic Variants in Patients With KC



		Whole-Exome Sequencing



		Asymptomatic Relatives in the Families With Genetic Variants







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fcell-09-650344-g002.jpg
| lE

8 R &

|
a5 o

Fixed

25 m

Elevation

Elevation (Front)

Elevation (Back)

(F)r=7.48 Float, Dia=8.00
e ——
P o . 05
p STl
-2 eire -2
-2'1 bl ?\2

+1 .0 0, +1

|
ETG +2 2 T
,2 \“1 QJ ’I ,2 }1
-2‘5_-1'03 r-"
- 2 28 .
£ o1
N Tmp—— T
] I I I | I 1 ] |
8 4 0 g 8

(F) Excl.3.5mm r=7.52 Float Dia=8.00

(B)r=6.15 Float, Dia=8.00

I Corneal Thickness
F2:1:1

Asymptomatic parentl
without variant

K2: 46.0D
KMax: |46.5D QS: " |OK

Pachy Thin. Locat.: O [497pm
Dist Apex-Thin.Loc.: |IT |0.73mm

F.Ele.T| 3pm B.Ele.T| 2um

Progression Index:

Min:  |0.52 Max: |1.26
Avg: |1.01 ARTmg394

F

[NNNNRARTT T T TR RANARE

(F) Excl3.5mm r=7.61 Float, Dia=8.00

l s- Q g .y 0 Mean comeal thickness values on rings concentrically to the thinnest location
= = : Comeal Thickness Spatial Profile (CTSP) Diameter
Bl 4- 0 2 4 6 8 10 mm
—_— 400 1 H I 1 i
) 500
—_ - 600
1l 4- 700
—1 g 800 |-
8- 900
=T el Hm
8 4 0 4 Percentage Thickness Increase (PTI) Diameter
(Front) Difference (Back) Difference 0 4 8 10 mm
J“__vl.‘_;‘i-n :_:_‘,‘H_;‘aav U B — : 1 | i
B SClm 2 X OS 5 Scn}m 2 ’OS 10 |-
1 a Y U Y 20 |-
4_‘ .‘“‘ ‘.2 ’.\' 4~ 4; .1 '.J\ ’1 30
Il| 84 +2.° g3 1 i +1.° "] 40 |-
: " 0 J+4 44, +1 ‘rl 0 {’ +1 ‘41 + 108 +1 50
1 1 t2C T i y H1E ] <] 60 |-
A x‘. ] |“4 Q4 // +1 _'{‘ A +1 i Q‘ ’,D
1 .3\~--’p3 3 0‘.__,’0 o°
g ORI - . 0 “
d \ L ’1 .l .1 ; — 0 U 0
4 N | o T N Re o Reference Database: @ Myopic/Normal (" Hyperopic/Mixed Oyl. Literature |
& S
<5 5-7um <12 12-16 Df: |UA99 Db: |-1.15 Dp: 069 Dt [128 Da |0.85 ’ D: |1.35
Elevation (Front) Elevation (Back) F 2 . I . 2 Comeal Thickness
(F)r=7.58 Float, Dia=8.00 (B)=6.28 Float, Dia=8.00 :
L) Asymptomatic parent | s
8- % A . OS - ,
! - with variant 1
4 \ 4 ..4. 2 "“ 4-
.- 3,6' 6~'? - K1: 44.9D ads  [1649? 1
\ M . | ecc:
RS AT KMax  |45.6D Qs: 0K 4
AR Pachy Thin Locat. o[ i .
T | 3 4 : 5 £ Dist. ADQK'TMLOC lT 1.02mm
. > 1 5 e 4 FElTh [ 2% BEeTh [16H
N sy o i R N ; S Progression Index: 8-
R TS N CR T
— Avg 1525 ARTmax |319

Mean comeal thickness values on rings concentrically to the thinnest location

(Back] Difference

+1

R ulNeOS

Comeal Thickness Spatial Profile (CTSP) Diameter
0 2 4 6 8 10 mm
400 | + '
500
600 |
200l
m -
m |
% |/
Percentage Thickness Increase (PTI) Diameter
0 2 4
0
10
20
20 |-
40
50
60
%
Reference Database: & Myopic/Normal " Hyperopic/Mixed Cyl Literature

ot [02¢  ob [i72 op 2320 ot [12¢ Da [15 ] D: [260






OPS/images/fcell-09-650344-g001.jpg
A F1

l
-

M/+

M: TGF8I, ¢.471C>G M: TGFBI, ¢.1870G>A

TGCTGGAGTCCCTGG

I:1
M/+

D_

1:1
-

&

AAATGGCATGGT CC AT

F2 F3
O O
hlﬁ.l‘l"' +/+
1:1 é ‘
M/+ II 1 II 2

delTCAACTCC

TCCOGTGCTCCGCTCC(C CCCAGAGGTCTGTGC

I:1 1:2

M2/+
o

11:1 1:2 :3
M2/+ M1/M2 +/+

M: VSX1, ¢.758-765  \1. TGFBI, ¢.1998G>C M2: TGFBI, ¢.805C>T

C&CGA?GC?TGAAGG

e A At ity

Homo sapiens (683)

Pan troglodytes (683)

Mus musculus (683)
Oryctolagus cuniculus (683)
Gallus gallus (680)

Anas platyrhynchos (683)
Notechis scutatus (675)
Zonotrichia albicollis (673)

Clustal Consensus

Homo sapiens (683)

Pan troglodytes (683)

Mus musculus (683)
Oryctolagus cuniculus (683)
Gallus gallus (680)

Anas platyrhynchos (683)
Notechis scutatus (675)
Zonotrichia albicollis (673)

Clustal Consensus

Wild Type

¢.471C>G, p.D157E
AWASLPAEVLEBSLVSNVNIEL

AWASLPAEVLERSLVSNVNIEL
AWSSLPAEVLESLVSNVNIEL
AWASLPAEVLERSLVSNVNIEL
AWASLSAETL®SLVSNVNIEL

AWASLSAET
AWASLPAEV
AWASLSAET

**::*..* *

c.1870G>A, p.V624M
AEPDIMATNGEVHVITNVLOP

SLVSNVNIEL
SLVSNVNIEL
SLVSNVNIEL

:*ink*ink*imk

AEPDIMATN HVITNVLOP
AETDIMATN YAINTVLOP
AESDIMATNGEVYAITSVLQOP
AESDIMATNGEIHAVSSVLOP

AESDIMATNG
AEADIMATN
AESDIMATNG

.*r.*:ak**nk*

IHAVNSVLQP
IYAVNSILQP
IYAV\ISVLOP

p.L269F

Mutant

p.v62aM |

¢.805C>T, p.L269F

AVAASGLNTMEEGNGQYTLLA
AVAASGLNTMEEGNGQYTLLA
AVAASGLNTVEEGDGQFTLLA
AVAASGLNTLEESDGQFTLLA
AVAASDLNSLEESEGQYTLLA
AVAASDLNSLEESEGQOYTLLA
AVAAAGLNNLEDGEGQFTLLA
AVAASDLSS ESBGOYTLLA

**wk*: .* . sk e ke

¢.1998G>C, p.R666S

QASAFSRASQOESVRLAPVYQOK
QASAFSRASOEMSVRLAPVYQK
QOASAYSRAAQSVRLAPVYQOR
QASAFSRASQ
QASALSKVSQ
QASALSKVSQOM!
HASALSKIS
QASALSKVSQ
% ko .

PRLA PVYoR

Wlld Type Mutant

p.R666S






OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

Genetic Screening Revealed
Latent Keratoconus
in Asymptomatic Individuals









OPS/images/logo.jpg
’ frontiers
in Cell and Developmental Biology





