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Objective:Myopia prevalence is increasing at alarming rates, yet the underlying
mechanistic causes are not understood. Several studies have employed
experimental animal models of myopia and transcriptome profiling to identify
genes and pathways contributing to myopia. In this study, we determined the
retinal transcriptome changes in response to form deprivation in mouse retinas.
We then conducted a transcriptome meta-analysis incorporating all publicly
available datasets and analyzed how the results related to the genes associated
with refractive errors in human genome-wide association studies (GWAS).

Methods: Form deprivation was induced in three male C57BL6/J mice from
postnatal day 28 (P28) to P42. Retinal gene expression was analyzed with
RNA sequencing, followed by di�erential gene expression analysis with DESeq2
and identification of associated pathways with the Kyoto Encyclopedia of
Genes and Genomes (KEGG). A systematic search identified four similar retinal
transcriptomics datasets in response to experimental myopia using chicks or
mice. The five studies underwent transcriptome meta-analyses to determine
retinal gene expression changes and associated pathways. The results were
compared with genes associated with human myopia.

Results: Di�erential gene expression analysis of form-deprived mouse retinas
revealed 235 significantly altered transcripts, implicating the BMP2 signaling
pathway and circadian rhythms, among others. Transcriptome-wide meta-
analyses of experimental myopia datasets found 427 di�erentially expressed
genes in the mouse model and 1,110 in the chick model, with limited gene
overlap between species. Pathway analysis of these two gene sets implicated
TGF-beta signaling and circadian rhythm pathways in both mouse and chick
retinas. Some pathways associated only with mouse retinal changes included
dopamine signaling and HIF-1 signaling pathway, whereas glucagon signaling
was only associated with gene changes in chick retinas. The follistatin gene
changed in bothmouse and chick retinas and has also been implicated in human
myopia. TGF-beta signaling pathway and circadian entrainment processes were
associated with myopia in mice, chicks, and humans.

Conclusion: This study highlights the power of combining datasets to
enhance statistical power and identify robust gene expression changes across
di�erent experimental animal models and conditions. The data supports other
experimental evidence that TGF-beta signaling pathway and circadian rhythms
are involved in myopic eye growth.
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FIGURE 4

Genes and pathways di�erentially regulated in mouse retinas in response to experimental myopia. (A) A volcano plot of genes di�erentially regulated
in response to experimental myopia in mouse retinas, indicating the log2 e�ect size and unadjusted log-transformed p values. The gray dashed
horizontal line indicates an unadjusted p value of 0.05. A selection of genes significantly changing are highlighted in red (upregulated) and blue
(downregulated), with the gene names indicated. (B) A selection of KEGG pathways enriched for the di�erentially regulated genes are highlighted. (C)
The genes contributing to the pathways illustrated in (B) are shown on the horizontal axis, colors represent the directionality of gene expression
change in experimental myopia.

photopigment expressed in the photosensitive retinal ganglion
cells, regulating primarily the non-visual light responses (58, 59),
was downregulated in the retinas of both species. Melanopsin
has been found to have a strong effect on refractive development
in the mouse model, where knock-out of the gene results
in more hyperopic refractions and an aberrant response to
FDM (60, 61). The involvement of visual processing in myopia
pathogenesis is indicated by the fact that we identified the gene
Vsx1, essential for terminal differentiation of subsets of OFF
bipolar cells, to be downregulated in chick experimental myopia
(Supplementary Table 7) and is also implicated in refractive errors
in humans (GWAS Catalog). The knock-out of Vsx1 has been
demonstrated to render mice less susceptible to FDM (62). Another
gene differentially regulated in mouse and chick retinas, and
involved in visual processing, was dopamine receptor 1 (Drd1). It
has been shown in mice that the activation of retinal dopamine 1
receptor inhibits FDM development (63).

In the meta-analyses, we found that across species, which also
differed in the duration of myopia induction and developmental
stage, the TGF-beta pathway was differentially regulated, and
the pathway was also enriched for genes associated with human

refractive errors. The TGF-beta superfamily comprises cytokines,
including TGF-beta, bone morphogenic proteins (BMPs), and
several others. We observed downregulation of BMP2 and BMP4
in chick myopia, similar to previous studies (49), and these genes
are also implicated in human myopia (Figure 6A). The only gene
that was differentially regulated in both mouse and chick retinas
and is also implicated in human refractive errors, was follistatin.
The primary role of follistatin is to bind and neutralize members of
the TGF-beta superfamily, including BMP2 and BMP4 (64), further
implying the importance of this pathway in myopia pathogenesis.

Another pathway consistently changing in all three gene
sets was circadian entrainment. How exactly circadian rhythms
may affect myopia development is unclear, but there is evidence
that multiple processes associated with refractive error display
daily rhythmicity, including axial length (65, 66) and choroidal
thickness (66), and the daily rhythm of axial length is altered
in chicks developing experimental myopia (67, 68). In addition,
data suggest a difference in behavioral circadian rhythms in
myopic individuals. In particular, some studies indicate thatmyopic
children have later sleep timing (69–71), shorter sleep duration (70,
72) and worse sleep quality (70, 73). The mechanisms underlying
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FIGURE 5

Genes and pathways di�erentially regulated in chick retinas in response to experimental myopia. (A) A volcano plot of genes di�erentially regulated in
response to experimental myopia in chick retinas, indicating the log2 e�ect size and unadjusted log-transformed p values. The gray dashed
horizontal line indicates an unadjusted p value of 0.05. A selection of genes significantly changing are highlighted in red (upregulated) and blue
(downregulated), with the gene names indicated. (B) A selection of KEGG pathways enriched for the di�erentially regulated genes are highlighted. (C)
The genes contributing to the pathways illustrated in (B) are shown on the horizontal axis, colors represent the directionality of gene expression
change in experimental myopia.

FIGURE 6

Overlap between genes and enriched pathways di�erentially regulated in experimental myopia in mouse and chick retinas, and those implicated in
refractive error in human GWA studies. (A) Venn diagram of genes di�erentially regulated in experimental myopia in the mouse and chick retina and
genes implicated in refractive error in humans show one gene associated with all three gene groups. (B) Venn diagram of pathways enriched for
genes in (A). A subset of genes and pathways most relevant in the context of the retina and refractive development are illustrated on the graphs.
GWAS, genome-wide association study.
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the association between myopia and circadian rhythms require
further investigation.

Among the pathways associated with retinal gene changes in
mouse and human myopia was dopamine signaling. While the
overall dopamine signaling pathway was not overrepresented in the
genes differentially regulated in chick retinas, tyrosine hydroxylase
(TH), the rate-limiting enzyme in dopamine synthesis, was
significantly downregulated in myopic chick retinas (Figure 5A).
The relevance of dopamine signaling in myopia pathogenesis
has been documented in several studies. For example, systemic
administration of dopamine precursor L-DOPA resulted in
attenuation of myopic shift in FDM (74), while the knock-out of
Th in the mouse led to more myopic refractions (75). Furthermore,
the dopamine receptor subtypes have been demonstrated to play
distinct roles in myopic eye growth (76, 77).

One pathway overrepresented in the genes changing in chick
retinas, was the HIF-1 signaling pathway, which has been associated
with myopic signals in several studies (78, 79). Another such
pathway involved glucagon signaling. The activation of glucagon
signaling was demonstrated to inhibit experimental myopia in
chicks (80). There is also evidence for the importance of
glucagon signaling in the mouse retina. In particular, it has been
demonstrated that glucagon increases inhibitory post-synaptic
currents in rod bipolar cells in a dopamine-dependent manner,
and this effect is abolished in retinas after 3 weeks of FDM (81),
suggesting a potential neuromodulatory role for glucagon signaling
also in the mouse retina.

In addition to studying myopia using experimentally induced
models, other studies have taken advantage of the differences in
the extent of myopia between different mouse strains (82), or of
mouse models of diseases associated with myopia, such as complete
congenital stationary night blindness (cCSNB) (11). Analyzing
the retinal transcriptome of different mouse strains that vary in
refractive error, Tkatchenko et al. (82) found the involvement
of dopamine receptor signaling and phototransduction pathway
in baseline myopia. Using three mouse models of cCSNB, Zeitz
et al. (11) found that retinal genes differentially regulated were
enriched for terms such as mitogen-activated protein kinase
(MAPK) pathway and synaptic signaling. Similar to the results
we obtained from the meta-analyses, Bdnf and Tgfb2 transcripts
were both downregulated in cCSNB models (11). A previous
meta-analysis by Riddell et al. (83) studied the transcriptome
changes of chick eye tissues in response to optically-induced
refractive errors. Interestingly, they found an enrichment of genes
associated with the complement cascade (83), which we did not
detect. The discrepancy may originate from the tissues included
in the analyses, while we only included retinal datasets, Riddell
et al. included also the RPE and choroid (83). Collectively,
these data highlight both similarities and differences in the
molecular pathways underlying myopia across species and models,
emphasizing the value of studying diverse experimental systems to
gain a comprehensive understanding of myopia development and
its underlying mechanisms.

There are several limitations to the meta-analyses presented
in this article. First, the number of samples from different
sexes was not balanced, in fact, only one study used male
and female experimental animals. In that particular study, PCA
revealed a strong effect of sex on the retinal transcriptome
(Supplementary Figure 1D), and therefore, it is unclear to what

extent the results are generalizable across sexes. Second, with
this analysis, we identified the most robustly changing retinal
transcripts, without differentiating between early and late responses
to myopic stimulus, nor the differential effects of FDM and LIM. As
new datasets are published and the number of samples increases,
these analyses will be very interesting to perform, to further
understand the intricacies of the molecular signatures in retinal
responses to myopic stimuli.
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