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Association of PDGFRA 
polymorphisms with the risk 
of corneal astigmatism 
in a Japanese population
Hideharu Fukasaku 1,2, Akira Meguro 3,4*, Masaki Takeuchi 3,4, Nobuhisa Mizuki 3,4, 
Masao Ota 4,5 & Kengo Funakoshi 1

Corneal astigmatism is reportedly associated with polymorphisms of the platelet-derived growth 
factor receptor alpha (PDGFRA) gene region in Asian populations of Chinese, Malay, and Indian 
ancestry and populations of European ancestry. In this study, we investigated whether these PDGFRA 
polymorphisms are associated with corneal astigmatism in a Japanese population. We recruited 1,535 
cases with corneal astigmatism (mean corneal cylinder power across both eyes: ≤  − 0.75 diopters [D]) 
and 842 controls (> − 0.75 D) to genotype 13 single-nucleotide polymorphisms (SNPs) in the PDGFRA 
gene region. We also performed imputation analysis in the region, with 179 imputed SNPs included 
in the statistical analyses. The PDGFRA SNPs were not significantly associated with the cases with 
corneal astigmatism ≤  − 0.75 D. However, the odds ratios (ORs) of the minor alleles of SNPs in the 
upstream region of PDGFRA, including rs7673984, rs4864857, and rs11133315, tended to increase 
according to the degree of corneal astigmatism, and these SNPs were significantly associated with 
the cases with corneal astigmatism ≤  − 1.25 D or ≤  − 1.50 D (Pc < 0.05, OR = 1.34–1.39). These results 
suggest that PDGFRA SNPs play a potential role in the development of greater corneal astigmatism.

Astigmatism is a refractive error in which light rays entering the eye are not focused on a single point on the 
retina due to irregularities in the shape or curvature of the cornea or lens, resulting in blurred vision at all 
 distances1. Astigmatism is the most common refractive error worldwide and a recent meta-analysis revealed 
that the estimated pool prevalences of astigmatism in children and adults throughout the world were 14.9% 
and 40.4%,  respectively2. Uncorrected astigmatism in children can affect various visual functions, including 
grating acuity, vernier acuity, contrast sensitivity, recognition acuity, and stereoacuity, and is associated with 
the development of amblyopia and  myopia3–7. Therefore, early detection and proper treatment of astigmatism, 
especially severe astigmatism, in children are important to prevent future visual impairment. The etiology 
of astigmatism remains unclear, but both environmental and genetic factors are thought to contribute to the 
development of  astigmatism1,8.

Corneal astigmatism, which is caused by irregularities in the cornea’s shape or curvature, is the most common 
type of astigmatism. Corneal astigmatism is reportedly associated with single-nucleotide polymorphisms (SNPs) 
of the platelet-derived growth factor receptor alpha (PDGFRA) gene region on chromosome 4q12. Fan et al. 
performed the first genome-wide association study (GWAS) of corneal astigmatism with Asian ancestry cohorts 
and initially reported that corneal astigmatism was significantly associated with PDGFRA SNPs (lead SNP: 
rs7677751)9. Subsequently, the association of the PDGFRA gene region with corneal astigmatism was replicated 
in a UK European ancestry cohort, and rs6554163 was associated with corneal  astigmatism10. In addition, 
recent large-scale GWASs of corneal astigmatism with European and/or Asian ancestry cohorts provided 
strong evidence of association between corneal astigmatism and PDGFRA SNPs (lead SNPs: rs7673984 or 
rs4864857)11,12, suggesting that PDGFRA plays a key role in the development of corneal astigmatism through 
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genetic polymorphisms. However, another study showed no evidence for replication of the PDGFRA gene 
region in an Australian cohort of European  ancestry13. Thus, further genetic studies are needed to clarify the 
contribution of the PDGFRA gene region to the development of corneal astigmatism.

To date, the association between the PDGFRA gene region and corneal astigmatism has been assessed in 
individuals of Chinese, Malay, and Indian ancestry among Asians, but not yet in individuals of Japanese ancestry. 
This study aimed to investigate whether SNPs in the PDGFRA region are associated with the risk of corneal 
astigmatism in a Japanese population. Here, we performed a comprehensive association analysis of SNPs in the 
PDGFRA gene region among Japanese patients with corneal astigmatism.

Results
Demographic and characteristics of the study populations
According to previous studies with Asian  populations9,11, we defined individuals with mean corneal cylinder 
power ≤  − 0.75 diopters (D) across both eyes as corneal astigmatism cases (n = 1535), while controls were 
defined as mean corneal cylinder power >  − 0.75 D across both eyes (n = 842). The demographic and clinical 
characteristics of the cases and controls are shown in Table 1. A total of 40.1% of cases and 44.5% of controls were 
male, and the mean ages of the cases and controls were 43.6 ± 15.4 years and 53.5 ± 13.5 years, respectively. The 
average corneal cylinder powers of the cases and controls were − 1.33 ± 0.54 D and − 0.43 ± 0.17 D, respectively.

Association analysis
We genotyped 13 SNPs in the PDGFRA gene region: nine tagging SNPs (rs11133315, rs6554162, rs2303429, 
rs7656613, rs1547905, rs3816888, rs17739921, rs1826426, and rs6554170) and four SNPs reportedly associated 
with corneal astigmatism in previous studies (rs7673984, rs4864857, rs6554163 and rs7677751)9–12. The observed 
and expected frequencies of each genotype for the 13 SNPs were in Hardy–Weinberg equilibrium (HWE) 
(P > 0.05) in both the case and control groups.

Table 2 shows the results of the association analysis for the 13 SNPs. No significant association was found for 
any of the 13 SNPs in the cases with corneal astigmatism ≤  − 0.75 D. On the other hand, when the cases were 
stratified according to mean corneal cylinder power across both eyes (i.e., ≤  − 1.00 D, ≤  − 1.25 D, and ≤  − 1.50 
D), the odds ratios (ORs) of the minor alleles of the seven SNPs rs11133315, rs7673984, rs4864857, rs6554162, 
rs6554163, rs7677751, and rs1547905 tended to increase according to the degree of corneal astigmatism, and 
significant associations were found for rs11133315, rs7673984, rs4864857, rs6554163, and rs7677751 in the cases 
with corneal astigmatism ≤  − 1.25 D (rs11133315: Pc = 0.026, OR = 1.34; rs7673984 and rs4864857: Pc = 0.016, 
OR = 1.38; rs6554163: Pc = 0.022, OR = 1.37; rs7677751: Pc = 0.035, OR = 1.35).

The highest ORs for these seven SNPs were found in the cases with corneal astigmatism ≤  − 1.50 D 
(rs11133315: OR = 1.39; rs7673984: OR = 1.39; rs4864857: OR = 1.39; rs6554162: OR = 1.29; rs6554163: OR = 1.37; 
rs7677751: OR = 1.37; rs1547905: OR = 1.29), however, of these ORs, only the OR for rs11133315 reached 
significance (Pc = 0.038) due to the limited sample size of the cases with corneal astigmatism ≤  − 1.50 D. These 
seven SNPs, especially rs11133315, rs7673984, rs4864857, rs6554163, and, rs7677751, were in strong linkage 
disequilibrium (LD) with each other, but not with the other six SNPs (Supplementary Fig. S1).

Imputation analysis
We performed imputation analysis based on the 13 genotyped SNPs to evaluate potential associations with 
un-genotyped SNPs in the PDGFRA gene region and successfully imputed 179 SNPs in the region. Figure 1a and 
Supplementary Table S1 show the results of the association analysis for a total of 192 SNPs (13 genotyped and 
179 imputed) in the cases with corneal astigmatism ≤  − 1.25 D and controls. The strongest significant association 
was observed for 15 SNPs, including rs7673984 and rs4864857, which are located within 10 kb upstream of 
PDGFRA (Pc = 0.016, OR = 1.38). These 15 SNPs were in complete LD (r2 = 1.0) with each other. The other 32 
SNPs, including rs11133315 and rs7677751, in strong LD with these 15 SNPs (r2 ≥ 0.87) also exhibited significant 
association with corneal astigmatism (Pc < 0.05, OR = 1.34–1.37). For the cases with corneal astigmatism ≤  − 1.50 
D, a significant association was observed for six SNPs which are located between 13 and 20 kb upstream of 
PDGFRA, including rs11133315 (Pc = 0.038, OR = 1.39) (Fig. 1b and Supplementary Table S2). For the cases with 
corneal astigmatism ≤  − 0.75 D or ≤  − 1.00 D, no significant association was observed for any of the 192 tested 
SNPs (Supplementary Tables S3 and S4).

To identify the most plausible SNPs in the PDGFRA gene region, we performed a fine-mapping analysis with 
 FINEMAP14. For the cases with corneal astigmatism ≤  − 1.25 D, the fine mapping indicated that the 15 top SNPs 

Table 1.  Demographics and characteristics of the study populations. *Corneal astigmatism cases defined 
as mean corneal cylinder power ≤  − 0.75D across both eyes. **Controls defined as mean corneal cylinder 
power >  − 0.75D across both eyes.

Characteristic Cases* Controls**

Number of participants 1535 842

Male/female, % 40.1/59.9 44.5/55.5

Mean age, year 43.6 ± 15.4 53.5 ± 13.5

Mean corneal cylinder power, diopter (D)  − 1.33 ± 0.54  − 0.43 ± 0.17
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SNP
Position on Chr. 4 
(GRCh37)

Alleles 
(1 > 2)

Phenotype

N Minor Allele Freq P Pc OR (95% CI)Criteria for CA (D)

rs11133315 55,082,158 G>A

Controls Mean > − 0.75 842 0.178

Cases

Mean ≤ − 0.75 1535 0.196 0.16 1.12 (0.96–1.32)

Mean ≤ − 1.00 1134 0.209 0.021 0.19 1.23 (1.03–1.47)

Mean ≤ − 1.25 787 0.220 0.0028 0.026 1.34 (1.11–1.63)

Mean ≤ − 1.50 514 0.217 0.0043 0.038 1.39 (1.11–1.73)

rs7673984 55,088,761 C>T

Controls Mean > − 0.75 842 0.156

Cases

Mean ≤ − 0.75 1535 0.177 0.079 1.17 (0.98–1.38)

Mean ≤ − 1.00 1134 0.188 0.012 0.11 1.26 (1.05–1.52)

Mean ≤ − 1.25 787 0.199 0.0018 0.016 1.38 (1.13–1.69)

Mean ≤ − 1.50 514 0.194 0.0062 0.055 1.39 (1.10–1.75)

rs4864857 55,089,814 T>C

Controls Mean > − 0.75 842 0.156

Cases

Mean ≤ − 0.75 1535 0.177 0.079 1.17 (0.98–1.38)

Mean ≤ − 1.00 1134 0.188 0.012 0.11 1.26 (1.05–1.52)

Mean ≤ − 1.25 787 0.199 0.0018 0.016 1.38 (1.13–1.69)

Mean ≤ − 1.50 514 0.194 0.0062 0.055 1.39 (1.10–1.75)

rs6554162 55,093,955 G>A

Controls Mean > − 0.75 842 0.284

Cases

Mean ≤ − 0.75 1535 0.301 0.19 1.10 (0.96–1.26)

Mean ≤ − 1.00 1134 0.313 0.035 0.32 1.18 (1.01–1.37)

Mean ≤ − 1.25 787 0.328 0.0072 0.065 1.26 (1.06–1.49)

Mean ≤ − 1.50 514 0.326 0.011 0.095 1.29 (1.06–1.56)

rs6554163 55,102,559 T>A

Controls Mean > − 0.75 842 0.157

Cases

Mean ≤ − 0.75 1535 0.177 0.094 1.16 (0.97–1.37)

Mean ≤ − 1.00 1134 0.189 0.014 0.13 1.26 (1.05–1.51)

Mean ≤ − 1.25 787 0.199 0.0025 0.022 1.37 (1.12–1.67)

Mean ≤ − 1.50 514 0.194 0.0081 0.073 1.37 (1.09–1.73)

rs7677751 55,124,460 C>T

Controls Mean > − 0.75 842 0.150

Cases

Mean ≤ − 0.75 1535 0.173 0.063 1.18 (0.99–1.40)

Mean ≤ − 1.00 1134 0.182 0.016 0.14 1.26 (1.04–1.51)

Mean ≤ − 1.25 787 0.192 0.0039 0.035 1.35 (1.10–1.66)

Mean ≤ − 1.50 514 0.186 0.0098 0.088 1.37 (1.08–1.73)

rs2303429 55,124,870 C>T

Controls Mean > − 0.75 842 0.111

Cases

Mean ≤ − 0.75 1535 0.107 0.44 0.92 (0.76–1.13)

Mean ≤ − 1.00 1134 0.103 0.091 0.83 (0.66–1.03)

Mean ≤ − 1.25 787 0.102 0.062 0.79 (0.62–1.01)

Mean ≤ − 1.50 514 0.108 0.13 0.81 (0.61–1.07)

rs7656613 55,141,843 T>C

Controls Mean > − 0.75 842 0.464

Cases

Mean ≤ − 0.75 1535 0.460 0.93 1.01 (0.89–1.14)

Mean ≤ − 1.00 1134 0.458 0.66 1.03 (0.90–1.18)

Mean ≤ − 1.25 787 0.449 0.61 1.04 (0.89–1.21)

Mean ≤ − 1.50 514 0.455 0.36 1.08 (0.91–1.29)

rs1547905 55,146,754 C>A

Controls Mean > − 0.75 842 0.145

Cases

Mean ≤ − 0.75 1535 0.160 0.21 1.12 (0.94–1.33)

Mean ≤ − 1.00 1134 0.170 0.059 1.20 (0.99–1.44)

Mean ≤ − 1.25 787 0.179 0.033 0.30 1.25 (1.02–1.54)

Mean ≤ − 1.50 514 0.178 0.038 0.34 1.29 (1.01–1.63)

rs3816888 55,146,761 C>T

Controls Mean > − 0.75 842 0.021

Cases

Mean ≤ − 0.75 1535 0.022 0.69 1.09 (0.71–1.69)

Mean ≤ − 1.00 1134 0.021 0.56 1.15 (0.72–1.85)

Mean ≤ − 1.25 787 0.020 0.54 1.18 (0.69–2.03)

Mean ≤ − 1.50 514 0.020 0.55 1.17 (0.70–1.98)

rs17739921 55,164,866 A>C

Controls Mean > − 0.75 842 0.285

Cases

Mean ≤ − 0.75 1535 0.275 0.35 0.94 (0.81–1.07)

Mean ≤ − 1.00 1134 0.275 0.32 0.93 (0.80–1.08)

Mean ≤ − 1.25 787 0.274 0.22 0.90 (0.76–1.06)

Mean ≤ − 1.50 514 0.264 0.079 0.84 (0.69–1.02)

Continued
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including rs7673984 and rs4864857 had the highest posterior inclusion probability (0.016) of being the causal 
variant at the region (Fig. 1a and Supplementary Table S1). For the cases with corneal astigmatism ≤  − 1.50 
D, the six top SNPs, including rs11133315, had the highest posterior inclusion probability (0.015; Fig. 1b and 
Supplementary Table S2). Additionally, when the stepwise regression analysis adjusted for any of these 21 SNPs 
was performed, none of other SNPs exhibited any association with the disease (P > 0.05), suggesting that any of 
these 21 SNPs located upstream of PDGFRA could account for the association of other SNPs with the disease.

Functional analysis
The HaploReg  database15 predicted that three of these 21 SNPs (rs11133315, rs7698425, and rs7681399) would be 
located within enhancer histone marks and one (rs11133315) in the DNase hypersensitivity region. The database 
also predicted that 18 of these 21 SNPs would alter the regulatory motif of transcription factors (Supplementary 
Table S5). Thus, most of these 21 SNPs have the potential to affect the transcriptional regulation of PDGFRA. 

SNP
Position on Chr. 4 
(GRCh37)

Alleles 
(1 > 2)

Phenotype

N Minor Allele Freq P Pc OR (95% CI)Criteria for CA (D)

rs1826426 55,167,287 A>G

Controls Mean > − 0.75 842 0.403

Cases

Mean ≤ − 0.75 1535 0.411 0.21 1.08 (0.96–1.23)

Mean ≤ − 1.00 1134 0.416 0.061 1.14 (0.99–1.31)

Mean ≤ − 1.25 787 0.402 0.31 1.08 (0.93–1.27)

Mean ≤ − 1.50 514 0.400 0.27 1.11 (0.92–1.32)

rs6554170 55,174,885 C>T

Controls Mean > − 0.75 842 0.357

Cases

Mean ≤ − 0.75 1535 0.366 0.22 1.08 (0.95–1.23)

Mean ≤ − 1.00 1134 0.368 0.13 1.11 (0.97–1.28)

Mean ≤ − 1.25 787 0.352 0.59 1.04 (0.89–1.22)

Mean ≤ − 1.50 514 0.349 0.57 1.05 (0.88–1.27)

Table 2.  Association results for 13 genotyped SNPs in the PDGFRA gene region. SNP single-nucleotide 
polymorphism, 1 major allele, 2 minor allele, CA corneal astigmatism, Pc corrected P-value, OR odds ratio, CI 
confidence interval.

Figure 1.  In-depth SNP analysis of the PDGFRA gene region in the Japanese cohort. Data are shown for the 
cases with corneal astigmatism (a) ≤  − 1.25 D or (b) ≤  − 1.50 D. (Top row) Posterior inclusion probability for 
each SNP genotyped and imputed in the current study. (Middle row) Regional association plot for each SNP. The 
left y-axes represent the − log10 P values for associations with corneal astigmatism; the right y-axes represent the 
estimated recombination rate. The horizontal blue and red lines indicate P = 0.05 and Pc = 0.05 (i.e. P = 0.05/9), 
respectively. One of the lead SNPs in each of the cases with corneal astigmatism ≤  − 1.25 D and ≤  − 1.50 D, (a) 
rs7673984 and (b) rs11133315, respectively, is depicted as a purple diamond. The color coding for all other 
SNPs indicates linkage disequilibrium with (a) rs7673984 or (b) rs11133315 as follows: red, r2 ≥ 0.8; yellow, 
0.6 ≤ r2 < 0.8; green, 0.4 ≤ r2 < 0.6; cyan, 0.2 ≤ r2 < 0.4; and blue, r2 < 0.2. (Bottom row) Gene annotations.
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On the other hand, the RegulomeDB  database16 indicated minimal evidence of transcription factor binding at 
these 21 SNPs (RegulomeDB score = 4–7), with the highest likelihood of having a regulatory function observed 
at rs11133315 and rs7673625 (RegulomeDB score = 4; Supplementary Table S5). In addition, the GTEx Portal 
 database17 did not show any significant expression quantitative trait loci (eQTLs) for these 21 SNPs in any of 
the analyzed tissues.

Discussion
The aim of this study was to assess whether polymorphisms in the PDGFRA gene region affected the development 
of corneal astigmatism in our Japanese population. We performed a comprehensive association analysis of SNPs 
in the PDGFRA gene region among Japanese patients with corneal astigmatism. We found that the association 
between multiple SNPs located upstream of PDGFRA (e.g., rs7673984, rs4864857, and rs11133315) and corneal 
astigmatism became stronger with the degree of corneal astigmatism and that these SNPs were significantly 
associated with Japanese patients with higher corneal astigmatism. These findings suggest that PDGFRA SNPs 
play a potential role in the development of greater corneal astigmatism.

PDGFRA encodes the alpha isoform of the platelet-derived growth factor (PDGF) receptor, which is a cell-
surface receptor tyrosine  kinase18. PDGFRA initiates various signaling pathways, including Ras-MAPK, Akt/PKB, 
JNK/SAPK, and PKC, after binding to ligand  PDGFs19. PDGFRA signaling is associated with many physiological 
processes, such as embryonic development, cell proliferation, differentiation, migration, and survival, and is 
critical for organogenesis, including the development of the lung, intestine, skin, testis, and  kidney19,20. PDGFRA 
signaling also plays a critical function in the development of ocular tissues such as the cornea, lens, and optic 
 nerve19,21,22. Several studies have reported that its signaling is involved in corneal fibroblast migration and 
proliferation, which are fundamental processes for corneal wound  healing23–26. In addition, treatment with 
PDGF induces cell elongation in rabbit corneal  keratocytes27. Similarly, human corneal stromal cells treated with 
PDGF have a very elongated spindle  shape28. Fan et al. identified PDGFRA as a novel susceptibility locus for 
corneal astigmatism and raised the possibility that PDGFRA genetic polymorphisms may affect the regulation 
of corneal biometrics, leading to the development of corneal  astigmatism9. PDGFRA genetic polymorphisms are 
also reportedly associated with variation in corneal  curvature10,29–31. Thus, taken together, these previous findings 
suggest that PDGFRA affects corneal size and shape through genetic polymorphisms.

In the GWAS meta-analysis with Asian (Chinese, Malay, and Indian living in Singapore) ancestry cohorts 
(n = 8513) by Fan et al., the PDGFRA intronic SNP, rs7677751, showed the strongest association with corneal 
astigmatism, and its minor allele T was associated with an increased risk (OR = 1.26) of the disease in the cases 
with corneal astigmatism ≤  − 0.75  D9. The association of the PDGFRA gene region with corneal astigmatism 
(≤ − 0.75 D) was replicated in a UK European ancestry cohort (n = 1968), and the minor allele T of another 
intronic SNP, rs6554163, showed the strongest association with an increased risk (OR = 1.24) of the  disease10. 
The association of the PDGFRA gene region was also replicated in a larger GWAS meta-analysis of cohorts of 
Asian ancestry (Chinese living in Beijing, China, and Chinese, Malay and Indian living in Singapore) (n = 9120) 
and European ancestry (n = 22,250). The minor allele T of rs7673984 showed the strongest association with 
an increased risk of corneal astigmatism (≤ − 0.75 D) (OR = 1.15 in Asians, 1.11 in Europeans, and 1.12 in the 
meta-analysis of Asians and Europeans)11. Furthermore, a large-scale GWAS for corneal astigmatism analyzed 
as a continuous trait with individuals of European ancestry from the UK Biobank (n = 86,335) reported a strong 
association between corneal astigmatism and PDGFRA and the minor allele C of a lead SNP, rs4864857, which 
contributed to an increased risk of the disease (effect size = 0.017)12. These four SNPs, rs7677751, rs6554163, 
rs7673984, and rs4864857, are in strong LD with each other (r2 ≥ 0.943 in East Asians; r2 ≥ 0.637 in Europeans)32. 
In our present study with a Japanese cohort, the ORs for minor alleles of these four SNPs in the cases with corneal 
astigmatism of ≤  − 0.75 D were 1.16 to 1.18, which are similar to those reported in the previous  studies9–11 but 
not significant, due to the smaller sample size of the present study compared with those of the previous studies. 
Moreover, the present study found that the ORs of minor alleles of these SNPs increased with the degree of 
corneal astigmatism and were significant in the cases with corneal astigmatism of ≤  − 1.25 D, with ORs of 1.35 
to 1.38. In our Japanese cohort, the strongest association with the disease was observed in multiple SNPs in 
complete LD located within 10 kb upstream of PDGFRA (e.g., rs7673984 and rs4864857) in the cases with corneal 
astigmatism of ≤  − 1.25 D. Considering the above, the minor allele(s) of rs7677751, rs6554163, rs7673984, and 
rs4864857 and/or other SNPs in strong LD with these four SNPs may contribute to the development of corneal 
astigmatism.

On the other hand, Yazar et al. reported no strong evidence of association between PDGFRA SNPs and 
corneal astigmatism in a GWAS with an Australian cohort (n = 1013) of European ancestry, whereas weak 
association signals were observed in the upstream region of PDGFRA13. This weak association may be due 
to the relatively small sample size, which might have reduced the statistical power of the analysis. In contrast 
to corneal astigmatism, the PDGFRA region has not been associated with refractive astigmatism: Lopes et al. 
reported no association between refractive astigmatism and PDGFRA in a GWAS meta-analysis with European 
ancestry cohorts (n = 22,100)33. Likewise, a larger GWAS meta-analysis with European and Asian ancestry cohorts 
(n = 45,931) reported lack of association between refractive astigmatism and PDGFRA34. In addition, another 
large-scale GWAS for refractive astigmatism analyzed as a continuous trait also reported no association between 
refractive astigmatism and PDGFRA in a European ancestry cohort (n = 88,005)12. The nonexistence of these 
associations may be due to the facts that the trait of refractive astigmatism, which consists of corneal and 
internal astigmatism, is different from that of corneal astigmatism, indicating a difference in genetic background 
between corneal astigmatism and internal astigmatism that arises from the internal optics of the eye (mainly 
the crystalline lens).
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One of the limitations of the present study is the smaller sample size compared with previous studies. This 
limitation possibly lad to reduced statistical power and increased the risk of type II error. The statistical power of 
this study to replicate the association between corneal astigmatism and rs7677751 (OR = 1.26) originally reported 
by Fan et al.9 ranged from 35.0% to 51.8% in case–control analyses with the stratified patient groups (≤ − 0.75 
D: 51.8%; ≤  − 1.00 D: 47.6%; ≤  − 1.25 D: 41.9%; ≤  − 1.50 D: 35.0%). Thus, the present study is underpowered to 
detect the genetic associations described in the previous studies and may have led to the failure in detecting 
some true associations in a Japanese population. To overcome this issue and validate our findings, further genetic 
studies with larger sample sizes from a Japanese population are needed. Another limitation of the present study 
is that the functional role of the identified SNPs could not be clarified. Although publicly available data suggest 
that they may affect the transcriptional regulation of PDGFRA, no concordant results were observed throughout 
the database analysis. Thus, further studies are needed to elucidate the functional implications of the identified 
PDGFRA SNPs.

In conclusion, to our knowledge, this study is the first to investigate the association between the PDGFRA gene 
region and corneal astigmatism in individuals of Japanese ancestry. We found that SNPs in the upstream region 
of PDGFRA were associated with higher corneal astigmatism in our Japanese population, with ORs increasing 
with increasing degree of corneal astigmatism. Our findings suggest the possibility that these PDGFRA SNPs 
are potential genetic factors in the development of greater corneal astigmatism. To clarify the contribution of 
PDGFRA SNPs to the risk of corneal astigmatism, further genetic studies using other ethnic populations and 
that take into account the degree of corneal astigmatism are needed.

Methods
Participants
A total of 2377 unrelated Japanese individuals were recruited from Yokohama City University, Okada Eye Clinic, 
and Aoto Eye Clinic in Yokohama, Kanagawa Prefecture, Japan. Corneal curvature radii were measured in 
horizontal and vertical meridians with autorefractors (ARK-730A, [NIDEK, Aichi, Japan], ARK-700A [NIDEK], 
and KP-8100P [TOPCON, Tokyo, Japan]). The keratometric index of 1.3375 was used to convert the radius of 
corneal curvature in millimeters into a corneal power in diopters (D). Corneal cylinder power was calculated as 
the difference in diopters between the steepest and flattest medians. According to previous  studies9,11, we defined 
individuals with mean corneal cylinder power ≤  − 0.75 D across both eyes as corneal astigmatism cases (n = 1535), 
while controls were defined as mean corneal cylinder power >  − 0.75 D across both eyes (n = 842). This study 
did not include individuals who had a previous history of ocular surgery or any ocular condition that may affect 
the accuracy of keratometry. The study details were explained to all participants, and written informed consent 
was obtained from all participants. The study methodology adhered to the tenets of the Declaration of Helsinki 
and was approved by the Ethics Committee of Yokohama City University School of Medicine (approval number: 
A150122004; approval date: 06/02/2015).

SNP genotyping
Genomic DNA was extracted from peripheral blood samples with the QIAamp DNA Blood Maxi Kit (Qiagen, 
Hilden, Germany). Procedures were performed under standardized conditions to prevent variation in DNA 
quality.

We selected nine tagging SNPs (rs11133315, rs6554162, rs2303429, rs7656613, rs1547905, rs3816888, 
rs17739921, rs1826426, and rs6554170) that together covered the entire PDGFRA gene region, including 15 kb 
upstream and downstream, from HapMap Japanese data (minor allele frequency ≥ 1%, pairwise r2 ≥ 0.8), with 
the LD TAG SNP selection tool in the SNPinfo web server (https:// snpin fo. niehs. nih. gov/). We evaluated four 
SNPs reportedly associated with corneal astigmatism in previous studies (rs7673984, rs4864857, rs6554163, 
and rs7677751)9–12. Genotyping was performed with the TaqMan 5´ exonuclease assay and primer–probe sets 
supplied by Thermo Fisher Scientific Inc. (Foster City, CA, USA). The polymerase chain reaction (PCR) for each 
SNP was performed with a 10-μL reaction mixture that contained 1 × TaqMan GTXpress Master Mix (Thermo 
Fisher Scientific), 1 × TaqMan SNP Genotyping Assay primer/probe mix, and 3 ng of genomic DNA. The PCR 
conditions were as follows: 95 °C for 20 s, followed by 40 cycles of denaturation at 95 °C for 3 s and annealing/
extension at 60 °C for 20 s. The fluorescent probe signal was detected with the StepOnePlus Real-Time PCR 
System (Thermo Fisher Scientific), according to the manufacturer’s instructions.

Imputation analysis
We performed imputation analysis using the MACH v1.0 program (http:// www. sph. umich. edu/ csg/ abeca sis/ 
MACH/ index. html)35,36 to evaluate potential associations with un-genotyped SNPs in the PDGFRA gene region. 
As a reference panel, we used the 1000 Genomes Phase 3 datasets of 504 East Asian samples, which included a set 
of Japanese samples from Tokyo (JPT, n = 104), Han Chinese samples from Beijing (CHB, n = 103), Southern Han 
Chinese samples (CHS, n = 105), Chinese Dai samples from Xishuangbanna (CDX, n = 93), and Kinh samples 
from Ho Chi Minh City (KHV, n = 99) (http:// www. 1000g enomes. org/)37. All imputed SNPs were filtered with 
the following quality control parameters: HWE P > 0.05, minor allele frequency > 0.01, and squared correlation 
between imputed and true genotypes (Rsq) > 0.7. After the quality control filtering, we included the 179 imputed 
SNPs in further analysis.

To highlight the potentially causal SNP in the PDGFRA gene region, we performed fine-mapping with 
FINEMAP v1.2  software14. This software uses a shotgun stochastic search algorithm. We ran FINEMAP with 
the assumption that there would be only one causal variant in the gene region. We calculated the posterior 
inclusion probabilities and  log10 Bayes factor to assess the causality of each SNP within the PDGFRA gene region.

https://snpinfo.niehs.nih.gov/
http://www.sph.umich.edu/csg/abecasis/MACH/index.html)
http://www.sph.umich.edu/csg/abecasis/MACH/index.html)
http://www.1000genomes.org/)
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Statistical analysis
Association analyses were carried out under an additive model using SNP & Variation Suite software version 
8.8.3 (Golden Helix, Inc., Bozeman, MT, USA). Age and sex were included in the model as covariates. The 
obtained P-values were corrected for multiple testing with the Bonferroni correction based on the number of 
tagging SNPs tested (n = 9), because one of the tagging SNPs, rs11133315, was in strong LD (r2 ≥ 0.87) with four 
SNPs reportedly associated with corneal astigmatism (rs7673984, rs4864857, rs6554163, and rs7677751). A Pc-
value < 0.05 was considered significant. We generated a regional association plot for the PDGFRA gene region 
using LocusZoom (http:// csg. sph. umich. edu/ locus zoom/)38. LD between SNPs was assessed using Haploview 
4.2  software39 and LocusZoom. Statistical power calculations were performed using Sampsize calculator (http:// 
samps ize. sourc eforge. net/).

Functional annotation
We investigated the functional roles of the identified SNPs using HaploReg v4.2 (https:// pubs. broad insti tute. 
org/ mamma ls/ haplo reg/ haplo reg. php) and RegulomeDB (https:// www. regul omedb. org/)15,16. We also used the 
GTEx Portal online database, version 8 (https:// www. gtexp ortal. org/ home/) to evaluate the eQTL effect of the 
identified  SNPs17.

Data availability
All data generated or analyzed during this study are included in this published article.

Received: 2 June 2023; Accepted: 22 September 2023

References
 1. Read, S. A., Collins, M. J. & Carney, L. G. A review of astigmatism and its possible genesis. Clin. Exp. Optom. 90, 5–19 (2007).
 2. Hashemi, H. et al. Global and regional estimates of prevalence of refractive errors: Systematic review and meta-analysis. J. Curr. 

Ophthalmol. 30, 3–22 (2018).
 3. Harvey, E. M. Development and treatment of astigmatism-related amblyopia. Optom. Vis. Sci. 86, 634–639 (2009).
 4. Fulton, A. B., Hansen, R. M. & Petersen, R. A. The relation of myopia and astigmatism in developing eyes. Ophthalmology. 89, 

298–302 (1982).
 5. Gwiazda, J., Grice, K., Held, R., McLellan, J. & Thorn, F. Astigmatism and the development of myopia in children. Vis. Res. 40, 

1019–1026 (2000).
 6. Tarczy-Hornoch, K. et al. Risk factors for decreased visual acuity in preschool children: The multi-ethnic pediatric eye disease and 

Baltimore pediatric eye disease studies. Ophthalmology. 118, 2262–2273 (2011).
 7. Pascual, M. et al. Risk factors for amblyopia in the vision in preschoolers study. Ophthalmology. 121, 622-629.e1 (2014).
 8. Hammond, C. J., Snieder, H., Gilbert, C. E. & Spector, T. D. Genes and environment in refractive error: the twin eye study. Invest. 

Ophthalmol. Vis. Sci. 42, 1232–1236 (2001).
 9. Fan, Q. et al. Genome-wide meta-analysis of five Asian cohorts identifies PDGFRA as a susceptibility locus for corneal astigmatism. 

PLoS Genet. 7, e1002402 (2011).
 10. Guggenheim, J. A. et al. A genome-wide association study for corneal curvature identifies the platelet-derived growth factor 

receptor α gene as a quantitative trait locus for eye size in white Europeans. Mol. Vis. 19, 243–253 (2013).
 11. Shah, R. L. et al. A genome-wide association study of corneal astigmatism: The CREAM Consortium. Mol. Vis. 24, 127–142 (2018).
 12. Shah, R. L., Guggenheim, J. A. & UK Biobank Eye and Vision Consortium. Genome-wide association studies for corneal and 

refractive astigmatism in UK Biobank demonstrate a shared role for myopia susceptibility loci. Hum. Genet. 137, 881–896 (2018).
 13. Yazar, S. et al. Interrogation of the platelet-derived growth factor receptor alpha locus and corneal astigmatism in Australians of 

Northern European ancestry: Results of a genome-wide association study. Mol. Vis. 19, 1238–1246 (2013).
 14. Benner, C. et al. FINEMAP: Efficient variable selection using summary data from genome-wide association studies. Bioinformatics. 

32, 1493–1501 (2016).
 15. Ward, L. D. & Kellis, M. HaploReg v4: Systematic mining of putative causal variants, cell types, regulators and target genes for 

human complex traits and disease. Nucleic Acids Res. 44, 877–881 (2016).
 16. Boyle, A. P. et al. Annotation of functional variation in personal genomes using RegulomeDB. Genome Res. 22, 1790–1797 (2012).
 17. GTEx Consortium. The genotype-tissue expression (GTEx) project. Nat. Genet. 45, 580–585 (2013).
 18. Kazlauskas, A. PDGFs and their receptors. Gene. 614, 1–7 (2017).
 19. Andrae, J., Gallini, R. & Betsholtz, C. Role of platelet-derived growth factors in physiology and medicine. Genes Dev. 22, 1276–1312 

(2008).
 20. Sun, Y., Yue, L., Xu, P. & Hu, W. An overview of agents and treatments for PDGFRA-mutated gastrointestinal stromal tumors. 

Front. Oncol. 12, 927587 (2022).
 21. Morrison-Graham, K., Schatteman, G. C., Bork, T., Bowen-Pope, D. F. & Weston, J. A. A PDGF receptor mutation in the mouse 

(Patch) perturbs the development of a non-neuronal subset of neural crest-derived cells. Development. 115, 133–142 (1992).
 22. Zhuo, D., Diao, Y., Li, X., Huang, Y. & Wang, L. Lineage contribution of PDGFRα-expressing cells in the developing mouse eye. 

Biomed. Res. Int. 2021, 4982227 (2021).
 23. Kim, W. J., Mohan, R. R., Mohan, R. R. & Wilson, S. E. Effect of PDGF, IL-1alpha, and BMP2/4 on corneal fibroblast chemotaxis: 

Expression of the platelet-derived growth factor system in the cornea. Invest. Ophthalmol. Vis. Sci. 40, 1364–1372 (1999).
 24. Imanishi, J. et al. Growth factors: importance in wound healing and maintenance of transparency of the cornea. Prog. Retin. Eye 

Res. 19, 113–129 (2000).
 25. Jester, J. V., Huang, J., Petroll, W. M. & Cavanagh, H. D. TGFbeta induced myofibroblast differentiation of rabbit keratocytes requires 

synergistic TGFbeta, PDGF and integrin signaling. Exp. Eye Res. 75, 645–657 (2002).
 26. Vij, N., Sharma, A., Thakkar, M., Sinha, S. & Mohan, R. R. PDGF-driven proliferation, migration, and IL8 chemokine secretion 

in human corneal fibroblasts involve JAK2-STAT3 signaling pathway. Mol. Vis. 14, 1020–1027 (2008).
 27. Kim, A., Lakshman, N., Karamichos, D. & Petroll, W. M. Growth factor regulation of corneal keratocyte differentiation and 

migration in compressed collagen matrices. Invest. Ophthalmol. Vis. Sci. 51, 864–875 (2010).
 28. Fernández-Pérez, J. & Ahearne, M. Influence of biochemical cues in human corneal stromal cell phenotype. Curr. Eye Res. 44, 

135–146 (2019).
 29. Han, S. et al. Association of variants in FRAP1 and PDGFRA with corneal curvature in Asian populations from Singapore. Hum. 

Mol. Genet. 20, 3693–3698 (2011).

http://csg.sph.umich.edu/locuszoom/)
http://sampsize.sourceforge.net/
http://sampsize.sourceforge.net/
https://pubs.broadinstitute.org/mammals/haploreg/haploreg.php
https://pubs.broadinstitute.org/mammals/haploreg/haploreg.php
https://www.regulomedb.org/)
https://www.gtexportal.org/home/


8

Vol:.(1234567890)

Scientific Reports |        (2023) 13:16075  | https://doi.org/10.1038/s41598-023-43333-1

www.nature.com/scientificreports/

 30. Mishra, A. et al. Genetic variants near PDGFRA are associated with corneal curvature in Australians. Invest. Ophthalmol. Vis. Sci. 
53, 7131–7136 (2012).

 31. Chen, P. et al. CMPK1 and RBP3 are associated with corneal curvature in Asian populations. Hum. Mol. Genet. 23, 6129–6136 
(2014).

 32. Machiela, M. J. & Chanock, S. J. LDlink: A web-based application for exploring population-specific haplotype structure and linking 
correlated alleles of possible functional variants. Bioinformatics. 31, 3555–3557 (2015).

 33. Lopes, M. C. et al. Identification of a candidate gene for astigmatism. Invest. Ophthalmol. Vis. Sci. 54, 1260–1267 (2013).
 34. Li, Q. et al. Genome-wide association study for refractive astigmatism reveals genetic co-determination with spherical equivalent 

refractive error: the CREAM consortium. Hum. Genet. 134, 131–146 (2015).
 35. Li, Y., Willer, C. J., Sanna, S. & Abecasis, G. Genotype Imputation. Annu. Rev. Genomics Hum. Genet. 10, 387–406 (2009).
 36. Li, Y., Willer, C. J., Ding, J., Scheet, P. & Abecasis, G. R. MaCH: using sequence and genotype data to estimate haplotypes and 

unobserved genotypes. Genet. Epidemiol. 34, 816–834 (2010).
 37. 1000 Genomes Project Consortium, et al. An integrated map of genetic variation from 1,092 human genomes. Nature. 491, 56–65 

(2012).
 38. Pruim, R. J. et al. LocusZoom: Regional visualization of genome-wide association scan results. Bioinformatics. 26, 2336–2337 

(2010).
 39. Barrett, J. C., Fry, B., Maller, J. & Daly, M. J. Haploview: Analysis and visualization of LD and haplotype maps. Bioinformatics. 21, 

263–265 (2005).

Acknowledgements
We sincerely thank all of the study participants and all of the medical staff involved in the diagnoses and sample 
collection.

Author contributions
H.F., A.M., and K.F. designed the study. M.T. and N.M. contributed study samples. H.F., A.M., M.T., and M.O. 
conducted the experiments and analyzed the data. H.F. and A.M. wrote the manuscript. All authors reviewed 
the manuscript. 

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 43333-1.

Correspondence and requests for materials should be addressed to A.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-43333-1
https://doi.org/10.1038/s41598-023-43333-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Association of PDGFRA polymorphisms with the risk of corneal astigmatism in a Japanese population
	Results
	Demographic and characteristics of the study populations
	Association analysis
	Imputation analysis
	Functional analysis

	Discussion
	Methods
	Participants
	SNP genotyping
	Imputation analysis
	Statistical analysis
	Functional annotation

	References
	Acknowledgements


