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Supplemental Figure 1 | Lens-induced myopia in mice and chicks.  

(a) Schematic structure of lens-induced myopia (LIM). (b) Changes in vitreous chamber 

depth (VCD) + retinal thickness (RT) during 3-week lens-induced myopia (LIM) in 

C57BL6J mice (n = 4). NL: No Lens control, -30D: minus 30 D lens-wearing eye. ** p 

= 0.002; Student’s two-tailed t-test. (c) Haematoxylin and eosin staining of control and 

LIM eyes. Yellow bars indicate scleral thickness (n = 5 per group); scale bar, 50 µm. 

(d) Measurement of scleral thickness. The position of the optic disk is represented by 

‘0’, and superior (+) and inferior (-) distances from disk were measured. At 400, 700, 

1000, 1300, 1600, 1900, 2200 and 2500 µm, scleral thickness was measured. (e) Scleral 

thickness of control (black line) and LIM (grey line) eyes measured in HE-stained 

sections (n = 5 per group); * p < 0.05; Student’s two-tailed t-test (The exact p-values 

are, from left to right: 0.019, 0.002, 0.015, 0.001, 0.003, 0.004, 0.004, 0.006, 0.011, 

0.015, 0.00063, 0.00045, 0.0003, 0.003, 0.026). (f) TEM images of control and LIM 

sclerae of White Leghorn chicks (n = 3 per group). Scale bars, 2 µm. (g) mRNA 

expression levels of CHOP and GRP78 in control and LIM sclerae of White Leghorn 

chicks (n = 6 per group). NL group was assigned a value of 1.0. The p values were 

determined by Student’s two-tailed t-test. Source data are provided as a Source Data 

file. 
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Supplemental Figure 2 | Ophthalmological and cellular changes after LIM in the 

sclera and the retina.  

(a) Immunohistochemical images stained for Bip (red) and DAPI (nucleus, blue) of no 

lens (middle panel) and minus 30 D lens-wearing (right panel) sclerae in C57BL6J mice. 

The area between the yellow dot lines is the sclera (S), and the area between the yellow 

and green dot lines is the choroid (C). The images were acquired from posterior region 

(in the area around 400-1000 µm from the disc). The left panel showed the image of no-

primary antibody control. Showing representative images in four biologically 

independent samples; scale bar, 20 µm. (b) Bar graph showing the results of the 

quantification of the fluorescence intensity in Supplemental Fig 2a (n = 5 in NL group, n 

= 6 in -30 D group). NL group was assigned a value of 1.0. The p value was determined 

by Student’s two-tailed t-test. (c) TUNEL images (green: TUNEL, blue: DAPI) of control 

and LIM sclerae in C57BL6J mice. The bottom part facing towards the choroid. The area 

between the yellow dot lines is the sclera. The images were acquired from posterior region 

(in the area around 400-1000 µm from the disc). Upper panel: no lens control, lower 

panel: LIM. Arrowheads indicate TUNEL-positive nuclei. Showing representative 

images in four biologically independent samples.; scale bar, 100 µm. (d) Bar graph 

showing the ratio of TUNEL-positive nuclei to DAPI-positive nuclei in sclera. The p 

value was determined by Student’s two-tailed t-test. Three images were acquired from 

each of the four slides (12 images in total) for quantitative analysis. (e) IRE1, eIF2 and 

ATF6 did not activated by LIM in retina determined by Western blotting. Showing 

representative blots in four biologically independent samples. (f) UPR target gene 

expression level determined by quantitative PCR in age matched control (right grey 

column), No-Lens control (white column) and LIM (grey column) retina for 3-week LIM 
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(n = 8). Age-match group was assigned a value of 1.0. The p values were determined by 

ANOVA with Bonferroni’s Multiple Comparison Test. (g) TEM images of retinal 

pigment epithelium from control and myopia-induced eyes. (n = 3 per group). Scale bars, 

1 µm. Source data are provided as a Source Data file. 
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Supplemental Figure 3 | Intervention of scleral ER stress affects eyeball size and 

refraction in mice and chicks. 

(a) Intraperitoneal (i.p.) injection of 4-phenylbutyric acid (4-PBA; 200 mg/kg/day) 

suppresses 3-week-LIM-induced increase in UPR gene expression determined by 

quantitative PCR in control (No Lens, white column) and LIM (-30 D, grey column) 

sclerae (n = 6 per group). The p values were determined by two-tailed Generalized 

Estimating Equations. 0.00012(b) LIM-induced myopic shift in refraction was inhibited 

by 4-PBA administration for 1 week (n = 6 per group). The p values were determined by 

Generalized Estimating Equations. (c) LIM-induced axial elongation was inhibited by 4-

PBA administration for 1 week (n = 6 per group). The p values were determined by 

Generalized Estimating Equations. (d) LIM-induced attenuation of vitreous chamber 

depth (VCD) + retinal thickness (RT) shortening suppressed by 4-PBA administration for 

3 week (n = 6 per group). The p values were determined by Generalized Estimating 

Equations. (e) LIM-induced myopic shift in refraction was inhibited by TUDCA 

administration for 3 weeks (n = 4). The p values were determined by two-tailed 

Generalized Estimating Equations. (f) LIM-induced axial elongation was inhibited by 

TUDCA administration for 3 weeks (n = 4 per group). The p values were determined by 

two-tailed Generalized Estimating Equations. (g) LIM-induced attenuation of VCD + RT 

shortening suppressed by TUDCA administration for 3 week (n = 4 per group). The p 

values were determined by two-tailed Generalized Estimating Equations. (h) LIM-

induced attenuation of VCD + RT shortening suppressed by 2% 4-PBA instillation for 3 

week (n = 6 per group). The p values were determined by two-tailed Generalized 

Estimating Equations. (i) Single tunicamycin (Tm, 50 µg/mL) instillation suppressed 

VCD + RT shortening during eye growth (n = 5). The p values were determined by 
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Student’s two-tailed t-test. (j) Single thapsigargin (TG: 10 µM) instillation induced 

refractive error (n = 6). The p values were determined by Student’s two-tailed t-test. (k) 

Single TG (10 µM) instillation induced pathological axial elongation (n = 6 per group). 

The p values were determined by Student’s two-tailed t-test. (l) Single TG (10 µM) 

instillation suppressed VCD + RT shortening during eye growth (n = 5). The p values 

were determined by Student’s two-tailed t-test. (m) 4-PBA suppressed single Tm or TG 

instillation-induced axial elongation. The p values were determined by one-way ANOVA 

with Tukey HSD. (n) 4-PBA suppressed single Tm or TG instillation-induced refractive 

error. The p values were determined by one-way ANOVA with Tukey HSD. (o) Effect 

of single tunicamycin (Tm; 50 µg/mL) instillation on refraction in white Leghorn chicks. 

Both groups included 12 chicks (24 eyes). The p value was determined by Student’s two-

tailed t-test. (p) Effect of single Tm (50 µg/mL) instillation on axial elongation for 1 week 

in white Leghorn chicks. Both groups included 12 chicks (24 eyes). The p values were 

determined by Student’s two-tailed t-test. Source data are provided as a Source Data file. 
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Supplemental Figure 4 | Side effect of 4-PBA administration in another component 

of the eye.  

(a) Representative ERG waveforms (50 cd･s/m2) of scotopic condition in PBS or 4-PBA 

i. p. injected mice. (b) Averaged amplitudes (left panels) and implicit time (right panels) 

of a-wave and b-wave in scotopic condition of PBS or 4-PBA i. p. injected mice (n = 9, 

respectively). The p values were determined by Student’s two-tailed t-test. (c) 

Representative ERG waveforms (20 cd･s/m2) of photopic condition in PBS or 4-PBA i. 

p. injected mice. (d) Averaged amplitudes (left panels) and implicit time (right panels) of 

b-wave in photopic condition of PBS or 4-PBA i. p. injected mice (n = 9, respectively). 

The p values were determined by Student’s two-tailed t-test. (e) Representative ERG 

waveforms of scotopic condition in PBS or 4-PBA instilled mice. (f) Averaged 

amplitudes (left panels) and implicit time (right panels) of a-wave and b-wave in scotopic 

condition of PBS or 4-PBA instilled mice (n = 8, respectively). The p values were 

determined by Student’s two-tailed t-test. (g) Representative ERG waveforms of photopic 

condition in PBS or 4-PBA instilled mice. (h) Averaged amplitudes (left panels) and 

implicit time (right panels) of b-wave in photopic condition of PBS or 4-PBA instilled 

mice (n = 7, respectively). The p values were determined by Student’s two-tailed t-test. 

(i) Gene expression level of Mucin 1, 4 and 5ac in conjunctiva after 3 weeks of ocular 

administration of PBS (white column) and 4-PBA (gray column). Student’s two-tailed t-

test showed no significant differences. (j) Changes in lens thickness (LT) for 3 weeks 

LIM with PBS or 4-PBA i. p. injection. The p value was determined by two-tailed 

Generalized Estimating Equations. (k) Changes in lens thickness (LT) for 3 weeks LIM 

with PBS or 4-PBA instillation. The p value was determined by two-tailed Generalized 

Estimating Equations. Source data are provided as a Source Data file. 
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Supplemental Figure 5 | 4-PBA instillation is effective for myopia prevention and 

treatment.  

(a) Experimental design of the experiments. After 3 weeks of LIM (without any treatment 

such as 4-PBA), the minus lenses and frames were removed, and PBS or 4-PBA eye drops 

were administered for 3 weeks. (b) Axial elongation during the lens-induced myopia 

(LIM) period (② - ①) in the control (n = 6), vehicle (n = 7), and 4-PBA (n = 5)-instilled 

groups. The p values were determined by one-way ANOVA with Tukey HSD. (c, d) 

Axial elongation for (c) 1-week treatment (③ - ①) and (d) 3-week treatment (④ - ①) 

in the control (n = 6), vehicle (n = 7), and 4-PBA (n = 5)-instilled groups. (e) Axial 

elongation from pretreatment (②) to 1-week (③ - ②) or 3-week (④ - ②) treatment in 

the vehicle (n = 7) and 4-PBA (n = 5)-instilled groups. (f) Differences between axial 

length of each 4-PBA-treated mouse and the average axial length of the vehicle-treated 

group (n = 5). (g) Refractive error during the LIM period (② - ①) in the control (n = 6), 

vehicle (n = 7), and 4-PBA (n = 5)-instilled groups. The p values were determined by 

one-way ANOVA with Tukey HSD. (h, i) Refractive error for (h) 1-week treatment (③ 

- ①) and (i) 3-week treatment (④ - ①) in the control (n = 6), vehicle (n = 7), and 4-

PBA (n = 5)-instilled groups. The p values were determined by one-way ANOVA with 

Tukey HSD. (j) Refractive error from pretreatment (②) to 1-week (③ - ②) or 3-week 

(④ - ②) treatment in the vehicle (n = 7) and 4-PBA (n = 5)-instilled groups. (k) 

Differences between refraction of each 4-PBA treated mouse and the average refraction 

of the vehicle-treated group (n = 5). Source data are provided as a Source Data file. 
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Supplemental Figure 6 | Effect of single UPR inhibitor instillation on myopia 

development. 

(a) Comparison of axial elongation between non-lens-wearing eyes (NL) and minus-lens-

wearing eyes (-30D) in DMSO (as a control), STF080310 (STF; 100 µM), GSK2656157 

(GSK; 100 µM), and nelfinavir (NFV; 100 µM)-administrated mouse. The p values were 

determined by Student’s two-tailed t-test. (b) Comparison of refraction between NL and 

-30D eyes in DMSO, STF GSK and NFV-administrated mouse. The p values were 

determined by Student’s two-tailed t-test. (c) Effects of STF, GSK, and NFV eye drops 

on VCD+RT in NL and -30 D eyes (n = 5 per group). The p values were determined by 

two-tailed Generalized Estimating Equations. (d) Comparison of VCD+RT between NL 

and -30D eyes in DMSO, STF GSK and NFV-administrated mouse. The p values were 

determined by Student’s two-tailed t-test. (e) Effects of 4µ8C, GSK2606414, and Ceapin 

A-7 instillation (100 µM, respectively) eye drops on axial elongation in NL and -30 D 

eyes (n = 5 per group). The p values were determined by one-way ANOVA with Tukey 

HSD. (f) Comparison of axial elongation between NL and -30D eyes in DMSO, 4µ8C, 

GSK2606414, and Ceapin A-7-administrated mouse. The p values were determined by 

Student’s two-tailed t-test. (g) Effects of 4µ8C, GSK2606414, and Ceapin A-7 instillation 

eye drops on refractive error in NL and -30 D eyes (n = 5 per group). The p values were 

determined by one-way ANOVA with Tukey HSD. (h) Comparison of refractive error 

between NL and -30D eyes in DMSO, 4µ8C, GSK2606414, and Ceapin A-7-

administrated mouse. The p values were determined by Student’s two-tailed t-test. (i) 

Effects of 4µ8C, GSK2606414, and Ceapin A-7 instillation eye drops on VCD+RT in NL 

and -30 D eyes (n = 5 per group). The p values were determined by one-way ANOVA 

with Tukey HSD. (j) Comparison of VCD+RT between NL and -30D eyes in DMSO, 
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4µ8C, GSK2606414, and Ceapin A-7-administrated mouse. The p values were 

determined by Student’s two-tailed t-test. Source data are provided as a Source Data file.  
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Supplemental Figure 7 | Effect of combined UPR inhibitor instillation on myopia 

development. 

(a) Comparison of axial elongation between non-lens-wearing eyes (NL) and minus-lens-

wearing eyes (-30D) in DMSO (as a control), STF080310 with GSK2656157 (S+G; 100 

µM, respectively), GSK2656157 with nelfinavir (G+N; 100 µM, respectively), nelfinavir 

with STF080310 (N+S; 100 µM, respectively) and all inhibitors (S+G+N)-administrated 

mouse. The p values were determined by Student’s two-tailed t-test. (b) Comparison of 

refraction between NL and -30D eyes in DMSO, S+G, G+N, N+S and S+G+N-

administrated mouse. The p values were determined by Student’s two-tailed t-test. (c) 

Effects of combined STF, GSK, and NFV eye drops on VCD+RT in NL and -30 D eyes 

(n = 5 per group). The p values were determined by two-tailed Generalized Estimating 

Equations. (d) Comparison of VCD+RT between NL and -30D eyes in DMSO, S+G, 

G+N, N+S and S+G+N-administrated mouse. The p values were determined by Student’s 

two-tailed t-test. (e) Effects of combined 4µ8C, GSK2606414, and Ceapin A-7 

instillation (4µ8C with GSK2606414: 4+G2, GSK2606414 with Ceapin A-7: G2+CP, 

Ceapin A-7 with 4µ8C: CP+4) eye drops on axial elongation in NL and -30 D eyes (n = 

5 per group). The p values were determined by one-way ANOVA with Tukey HSD. (f) 

Comparison of axial elongation between NL and -30D eyes in DMSO, 4+G2, G2+CP and 

CP+4-administrated mouse. The p values were determined by Student’s two-tailed t-test. 

(g) Effects of 4+G2, G2+CP and CP+4 instillation eye drops on refractive error in NL 

and -30 D eyes (n = 5 per group). The p values were determined by one-way ANOVA 

with Tukey HSD. (h) Comparison of refractive error between NL and -30D eyes in 

DMSO, 4+G2, G2+CP and CP+4-administrated mouse. The p values were determined 

by Student’s two-tailed t-test. (i) Effects of 4+G2, G2+CP and CP+4 instillation eye drops 
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on VCD+RT in NL and -30 D eyes (n = 5 per group). The p values were determined by 

one-way ANOVA with Tukey HSD. (j) Comparison of VCD+RT between NL and -30D 

eyes in DMSO, 4+G2, G2+CP and CP+4-administrated mouse. The p values were 

determined by Student’s two-tailed t-test. Source data are provided as a Source Data file. 
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Supplemental Figure 8 | Tunicamycin-induced dysregulation of collagen gene 

expression and its possible mechanism  

(a) Effect of different concentrations of tunicamycin (Tm; 24 h) on cell death in human 

scleral fibroblasts. Upper panels: DAPI staining (blue), lower panel: TUNEL staining 

(green). Representative images of three biologically independent samples. (b) Effect of 

Tm (200 ng/mL) treatment on the expression of 12 LIM-sensitive collagen genes in 

human scleral fibroblasts (n = 6 per group). The p values were determined by Student’s 

two-tailed t-test. (c) Immunoblots showing effect of minus lens-wearing on 

phosphorylation levels of SMAD1/5, SMAD2 and SMAD3. Representative blots from 

three independent experiments are shown. (d) Effect of LIM and 4-PBA instillation on 

phosphorylation of SMAD1. The p values were determined by two-tailed Generalized 

Estimating Equations. (e) Effect of IRE1, PERK and ATF6 inhibitors on the degradation 

of COL1A1 induced by tunicamycin (Tm, 200 ng/ml for 6 hours). Source data are 

provided as a Source Data file. 
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Supplemental Figure 9 | Representative chromatogram of 4-Phenylbutyric Acid (4-

PBA) in mouse ocular tissues after 4-PBA or PBS treatment 

A to F are chromatograms corresponding to the results in Table 4. As an example, the 

retention time of the peak detected with the standard reagent (2,000 ng/g) of 4-PBA is 

shown in G. Concentrations of 4-Phenylbutyric Acid were determined by the internal 

standard method. 0.57 mg of 4-Phenylbutyric Acid-d11 was weighed and dissolved in 

5.7 mL of methanol to prepare an internal standard stock solution of 100 µg/mL. The 

prepared internal standard stock solution was diluted with methanol to prepare a 100 

ng/mL internal standard working solution.  
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Supplemental Figure 10 | Representative chromatogram of Phenylacetic Acid 

(PAA) in mouse ocular tissues after 4-Phenylbutyric Acid or PBS treatment.  

A to F are chromatograms corresponding to the results in Table 5. As an example, the 

retention time of the peak detected with the standard reagent (100,000 ng/g) of 

Phenylacetic Acid is shown in G. PAA was also determined by the internal standard 

method using 4-Phenylbutyric Acid-d11 as the internal standard reagent in the same way 

as 4-Phenylbutyric Acid. In the case of detection by LC/MS/MS, monitor ions were set 

for 4-Phenylbutyric Acid, PAA, and 4-Phenylbutyric Acid-d11, respectively, and 

detection was performed from the chromatograms obtained. Monitor ion are shown in 

the methods in the text. 
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Supplemental Table 1 | List of Primers (mouse) used in present study. 
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Supplemental Table 2 | List of Primers (chick) used in present study. 
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Supplemental Table 3 | List of Primers (human) used in present study. 
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Supplemental Table 4 | Concentrations of 4-PBA in mouse ocular tissues after 4-PBA 

treatment. 
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Supplemental Table 5 | Concentrations of Phenylacetic acid in mouse ocular tissues after 

4-PBA treatment. 
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Supplemental Table 6 | Concentrations of 4-PBA in mouse ocular tissues and plasma after 

4-PBA ocular administration. 
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Supplemental Table 7 | Concentrations of Phenylacetic Acid in mouse ocular tissues and 

plasma after 4-PBA ocular administration. 
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Supplemental Table 8 | Compounds for intervention in ER stress used in this study. 

 

 


