






Figure 2. Haplotype analysis in the chromosome 2q37 linkage region for the three GEM families. Haplotype analysis in the chromosome 2q37
linkage region is shown for GEM0206 (A), GEM0046 (B), and GEM0251 (C).
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kb distal to the critical recombination events were chosen.
These were selected to ensure they were evenly spaced and
covered the entire region. There was an approximate spacing
of 4–55 kb (average 51 kb) between each SNP.
Case-control association study: A total of 159 (39+120) SNPs
were genotyped in an independent case-control cohort
consisting of 300 myopic and 291 control individuals from
Australia. Power calculations were undertaken and suggested
that a cohort of this size will have 80% power to detect an odds
ratio of 1.78. The average genotyping success rate for these
SNPs was 98.1%. A total of eight SNPs (5.0%) were found
not to be in Hardy–Weinberg equilibrium and so were
excluded from further analysis. An additional 14 SNPs (8.8%)
were not polymorphic in this cohort, and they were also
excluded from further analysis leaving 137 SNPs for the case-
control association analysis. The 22 excluded SNPs were
scattered throughout the linked region with no bias for one
gene or genomic segment. All p values from the case-control
association study for the remaining 137 SNPs underwent a
Bonferroni correction. Using a conservative significance level
of 5×10−4, we observed no statistically significant association
to the genotyped SNPs [58].

DISCUSSION
Using a fine mapping linkage based approach, we have been
able to identify a novel locus for myopia on chromosome
2q37. Initially, this region was described as overlapping with
the known high grade myopia locus, MYP12. However,
further fine mapping and haplotype analyses have enabled us
to better refine this region to a smaller 1.83 cM segment on
chromosome 2q37. Hence, the locus harboring the causative
myopia gene in these GEM families is novel and distinct from
the MYP12 locus, indicating a degree of genetic heterogeneity
in this region of chromosome 2. Detailed SNP analysis and
DNA sequencing of all known and hypothetical genes in the
refined interval provided no evidence of a causative variant in
the coding region of these genes. The best evidence for a
causative variant in the region was provided by the two
intronic SNPs of rs1986830 and rs4663724, but these only
showed suggestive rather than statistically significant
association.

Despite strong evidence for a hereditary component
influencing myopia, identification of causative genes or DNA
variants has so far proven difficult to achieve. To date, five
genes, transforming growth factor beta induced factor
homeobox 1 (TGIF) [59], paired box 6 (PAX6) [60], collagen,
type 1, alpha 1 (COL1A1) [61], hepatocyte growth factor
(HGF) [62], and uromodulin-like 1 (UMODL1) [27], have
been positively associated with high grade myopia and
collagen, type 2, alpha 1 (COL2A1) [63] with common
myopia. Of these six candidates, TGIF and COL1A1 can be
excluded as candidates as subsequent replication studies have
been negative [64-67]. COL2A1,HGF, and UMODL1 have
each been reported in single studies and await replication. The

final gene, PAX6, has been positively associated with high
grade myopia in two independent studies, but results have
been negative for common myopia [29,63,68,69]. Hence, to
date, PAX6, HGF, and UMODL1 remain the strongest
candidates for high grade myopia and COL2A1 for common
myopia.

The methodological approach that we have taken to gene
identification, namely linkage analysis and DNA sequencing,
mirrors the approach that has been used in many other studies
mapping myopia loci [70-73]. Unfortunately, these studies
have also failed to find a causative variant in the coding region
of candidate genes. Given that myopia is a complex disease,
it is possible that causative variants are located in intron or
flanking regulatory regions as has been demonstrated for other
complex diseases such as breast cancer, type 2 diabetes, and
chronic kidney disease [74-76]. More detailed assessment of

Figure 3. Ideogram of human chromosome 2 showing the location
of the newly fine mapped region relative to the original linkage
region and MYP12. Fine mapping linkage analysis now clearly
indicates that the region of interest is adjacent to but does not overlap
MYP12.
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non-coding regions in these linked regions may provide more
clues as to the genetic drivers of myopia. SNPs located in the
non-coding sequence may affect gene/protein expression
indirectly by affecting gene regulation and hence may be
important drivers of the disease process. Given this, we
extended our assessment of the candidate region to include
intronic and intergenic SNPs spanning the linkage interval.

Our study has identified a relatively small linkage region
on the long arm of chromosome 2 that represents a novel locus
for common myopia. Further analysis of this region failed to
convincingly identify genetic variants associated with
myopia. However, there are a total of 1,048 known SNPs in
the refined linkage interval, and we cannot rule out the
possibility that additional SNPs in this region are associated
with myopia. There are also several other issues that should
be considered when interpreting our findings. One could argue
that the cohort we used for the case-control study was
underpowered to detect all variants that might be positively
associated with myopia. While this is a possibility, the variants
that are most likely to be missed are those that have small
effect sizes. Although such variants may still contribute to
myopia, they are likely to be only minor players. Furthermore,
it is also important to be able to assess segregation of SNPs in
the original GEM families used in the linkage analysis.
However, the relatively small number of families used for this
study would make segregation analysis statistically
underpowered, and consequently, reliable data cannot be
generated. We were aware of this study limitation from the
onset and as a consequence, opted instead to validate SNPs in
an independent case-control cohort to replicate the initial
linkage result.

The findings presented here do not represent the
conclusion of this study but do provide ongoing data for
further investigation into the exact genetic causes of myopia.
Further work needs to be undertaken to extend these findings
to ensure complete coverage of this region. SNP genotyping
also needs to be confirmed in a larger case-control cohort and
also replicated in additional cohorts of both Caucasian and
different ethnicities. Clearly, much more work is needed to
further elucidate the underlying genetic influences on the
development of myopia.
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