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PURPOSE. Matrix metalloproteinases (MMPs) and tissue inhibi-
tors of metalloproteinases (TIMPs) are involved in scleral ex-
tracellular matrix remodeling and have shown differential ex-
pression in experimental myopia. The genetic association of
refractive error and polymorphisms in MMP and TIMP genes in
Old Order Amish (AMISH) and Ashkenazi Jewish (ASHK) fam-
ilies was investigated.

METHODS. Individuals from 55 AMISH and 63 ASHK families
participated in the study. Ascertainment was designed to en-
rich the families for myopia; the mean spherical equivalent
(MSE) refractive error (SD) was �1.61 (2.72) D in the AMISH,
and �3.56 (3.32) D in the ASHK. One hundred forty-six com-
mon haplotype tagging SNPs covering 14 MMP and 4 TIMP
genes were genotyped in 358 AMISH and 535 ASHK partici-
pants. Association analyses of MSE and the spherical compo-
nent of refraction (SPH) were performed separately for the
AMISH and the ASHK. Bonferroni-corrected significance
thresholds and local false discovery rates were used to account
for multiple testing.

RESULTS. After they were filtered for quality-control, 127 SNPs
were included in the analyses. No polymorphisms showed
statistically significant association to refraction in the ASHK
(minimum P � 0.0132). In AMISH, two SNPs showed evidence
of association with refractive phenotypes: rs1939008 (P �
0.00016 for SPH); and rs9928731 (P � 0.00026 for SPH). These
markers were each estimated to explain �5% of the variance of
SPH in the AMISH sample.

CONCLUSIONS. Statistically significant genetic associations of ocular
refraction to polymorphisms near MMP1 and within MMP2 were
identified in the AMISH but not among the ASHK families. The results
suggest that the MMP1 and MMP2 genes are involved in refractive
variation in the AMISH. Genetic and/or environmental heterogeneity
most likely contribute to differences in association results between
ethnic groups. (Invest Ophthalmol Vis Sci. 2010;51:4989–4995)
DOI:10.1167/iovs.10-5474

Clear vision requires that images formed by incident light
are focused at the eye’s retinal plane. The maintenance of

clear, focused, vision (i.e., emmetropia) through adulthood
depends on a precise and complex regulation of eye shape
during ocular development. This regulation ensures that the
eye’s focal and anatomic lengths are aligned. Any discrepancy
between the position of the retina and the eye’s focal point
results in the spherical refractive errors myopia and hyperopia.
In myopia, images of distant objects formed by the eye’s opti-
cal system focus anterior to the retinal plane, causing blurred
distance vision. In its functional opposite, hyperopia, these
images focus behind the retina (in the unaccommodating eye).
Hyperopia is associated with blurred near vision. Myopia and
hyperopia are fundamentally qualitative definitions. However,
the degree of departure from perfect focus can be quantified as
the refractive error. Typically, refractive error represents the
dioptric power of optical lenses necessary to achieve proper
distance correction. By convention, negative values of refrac-
tive error (in diopters, D) represent myopia, whereas positive
values represent hyperopia.

Although there is a broad scientific consensus that environ-
mental and behavioral factors influence refractive development
and the genesis of myopia, genetic epidemiologic studies have
consistently shown that the distribution of ocular refraction
within populations is largely determined by genetics. Heritability
estimates for refraction are usually very high across a wide spec-
trum of ethnic groups despite various intraethnic prevalences of
myopia and myopigenic environmental influences. For example,
we reported the heritability of refractive error in an adult Old
Order Amish (AMISH) population to be 70%.1 High heritabilities
are remarkably consistent across studies with estimates reported
for Caucasian Americans,1–3 Europeans,4–7 and African Ameri-
cans,3 ranging between 60% and 90%.

Structurally, myopia is caused by an excessive axial length of
the eye relative to its optical power.8 Hence, myopic eyes tend to
be longer than nonmyopic eyes.8 The converse is true of hyper-
opia (i.e., hyperopic eyes are comparatively shorter than em-
metropic and myopic eyes). Anatomically, these variations in axial
length are due primarily to differences within the posterior (or
vitreous) chamber, which occupies the bulk of the eye’s volume.
Although the molecular signal for blur-induced differential eye
growth is thought to originate from within the retina, ocular
elongation must occur via the growth of the outer tunic of the
eye: the sclera. In mammals, the sclera is a fibrous connective
tissue composed mainly of extracellular collagen, which accounts
for up to 90% of the sclera’s dry weight (Zorn N, et al. IOVS
1992;33:ARVO Abstract 1811). The majority (i.e., up to 99%) of
scleral collagen is of the type I variety, although low levels of
other collagen subtypes have also been found (Norton TT, et al.
IOVS 1995;36:ARVO Abstract 3517). The structural organization
of the scleral extracellular matrix (ECM) depends largely on the
cellular activity of fibroblasts, the main ECM-producing cells in the
sclera. The degradation of the ECM that occurs during scleral
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remodeling in eye growth and myopization (i.e., myopia develop-
ment) is partially regulated through members of a major family of
zinc- and calcium-dependent endopeptidases: the matrix metallo-
proteinases (MMPs) (see Rada et al.9 for a review). In humans, the
MMP gene family comprises 23 distinct genes distributed across
the genome; 9 MMP genes are located in a cluster at 11q22.2. The
MMPs play numerous important roles in regulating cell–matrix
composition in connective tissue and have been implicated in
normal developmental processes and the pathogenesis of a vari-
ety of diseases.10,11 The expression of MMPs is generally low in
tissues and is induced during active ECM remodeling.12 MMP
regulation is mostly achieved at the transcriptional level but can
occur at multiple stages. Activation of latent zymogens must
occur for the MMPs to gain their proteolytic activity. Once acti-
vated, MMPs can be inactivated by multiple mechanisms, includ-
ing direct interactions with one of four tissue inhibitors of matrix
metalloproteinases (TIMPs).12

Given the important role of MMPs in ECM composition and
remodeling, genetic variations in MMP genes are potential
candidates for refractive error heritability and susceptibility to
myopia. Indeed, a recent candidate gene study of older British
adults reported statistically significant genetic associations be-
tween MMP3 and MMP9 polymorphisms and common myo-
pia.13 We hypothesize that genetic polymorphisms in MMP
and/or TIMP genes contribute to intrapopulation variations of
refractive error measured as a quantitative trait. In the present
study, we conducted family-based association analyses of ge-
netic polymorphisms within MMP and TIMP candidate regions
that included: MMP1, -2, -3, -7, -8, -9, -10, -12, -13, -14, -20, and
-27, as well as TIMP1, -2, -3, and -4. These candidate regions
were chosen to include genes whose homologs have shown
differential expression in animal myopia models,14–17 as well
as polymorphisms within a cluster of nine MMP genes situated
at 11q22.2. Analyses were conducted on a subset of individuals
from 63 Orthodox Ashkenazi Jewish (ASHK) and 55 Old Order
Amish (AMISH) American families participating in the Myopia
Family Study. We found statistically significant genetic associ-
ations between two single-nucleotide polymorphisms (SNPs),
rs1939008 and rs9928731, and refractive error in the AMISH,
but not the ASHK; rs1939008 is located between MMP1 and
MMP10, and rs9928731 is located within MMP2.

MATERIALS AND METHODS

Participants

All study participants were recruited to participate in the Myopia
Family Study (MFS), a multiethnic, family-based genetic linkage study
of myopia. MFS recruitment strategies and criteria are discussed in
detail elsewhere and are briefly described here.18–20 Families were
recruited from ASHK and AMISH communities around Lakewood, New
Jersey, and Lancaster County, Pennsylvania, respectively. Initially, com-
munity liaisons were used to identify myopic probands. All identified
myopic probands and their families were invited to participate in the
study. A nuclear family was eligible to participate in the genetic linkage
study if it contained at least one pair of myopic relatives, the parents
were discordant for myopia, and biological samples were available for
at least two myopic individuals. This recruitment strategy was designed

to select multiplex myopic families and augment the sample for fami-
lies with autosomal dominantly transmitted myopia. Larger pedigrees
were then formed by extending nuclear families through first- and
second-degree relatives and by merging related nuclear families. Indi-
viduals were excluded from the study if they had a history of ocular or
systemic diseases that could cause refractive error or affect the preci-
sion of refractive measurements. These exclusions included a history
of prematurity, poorly controlled diabetes mellitus, connective tissue
disorders, corneal opacities, keratoconus, retinal dystrophies and de-
generations, and ocular syndromes in which myopia is a common
feature. All participants provided informed consent (or assent), and the
study protocol adhered to the tenets of the Declaration of Helsinki. The
study was approved by the review boards of the University of Penn-
sylvania and the National Human Genome Research Institute.

The study sample consisted of a subset of 63 ASHK and 55 AMISH
families from the MFS. The pedigrees comprised 1189 ASHK and 657
AMISH individuals. Of these, 535 (45%) ASHK and 358 (55%) AMISH
participants provided DNA for genotyping. The mean pedigree size
was 18.8 (8.5 genotyped) ASHK members and 11.9 (6.5 genotyped)
AMISH. Extended pedigrees ranged from 4 to 85 individuals. Sample
pedigree characteristics are summarized in Table 1.

Phenotyping

Study participants underwent a comprehensive eye examination that in-
cluded medical and ocular health history, visual acuity, slit lamp biomicros-
copy, Goldmann applanation tonometry, funduscopy, automated refractom-
etry, and manifest refraction. Cycloplegic refraction using 0.5%
cyclopentolate or 1% tropicamide was performed on all subjects younger
than 41 years of age. When participants could not be examined in our study
clinics, refraction data were obtained from their eye care providers.

The cycloplegic refraction providing the best visual acuity was used
to define the quantitative phenotype for subjects less than 41 years of
age. For older subjects and participants for whom cycloplegic refrac-
tion was unavailable, manifest refraction was used. Both mean spher-
ical equivalent refractive error (MSE, in diopters) and the mean spher-
ical component (SPH) were used in the analyses. MSE is obtained by
adding the spherical component of the refraction to one-half of the
cylindrical component, and then averaging between the eyes; SPH was
defined as the mean spherical component when the refraction is
measured in negative cylinders.

Marker Selection

Eight candidate regions were identified from the locations of 12 MMP and 4
TIMP genes. These included genes whose homologs have shown differential
expression in experimental myopia models (MMP14, MMP1, MMP2, TIMP2,
and TIMP3).14–17 In addition, TIMP1, TIMP4, and MMP9 and a �428-kb
region on chr 11 which contains a cluster of nine MMP genes (MMP1, -2, -3,
-7, -8, -10, -13, -20, and -27) were interrogated. The characteristics of candi-
date regions are shown in Table 2.

SNPs were selected a priori to provide adequate coverage for
common genetic variants within candidate regions. Specifically, hap-
lotype tagging SNPs from the CEU population of the Human HapMap
project (public release 23; www/hapmap.org) were chosen to cover
all common SNPs (MAF � 0.15) within candidate regions at a pairwise
r2 � 0.7. In addition, all known nonsynonymous coding SNPs with a
MAF � 0.05 in Caucasian populations were selected from the dbSNP
database (http://www.ncbi.nlm.nih.gov/snp; provided in the public

TABLE 1. Study Sample Characteristics

Population Families n* M (%) F (%) Genotyped (%) Age (SD) MSE (SD)

AMISH 55 657 303 (46) 354 (54) 358 (55) 36.7 (17) �1.61 (2.72)
ASHK 63 1189 615 (52) 574 (48) 535 (45) 39.6 (19) �3.56 (3.32)
Total 118 1846 918 (50) 928 (50) 893 (48)

* Total number of individuals in the pedigrees.
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domain by the National Center for Biotechnology Information, Be-
thesda, MD) for genotyping. For the purpose of analysis, genetic
locations were specified in centimorgans (cM) and extracted from the
combined Rutgers linkage map.21

DNA Extraction and Genotyping

Venipuncture was used to collect peripheral blood from participating family
members. High-molecular-weight genomic DNA was extracted from the
blood samples with a DNA purification kit (Puregene; Gentra Systems, Inc;
Minneapolis, MN). The purified DNA was then stored in a refrigerated DNA
repository under a unique sample code. Custom SNP genotyping was per-
formed at the Center for Inherited Disease Research (Johns Hopkins Medical
Institutions, Baltimore, MD) on a bead array genotyping system (BeadLab
system with GoldenGate chemistry; Illumina, Inc., San Diego, CA).

Quality Control and Data Cleaning

A total of 146 SNPs were genotyped in the MMP and TIMP candidate
regions. Of these, 19 (13%) were excluded from analyses because they
failed our quality criteria: 8 were excluded because of call rates below
95% and 11 because of atypical raw-intensity clustering patterns. All
the remaining SNPs satisfied Hardy-Weinberg proportion expectations
in ASHK founders and were included in the analyses. Two SNPs did not
satisfy Hardy-Weinberg proportions in AMISH founders and were ex-
cluded from the analyses. Hence, 127 high-quality SNPs were used in
genetic association analyses of ASHK, and 125 in AMISH families.

Six ASHK and 22 AMISH samples were not released due to signifi-
cantly poor genotyping performance (call rate, �0.95). The remaining
samples were checked for Mendelian transmission inconsistencies us-
ing the statistical programs Pedcheck22 and Pedstats23; the Relcheck24

software package was used to confirm putative pedigree relationships.
All pedigrees were free of Mendelian inconsistencies, and all remaining
individuals were therefore used in the analyses. Large pedigrees were
split to accommodate the default memory limits of multipoint analysis
in the program Merlin25 (i.e., 24 bits for the Lander-Green algorithm),
making sure that no individuals were duplicated across pedigrees.

Statistical Analysis

All analyses were conducted separately in the ASHK and AMISH fami-
lies. Quantitative trait genetic association analyses were performed
with the maximum-likelihood, family-based method implemented in
the Merlin package.26 The method employs a linear regression frame-
work that models the expected phenotypic value as a function of the
additive genotypic effect at each marker. To allow for correlations
between related individuals, the variance-covariance matrix is modeled
as a combination of genetic and environmental components. Familial
relationships are taken into account by specifying marker-specific,
identity-by-descent estimates and intrafamilial kinship coefficients in
the covariance matrix. The approach also incorporates an imputation
step in which the expected genotype scores (i.e., the expected num-

ber of minor alleles) are calculated for missing markers and included in
the likelihood computations.

Statistical Significance

A family-wise type-I error rate (FWER) of P � 0.05 was adopted as the
threshold for statistical significance. Because testing was conducted at
multiple markers, the statistical significance criterion was adjusted by
Bonferroni correction by dividing the FWER by the number of inde-
pendent haplotype blocks in the ASHK sample (at an r2 threshold of
0.8 using the confidence intervals method of Gabriel et al.27 (imple-
mented in the program Haploview, ver. 4.128). The AMISH sample
contained fewer haplotype blocks and the more stringent correction
using the ASHK was therefore used for both populations. Hence, a
pointwise P � 4.95 � 10E-4 (0.05/101 haplotype blocks) was consid-
ered statistically significant at a FWER � 0.05.

In addition to pointwise P values, we computed q values, which are
related to the false-discovery rate29,30 (FDR, the expected proportion
of false-positive findings among all rejected null hypotheses). The
P-value of a statistic si gives the probability of having a statistic more
extreme than si under the null hypothesis. The q-value associated with
si is defined as the minimum FDR level at which si would be judged
significant. Given that the q-value depends on the distribution of
ordered test statistics in a given experiment, it automatically accounts
for multiple testing and is useful in multiple-hypothesis association
analyses. A population-specific q �0.05 was considered statistically
significant in the present study.

RESULTS

For the ASHK families, the maximum association signal (P �
0.0132 for MSE; P � 0.0136 for SPH) was obtained for
rs11225314, which is located between MMP7 and MMP20 on
chromosome 11. However, this marker did not meet our Bon-
ferroni-corrected statistical significance threshold of P �
4.95 � 10E-4. Moreover, no marker showed a nominal P �
0.05 in both the ASHK and AMISH families.

In analyses of AMISH families, rs1939008 (P � 0.00,016)
and rs9928731 (P � 0.00026) reached statistical significance
for SPH. Analyses of MSE in AMISH yielded statistically signifi-
cant association for rs9928731 (P � 0.00043) and borderline
significance for rs1939008 (P � 0.00084). The corresponding
q values associated with rs1939008 and rs9928731 were q �
0.045 in the MSE analysis, and q � 0.013 in the SPH analysis.
Marker rs1939008 is located on chromosome 11 approxi-
mately 4.2 kb downstream of MMP1 and 5.1 kb upstream of
the start of MMP10 (Human GRCh37/ hg19 Assembly). Marker
rs9928731 is located on chr 16 in an intronic region of MMP2
between coding exons 6 and 7. Table 3 summarizes association
results for the most significant markers in the analyses.

TABLE 2. Candidate Gene and Region Characteristics

Cytogenetic
Location

Physical Location
(kbp)*

Region
Width (kb) Local Gene Symbols SNPs (n)

SNP Density
(kb/SNP)

Nonsynonymous
SNPs (n)

3p25.2 12,195–12,201 6 TIMP4 2 3.0 0
11q22.2 102,398–102,826 428 MMP7; MMP20; MMP27; MMP8; MMP10;

MMP1; MMP3; MMP12; MMP13
101 4.2 11

14q11.2 23,306–23,317 11 MMP14 6 1.8 1
16q12.2 55,513–55,541 28 MMP2† 6 4.7 1
17q25.3 76,849–76,918 69 TIMP2 11 6.3 0
20q13.12 44,637–44,645 8 MMP9 6 1.3 1
22q12.3 33,197–33,259 62 TIMP3 12 5.2 0
Xp11.23 47,442–47,445 3 TIMP1 2 1.5 0
Total 615 146 4.2 14

* Human GRCh37/hg19 Assembly, February 2009.
† MMP2 has multiple documented isoforms. The physical location and region width are for isoform a.
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DISCUSSION

We found two SNPs within MMP and TIMP candidate regions that
were significantly associated with measures of ocular refraction in
AMISH families but not in ASHK Jewish families. The strongest and
most consistent association signal came from rs9928731 which is
located between the sixth and seventh exons of MMP2; the second
statistically significant signal for SPH, at rs1939008, is located be-
tween MMP1 and MMP10. Q values (q � 0.013 for SPH; q � 0.045
for MSE) for both markers were below our local FDR significance
threshold of q � 0.05.

Although polymorphisms within or adjacent to MMP2,
MMP1, and MMP10 appear to be associated with ocular refrac-
tion in the AMISH sample, they showed no significant associ-
ation in the ASHK group. Several possibilities could explain
this discrepancy. First, the SNPs showing the highest associa-
tion signals may not be the causative polymorphisms for ocular
refractive development. The true causative alleles are more
likely to be in linkage disequilibrium (LD) with rs9928731 and
rs1939008. We believe, however, that better tagging of un-
typed, true causal alleles in the AMISH compared with the
ASHK is an unlikely source of the difference in our findings
between the groups. Specifically, the LD pattern surrounding
rs1939008 on chr 11 appears virtually identical in the AMISH
and ASHK samples (Fig. 1), although the ASHK samples
showed slightly less LD than the AMISH around rs9928731
(MMP2 on chr 16). Moreover, allele frequencies of typed SNPs
were similar between the study populations (Table 3). Hence,
the putative true causative polymorphisms would have been
equally well tagged by the selected markers in both the AMISH
and ASHK groups. It is therefore unlikely that differences in LD
structure contributed significantly to the discrepancy in our
association findings. Second, both sets of families were sam-
pled from largely endogamous, rapidly expanding, popula-
tions. It is possible that causative polymorphisms were intro-

duced into the AMISH founder population after phylogenetic
divergence from a common ancestral population. We believe
this scenario to be possible but not very likely, considering the
similarities in allele frequencies and LD patterns between the
ASHK and AMISH within the regions of interest (Table 3, Fig.
1). Third, the distribution of ocular refraction in the underlying
AMISH and ASHK populations is drastically different. Orthodox
Jewish populations have been shown to have high rates of
myopia, especially among males.31,32 This is thought to be due
to the influence of behavioral and environmental factors favor-
able for myopization, such as a strong community emphasis on
lifelong religious scholarship, frequent prayer, and prolonged
reading and devotional study. On the other hand, relatively low
prevalences of refractive errors1 have been reported among
the Old Order Amish, who live rural agrarian lifestyles, oppose
any forms of higher education, and eschew modern technolog-
ical conveniences such as computers and televisions. Hence,
the more extreme environmental factors that are ubiquitous in
ASHK society may have introduced additional environmental
variance in the ASHK cohort relative to the AMISH, potentially
masking the genetic signal. This possibility would lead to lower
power to detect association in the ASHK group, as the propor-
tion of the variance due to additive genetic effects (i.e., the
broad-sense heritability) would have been correspondingly
smaller. It is also possible that the strong myopia-inducing envi-
ronment among the ASHK overrides the heritable effect of poly-
morphisms in MMP genes on the distribution of refractive error.
If this is the case, we would not expect replication of our findings
in populations, such as South Asian Chinese and Japanese, with
high prevalences of environmentally induced myopia.

Despite the relatively low prevalence of both myopia and
hyperopia among the AMISH, the heritability of refractive error
has been estimated to be 70% in this population.1 This high
heritability suggests that genetic factors account for a signifi-

TABLE 3. Association Results of the Most Significant SNPs (P � 0.05) with MSE and Mean SPH of Refractive Error

Allele Frequencies and P-values

ASHK AMISH

Marker Chr Position (bp) Local Genes Function Freq. MSE P SPH P Freq. MSE P SPH P

rs4754850 11 101,914,290 MMP7; MMP20 Intergenic 0.199 0.04 0.037 0.125 0.105 0.119
rs938595 11 101,921,069 MMP7; MMP20 Intergenic 0.486 0.26 0.25 0.35 0.032 0.0083
rs11225314 11 101,923,574 MMP7; MMP20 Intergenic 0.104 0.0132 0.0136 0.083 0.0098 0.0102
rs17174327 11 101,983,656 MMP20 Intron 0.113 0.042 0.04 0.161 0.7 0.99
rs11225388 11 102,080,949 MMP27 Intron 0.205 0.64 0.61 0.302 0.084 0.038
rs12361599 11 102,083,759 MMP27; MMP8 Intergenic 0.205 0.64 0.61 0.302 0.084 0.039
rs2012390 11 102,095,987 MMP8 Intron 0.263 0.58 0.56 0.19 0.023 0.02
rs11225394 11 102,100,623 MMP8 Intron 0.205 0.59 0.55 0.298 0.104 0.049
rs11225400 11 102,107,932 MMP8; MMP10 Intergenic 0.205 0.59 0.54 0.298 0.104 0.049
rs10791591 11 102,110,789 MMP8; MMP10 Intergenic 0.37 0.7 0.65 0.421 0.054 0.0112
rs10791595 11 102,140,711 LOC100128088 Intron 0.249 0.7 0.62 0.393 0.027 0.0125
rs4754880 11 102,160,697 MMP10; MMP1 Intergenic 0.124 0.99 0.9 0.165 0.048 0.0138
rs1939008* 11 102,161,633 MMP10; MMP1 Intergenic 0.188 0.89 0.95 0.256 0.00084 0.00016†
rs2239008 11 102,166,290 MMP1 UTR; 3 0.124 1 0.9 0.165 0.048 0.0138
rs7125062 11 102,168,713 MMP1 Intron 0.217 0.34 0.44 0.215 0.11 0.049
rs655044 11 102,329,270 MMP13 Intron 0.127 0.025 0.03 0.219 0.28 0.23
rs17242319 16 54,077,035 MMP2 Coding; synonymous 0.292 0.5 0.48 0.417 0.025 0.0094
rs9928731* 16 54,080,512 MMP2 Intron 0.405 0.18 0.22 0.5 0.00043† 0.00026†
rs243845 16 54,083,988 MMP2 Intron 0.471 0.67 0.7 0.331 0.035 0.054
rs11639960 16 54,090,771 MMP2 Intron 0.301 0.72 0.66 0.417 0.023 0.0087
rs2236416 20 44,073,982 MMP9 Intron 0.115 0.96 0.95 0.041 0.023 0.022
rs2274756 20 44,076,517 MMP9 Missense 0.119 0.97 0.94 0.041 0.023 0.022

Freq., frequency of reference alleles in the AMISH and ASHK populations; minor alleles were the same for all SNPs in both subgroups.
* Q values for rs1939008 and rs9928731 were 0.045 and 0.013 for the MSE and SPH analyses, respectively.
† Statistically significant at P � 0.000495.
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cant proportion of the population variance of ocular refraction
in the AMISH. Nevertheless, the proportion of the total phe-
notypic variance of SPH in the AMISH sample explained by
rs9928731 and rs1939008 in the present study was estimated
to be 4.34% and 4.84%, respectively, under a general additive
model. This finding suggests that a large proportion of the
genetic heritability of refractive error is due to genes other
than MMP2, MMP1, and/or MMP10. It should be noted, how-
ever, that these marker-specific heritability estimates are likely
to differ from the true heritability in the AMISH population
from which the families were recruited. Specifically, the sam-
pled AMISH families were enriched for myopia and were thus

not phenotypically representative of the overall community.
Moreover, rs9928731 and rs1939008 are most likely not the
true causative polymorphisms responsible for refractive devel-
opment but in LD with the biologically relevant genetic vari-
ants. Marker-specific heritability estimates in our analyses
should therefore be interpreted with caution.

The regulation of cell–extracellular matrix composition is
highly dependent on MMPs and their interactions with a num-
ber of substrates. Although the expression patterns of MMPs
are tissue- and cell type-specific, microarray gene expression
data from Seko et al.33 (GEO accession GSM277264; http://
www.ncbi.nlm.nih.gov/geo/ provided in the public domain by

FIGURE 1. Linkage disequilibrium
(LD) patterns in areas adjacent to
rs1939008 (chr 11, left) and
rs9928731 (chr16, right) for the
AMISH (top), ASHK (middle), and
HapMap CEU reference population
(bottom) samples. CEU LD structures
are provided for comparison pur-
poses. Statistically significant SNPs
are highlighted in red. Haplotype
blocks were defined separately in in-
dependent ASHK and AMISH trios
and founders by using the confi-
dence intervals method of Gabriel et
al.27 at an r2 threshold of 0.8. Linkage
disequilibrium was calculated and
images were exported from the Hap-
loview program,28 version 4.1 (http://
www.broadinstitute.org/haploview).
Red boxes: complete pairwise LD (D�
� 1) at an LOD � 2. Blue boxes: com-
plete pairwise LD at lower confidence
levels (LOD � 2). Shades of red show
pairwise D� � 1 at an LOD � 2. White
boxes: D� � 1 and at LOD � 2. Num-
bers within boxes show the pairwise
D� estimates (�100). Empty boxes rep-
resent D� � 1.
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NCBI, Bethesda, MD) show that MMP1 and MMP2 (though not
MMP10) RNA are expressed in cultured human infant scleral
cells. Moreover, differential MMP2 expression has been impli-
cated in scleral remodeling in experimental myopia studies in
tree shrews14,16,17,34 and chicks.15,35 In these form-deprivation
animal models, myopic eyes show increased MMP2 mRNA
expression compared with that in normally developing eyes,
leading to increased collagen degradation and active scleral
remodeling. A similar mechanism may be involved in common
forms of heritable human refractive error. However, the role of
MMP2 in the control of refractive development requires fur-
ther study and refinement in both animal models and human
genetic epidemiologic studies.

To our knowledge, only two studies have been conducted to
investigate the association of MMP polymorphisms and refractive
error phenotypes.13,36 Liang et al.36 studied the effects of 13
polymorphisms in MMP3 and TIMP1 on the risk of high myopia
among Taiwanese individuals.36 They did not find statistically
significant associations with these SNPs in the full analysis of 216
cases and 474 controls. However, a subset analysis of highly
educated subjects yielded a positive association with a polymor-
phism in MMP3, suggesting a possible gene–environment inter-
action effect on high myopia. In a study of older British adults,
Hall et al.13 reported increased risks of common myopia (spheri-
cal equivalent refractive error � �1 D) among carriers of pro-
moter polymorphism alleles known to increase the expression of
MMP3 and MMP9.13 They also observed a significant trend of
increasing risk of myopia with the combined dosage of the tran-
scription enhancing alleles of MMP1, MMP3, and MMP9 pro-
moter polymorphisms. Although they did not test markers in
other MMP regions, their combined evidence suggests that in-
creased MMP transcription is associated with higher risk of myo-
pia within the nonpathologic ranges.

In the present study, we did not confirm the findings of Hall
et al.13 of associations with MMP3 and MMP9 polymorphisms
in either the AMISH or ASHK families. This inconsistency may
be due to several factors, including demographic and popula-
tion genetic differences between the studies; incomplete cov-
erage of our custom SNP panel; discrepancies in sampling
methodologies; differences in the respective phenotype cod-
ing schemes (i.e., quantitative versus binary trait coding); lim-
ited statistical power; and type-1 error. Nevertheless, common
mechanisms may underlie refractive modulation by both
MMP2 polymorphisms found in the AMISH families and MMP9
variants.13 Specifically, both MMP2 (gelatinase-A) and MMP9
(gelatinase-B) are capable of degrading common collagenous
and noncollagenous substrates. Moreover, inactive MMP2 pre-
cursor can be activated into its proteolytically active form by
active MMP9, and both MMP2 and MMP9 are capable of cleav-
ing latent transforming growth factor (TGF)-� cytokines, lead-
ing to ECM remodeling.37,38 These biochemical properties are
significant in human refractive error, because TGF-�1 and -�2
polymorphisms have been associated with high myopia in two
separate studies of Taiwanese subjects.39,40 Hence, the similar
properties of the gelatinases, as well as the mechanisms of
MMP2 activation by MMP9, and TGF-� activation by both
MMP2 and MMP9 provide common pathways by which MMP2
and MMP9 variants could influence scleral remodeling and
refractive modulation.

Our results in AMISH families also support a potential role
for MMP1 or MMP10 variants in refractive error heritability.
The human MMP1 and MMP10 genes code for collagenase-1
and stromelysin-2 preproteins, respectively, and are located in
the chromosome 11q22.2 MMP gene cluster. To our knowl-
edge, MMP10 has not been shown to be expressed in mamma-
lian sclera, although it is synthesized in mouse choroid.41

MMP1 proteins, however, are abundant in normal eye tis-
sues,42 particularly in the ciliary muscle, iris, corneal endothe-

lium, ciliary nonpigmented epithelium and anterior sclera,
where they are thought to regulate aqueous humor outflow.
Their role in myopization and refractive development, how-
ever, remains unclear. The MMP1 secreted enzyme (collage-
nase-1) breaks down type I and III interstitial collagens, which
are both found in the human sclera.43,44 MMP1 can be acti-
vated to degrade collagen by the plasmin–plasminogen activa-
tor system.45 Functional MMP1 polymorphisms could there-
fore affect the breakdown of scleral type I and/or type III
collagen, either directly or via differential molecular interac-
tions with plasmin. These MMP1-mediated pathways for tissue
remodeling, however, have not been investigated as mecha-
nisms for myopization. Hence, more study is necessary to
determine the role of MMP1 and MMP10 in normal ocular
physiology and refractive error control.

MMP1 and MMP2 may also affect eye growth through
interactions with insulin-like growth factor binding proteins
(IGFBPs) and insulin-like growth factors I and II (IGF-I and
IGF-II). IGFs are fundamental cell regulators involved in cell
adhesion and migration, and the regulation of the cell cycle and
apoptosis (see Firth and Baxter46 for a review). A recent study
in an avian myopia model showed that IGF-I is a powerful
stimulator of myopic ocular elongation in response to optical
defocus.47 The availability of IGFs to target IGF receptors is
believed to be regulated by IGFBP binding.48 The IGFBP 3
isoform, which binds most IGF in the body, can be cleaved by
MMP1 and MMP2, releasing IGFs and stimulating cell prolifer-
ation by these proteins. Hence, MMP1 and MMP2 regulation of
IGF activity through IGFBP 3 proteolysis offers another molec-
ular pathway through which polymorphisms in these genes
may influence refractive development.

We have proposed several pathways through which poly-
morphisms in MMP1 and MMP2 could affect human refractive
variation. However, specific experimental and epidemiologic
data supporting any of these mechanisms are sparse. Moreover,
epidemiologic evidence suggests that between-population dif-
ferences in refractive error distribution are, in part, accounted
for by environmental and behavioral factors. We postulate that
discrepancies in genetic association results between the
AMISH and ASHK in the present study may be the result of
interactions between MMP1 (or MMP10) and MMP2 variations
and unmeasured environmental risk factors. Taken together,
results from the current investigation and previous studies
illustrate the complexity of the mechanisms and multiple in-
teracting networks involved in refractive error regulation in
human populations.

CONCLUSION

We conducted a family-based, candidate-pathway association
analysis of MMP and TIMP polymorphisms with ocular refrac-
tion in ASHK and AMISH families. Two SNPs (rs1939008 and
rs9928731) were significantly associated with refraction in the
AMISH, but not in the ASHK, families. Our results implicate
MMP2 and MMP1 (and/or MMP10) as regulators of nonpatho-
logic refractive error. Moreover, genetic heterogeneity or
gene–environment interactions may explain interpopulation
differences in the causes of refractive error variation.
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