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Genetic profile for five common variants associated
with age-related macular degeneration in densely
affected families: a novel analytic approach
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About 40% of the genetic variance of age-related macular degeneration (AMD) can be explained by a common variation at five
common single-nucleotide polymorphisms (SNPs). We evaluated the degree to which these known variants explain the clustering
of AMD in a group of densely affected families. We sought to determine whether the actual number of risk alleles at the five
variants in densely affected families matched the expected number. Using data from 322 families with AMD, we used a
simulation strategy to generate comparison groups of families and determined whether their genetic profile at the known AMD
risk loci differed from the observed genetic profile, given the density of disease observed. Overall, the genotypic loads for the
five SNPs in the families did not deviate significantly from the genotypic loads predicted by the simulation. However, for a
subset of densely affected families, the mean genotypic load in the families was significantly lower than the expected load
determined from the simulation. Given that these densely affected families may harbor rare, more penetrant variants for AMD,
linkage analyses and resequencing targeting these families may be an effective approach to finding additional implicated genes.
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INTRODUCTION

Age-related macular degeneration (AMD) is the leading cause of
blindness among older individuals in developed countries.! In the
past 5 years, several common variants have been reliably and repro-
ducibly associated with AMD.>"!0 In a case—control study drawn from
a US-based population of European descent, we found a previously
unrecognized, noncoding variant in complement factor H (CFH) and
replicated four previously reported alleles associated with AMD: a
common coding variant in CFH (rs1061170), LOC387715
(rs10490924), and two variants in the complement component 2
and factor B (C2-CFB) locus.!® Genotypes at these five common
single-nucleotide polymorphisms (SNPs) define a broad spectrum of
interindividual disease risk and explain about 40% of the classical
sibling risk of AMD in the study population.!

As we are now able to explain such a large fraction of the genetic
variability of this disease, we were interested in evaluating the degree
to which the existing variants explain the clustering of AMD in a
group of densely affected families. This information could determine
the best approach to finding additional genes implicated in AMD. If
densely affected families had less than the expected genetic load at the
five known common variants, it would suggest that there were rarer,
more penetrant variants in these families to explain their burden of
disease. Linkage analysis of the families would then be one of the next

steps to finding new variants associated with AMD. If the families had
the expected genetic load, it would suggest that additional genetic
variants may be similar to those found: common, additive, and with a
comparable or smaller magnitude of effect individually. These would
be best pursued by whole-genome association studies. To determine
whether the actual number of risk alleles at the five variants in our
families matched the expected number, we developed a simulated
population of families on the basis of the assumption that a fixed
proportion of AMD familial risk is based on the five known variants.
In this study, we explain a novel analytical technique to develop such a
comparison group and its application to determine whether densely
affected families with AMD have a genetic profile at the known AMD
risk loci that differs from their expected genetic profile, given the
density of disease observed.

MATERIALS AND METHODS

Family ascertainment

The methods used in this study conformed to the tenets of the Declaration of
Helsinki and received approval from appropriate institutional review boards.
All participants gave informed consent and signed the relevant forms. Poten-
tially eligible probands with advanced AMD in at least one eye were recruited
from several sources as previously described, including from the AMD database
of the principal investigator (JMS), from other ophthalmologists throughout
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the country, from some of the clinical centers participating in a multicenter
randomized trial of vitamins and minerals (Age-Related Eye Disease Study, or
AREDS), and through various media, such as newsletters, brochures,
and newspapers.!! Advanced AMD was defined as either geographic atrophy
(grade 4) or neovascular disease (grade 5) as determined by fundus photo-
graphy and ocular examination using the clinical age-related maculopathy
grading system (CARMS) criteria.!> After verifying that the proband had
advanced disease, family members of the proband were then asked to
participate. Some families were recruited initially as sibling pairs for the
purposes of a linkage study, and large families with multiple affected members,
as well as discordant siblings, were also recruited. Data collection procedures
included standard stereo pair 30-degree ocular fundus photography, blood
drawing, and questionnaires regarding risk factors for AMD. AMD status was
assigned by CARMS criteria in family members as well.

Genotyping

A total of 1265 probands and siblings from 322 families with a proband with
advanced AMD were genotyped. For 67 of these families, we were able to
obtain phenotypes and genotypes for all probands’ siblings. For the remainder
of the families, either phenotype or genotype for one or more of the siblings
was missing due to death, illness, or other reasons for nonparticipation.
Genotyping was performed for the following five SNPs that were previously
found to be associated with AMD: CFH (rs1061170 and rs1410996), C2-CFB
(rs641153 and rs9332739), and LOC387715 (rs10490924).>10 Genotyping was
performed on Illumina BeadArray (San Diego, CA, USA) and Sequenom (San
Diego, CA, USA) platforms at the Broad Institute Center for Genotyping and
Analysis. The process for Illumina and Sequenom genotyping is found at their
respective websites (http://www.illumina.com/technolology/tech_overview.ilmn
and http://www.sequenom.com/applications/hme_assay.php). One individual
(typically the proband) from each of the families was used in our previous
case—control association study.!” These individuals were genotyped using the
[lumina platform for all variants, except the C2 and CFB variants, which were
genotyped on the Sequenom platform. All other individuals not genotyped as
part of the association study were genotyped on the Sequenom platform for all
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the variants. For all genotyping, several duplicates were added to each sample
plate for quality assurance and quality control validation of interplate dis-
cordance. The data completion rate was 98.4% for individuals who were part of
the initial case—control study and 95.2% for the subsequent Sequenom

genotyping.

Simulation of comparison family population

We used the statistical package R for the creation of a comparison population
of families (www.R-project.org). We simulated phenotypes in the offspring of
two-generation families assuming the heritability, environmental variance of
AMD and allele frequencies of the five known risk SNPs (Supplementary
Table 1). To accomplish this, we first simulated genotypes for a population of
parents on the basis of the known European (CEU) population allele frequen-
cies from the HapMap database (www.hapmap.org). We ‘mated’ parents to
create families with a varying number of siblings; the offspring’s genotypes at
the five loci were assigned according to random transmission at meiosis.

We used a liability threshold model to assign phenotypes (CARMS grade 4
or 5 AMD vs others) to all probands and siblings. In this model, we assume an
underlying normal distribution of liability for developing a disease.!*> Above a
certain threshold of liability, all individuals are affected with advanced AMD
(grade 4 or 5). The total liability score for each individual is the sum of the
known genetic effects from the five risk variants, the residual polygenic effects
(which correlate across each family), and the specific environmental effects. To
convert the effects on the risk scale into the effect size on the liability scale, we
invoked the Fisherian biometrical model. To generate an estimate of the effect
size, we assumed that the liability distribution had a mean shift, such that the
percentage of the liability distribution above the fixed threshold for affection
(taken as the inversion of the normal at the prevalence) matches the expecta-
tion based on the odds ratio from the primary analysis.

The magnitude of the known genetic effects was obtained from estimates of
the effects for the five loci as determined in our association study.'” Figure 1
shows the estimated prevalence of advanced AMD in the general population
according to genotypic load as derived from our previous case—control study.'”
Our subsequent simulation is based on this model, which assumes that the
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Thirty-six possible genotype combinations for the five validated common AMD variants
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Figure 1 Estimated prevalence of advanced AMD cases as a function of genetic load. Using genotyping data from a case—control study of AMD, 36 risk
categories were determined on the basis of genotypes at the five common risk loci.10 The estimated risk of developing advanced AMD for each of these risk
categories was calculated. These risk categories are sorted by the estimated risk of advanced AMD. The table below the figure shows the specific genotypes
for each bin. For CFH, the L/M/H designations correspond to low-, medium- and high-risk haplotypes. The LOC387715 L/H designation corresponds to low-
and high-risk alleles. For C2/BF, the L or H designation corresponds to low- or high-risk genotypes.
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prevalence of disease increases as the number of risk genotypes for the five
known SNPs increases. Thirty-six genotype bins are defined by the six possible
genotypes for the two CFH variants, the three possible genotypes for the
LOC387715 variant, and the two possible genotypes at the C2-CFB locus.
Owing to the low frequency and nearly identical risk of the protective alleles at
C2-CFB, we considered individual risk at C2-CFB in two categories: high risk
(individuals carrying neither protective variant) and low risk (individuals
carrying one or two protective variants). We estimated that the five common
variants contribute about 29% of the total variance in AMD, or about 40% of
the total additive genetic variance on the liability scale.!”

The residual background polygenic variance is obtained by subtracting the
known genetic variance from total heritability. The estimated heritability for
advanced AMD is ~70%.!* The residual background polygenic variance is
therefore ~41% on the liability scale. For polygenicity, we estimated the
amount of heritability that was conferred by the loci, and reduced the heritable
component of the phenotype accordingly. With this residual heritable compo-
nent, we can then draw random normals and multiply by the square root of the
residual variance, as that will provide a liability score that will contribute to the
appropriate amount of variance (that is, var(k*X)=kA2*var(X), where k is a
constant and X is a randomly drawn variable). In simulating the residual
polygenic component, we assumed a multivariate, normal model with a
correlation of 0.5 between siblings and between parents and their offspring.
Thus, half of the variance of the residual polygenic component was between
families and half was within families.

The remaining 30% of the variance in AMD is attributable to nongenetic
factors (that is, environment and chance).!* The liability score was then
transformed into diagnosis of advanced AMD if the score fell above a threshold
determined by the prevalence of advanced AMD in persons 75-79 years of age,
or ~5%,"! as the individuals in our family study cohort had a median age of
79 years and a mean age of 77.7 years.

As we recognize that rare Mendelian forms of AMD could also exist in a
population of densely affected families, we repeated the simulation described
above with the addition of a risk allele with a 0.1% frequency and an odds ratio
for advanced AMD of 20. We determined the distribution of slopes of mean
genotypic load from the actual families vs the mean genotypic load from this
additional simulation with a rare, penetrant allele.

Comparison of actual families to simulated families

Once we had a simulated population of sibships, with each sibling assigned a
phenotype, we randomly selected families who had at least one sibling with
advanced AMD, the ‘proband.” For each of the simulated families and the actual
families, we calculated a genotypic load, a measure of the number of risk alleles
present in the five known genetic variants. The average genotypic load was
determined for families that shared the same number of affected siblings and
total siblings; this was carried out separately for simulated and actual families.
Empirical P-values were calculated on the basis of simulation results. We
determined individual simulation family deviations from the average genotypic
load for simulation families of the same configuration and then recorded the
observed deviation from the mean score of actual families with the same
configuration. We calculated significance by counting the number of instances
in which the simulated family was more deviant that the actual family and
divided this by the total number of simulations.

In addition, the distribution of the individual families’ genotypic loads was
plotted against their expected mean genotypic loads from the simulation. The
slope of the line for these data points was determined. To determine whether
this slope was significantly different from the expected slope, we determined the
slopes for genotypic loads from each set of 322 simulation families plotted
against the mean genotypic loads derived from all simulation sets. We also
calculated 2.5 and 97.5% confidence intervals for the mean genotypic load for
each family configuration. These confidence bounds were based on individual
simulated families. In all, 100 000 simulated families in each configuration were
generated and sorted by their mean genotypic load. The 2500th and 97500th
averages were set as the confidence intervals for each configuration. The slope
of the line of individual families was determined.

For families who had one or more siblings missing either genotype or both
genotype and phenotype information (due to death, illness, and so on), siblings
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with missing information were excluded from the analysis. To ensure the
validity of this approach, genetic load distribution was determined separately
for the set of 65 families in which all siblings had complete phenotype and
genotype information and for the 257 families in which genotype and/or
phenotype information was unavailable on all siblings.

RESULTS

Figure 2 shows the distribution of advanced AMD by genotype score
in all 65 fully genotyped and phenotyped families (Figure 2a) and in
the other 257 families who did not have all siblings phenotyped and/or
genotyped (Figure 2b). The distribution of genotypic load was not
different to a statistically significant degree between the two groups
(P=0.11, Kolmogorov—Smirnov test). The lack of difference between
the two distributions suggests that combining these two groups into
one comparison group for simulated families is valid.

For the primary analysis, we simulated 5000 sets of 322 families.
Table 1 shows the proportion of expected (based on simulated
families) and observed (based on actual families) affected siblings in
families of different sizes. For most family configurations, there was no
statistically significant difference between the actual average genotypic
load and the average genotypic load from the simulation. There was,
however, a statistically significant difference in some of the larger,
more densely affected families and in the 2-, 3- and 4-sibling families
with only one affected sibling. For these less-densely affected families,
the average genotypic load was higher than that expected by simula-
tion (P=0.015, P=0.009 and P=0.004, respectively). It was also higher
in the more densely affected families with three out of five and four
out of six affected family members (P=0.020 and P=0.048, respec-
tively). The actual average genotypic load was lower than that expected
by simulation in families with four out of four and four out of five
siblings affected (P=0.05 and P=0.020, respectively).

Figure 3 shows the distribution of mean genotypic loads for
individual families in relation to the expected average genotypic
load from the simulation. Most of the families’ genotypic loads fall
within the 95% confidence interval. There are 28 outlying families,
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Figure 2 Distribution of mean genotypic load among families. We calculated
the mean familial genotypic load for individuals in the 65 families who have
genotype and phenotype information available on all siblings and in the 257
families who did not have genotype and/or phenotype information available
on all siblings. The number of individuals in each genotypic load category is
shown here for the 65 (a) and 257 (b) families. There was no statistically
significant difference between these two distributions (P=0.11, y2-test).



Table 1 Mean genotypic load by family size and number of affected
siblings in the observed sample and simulation sample

Number of affected siblings
1 2 3 4 5

Total number of siblings
2 0.468 (n=36) 0.678 (n=42)

0.290 0.617
(P=0.015) (P=0.323)
3 0.423 (n=25) 0.545 (n=54) 0.641 (n=32)
0.202 0.468 0.681
(P=0.009) (P=0.138) (P=0.581)
4 0.531 (n=9) 0.426 (n=19) 0.568 (n=18) 0.433 (n=6)
0.158 0.390 0.571 0.729
(P=0.004) (P=0.680) (P=0.966) (P=0.050)
5 0.336 (n=5) 0.278 (n=8) 0.819 (n=7) 0.278 (n=5) 0.741 (n=2)
0.124 0.336 0.501 0.637 0.755
(P=0.208) (P=0.659) (P=0.020) (P=0.020)  (P=0.946)
6 0.582 (n=7) 0.305 (n=3) 0.896 (n=4) 0.875 (n=3)
0.290 0.439 0.564 0.686
(P=0.027) (P=0.529) (P=0.048)  (P=0.327)

For each family configuration, the first number listed is the mean genotypic load for the actual
families with the number of families in this configuration in parentheses. The bold number on
the second line is the mean genotypic load for the simulated families. The empiric P-values for
the comparison of the mean genotypic loads for the observed and simulated families are on the
third line.
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Figure 3 Observed vs expected genotypic load among families. The mean
genotypic load for each family was plotted against the mean genotypic load
for a family of the same configuration, as determined by simulation. Each
dot represents one family. Triangles mark the lower 2.5% confidence bound,
whereas diamonds mark the upper 97.5% confidence bound. The slope of
the line for the individual families’ genotypic loads is 0.4594.

which is slightly higher than what would be predicted by chance alone.
The families that fall below the 2.5% confidence interval include two
families from the four out of four configuration and one family from
the four out of five configuration. In Figure 3, the slope of the line for
the individual families’ genotypic loads vs mean genotypic loads, by
family configuration, is 0.4594. Figure 4a shows the distribution of the
slopes when the genotypic loads from each set of simulated families
are plotted against the mean genotypic loads averaged among all sets
of simulated families. The slope for our actual families is smaller than
that expected from simulation (slope=1) to a statistically significant
degree (P<0.001). This reflects the fact that the observed genotypic
load for some of our families is less than the expected genotypic load
from the simulation.
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Figure 4 (a) Distribution of slopes for plots of mean genotypic load across
all simulation families vs individual families’ genotypic loads from each
simulation subset of 322 families, by family configuration. The arrow
indicates the location of the slope from Figure 3 within the tail of this
distribution. (b) Distribution of slopes for plots of mean genotypic load
across all simulation families, in which the simulation included a rare, high-
penetrance allele, vs genotypic loads from each simulation subset of 322
families, by family configuration. Please note the difference in the x axis
scale between panels a and b. The distribution of values in panel b is
shifted to values lower than that of panel a.

DISCUSSION

In this study, the majority of densely affected families had average
genotypic loads for the five common SNPs associated with AMD that
would be expected on the basis of a simulation of genotypic load. This
assumes that the five variants account for the known familial variance
in AMD.

The ability of simulation to closely mirror the actual average
genotype distribution also supports the validity of this novel analytical
approach and its underlying assumptions regarding allele frequency,
disease prevalence, and estimates of the effect sizes of individual risk
SNPs. As gene discovery proceeds for other common diseases to the
point at which a significant amount of familial variance can be
explained by known genetic variation, this approach may be useful
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Table 2 Comparison of macular degeneration subtypes and environmental risk factors among families with expected genotypic load and

families with genotypic loads that deviate from the expected

Mean proportion of
family members with

Mean proportion of
family members with

Mean proportion of
family members who

Mean family
body mass

geographic atrophy  P-value* neovascular AMD P-value* ever smoked P-value* index (kg/m?) P-value*
Families with expected 0.151 ref 0.526 ref 0.543 ref 26.8 ref
genotypic load
Families with genotypic 0.129 0.76 0.719 0.07 0.596 0.68 27.5 0.42

load lower than expected

AMD, Age-related macular degeneration; P-value*, P-value from t-test; ref, reference group.

to try to understand the genetic architecture of undiscovered familial
variance. This could provide a basis on which to decide whether to
pursue additional common additive variants or rarer, more penetrant
variants. It may also serve to identify families who are particularly
likely to harbor additional, undiscovered variants. On the basis of this
approach alone, however, we cannot distinguish a priori for a specific
family whether the remainder of the unexplained genetic variance for
AMD is because of highly penetrant loci or because of multiple
common ones.

Although the genotypic load for most of our AMD families did not
deviate significantly from the expected load, we did identify some
families, particularly in the four out of four and four out of five
affected configurations, who had a lower than expected genotypic
load. There are several explanations that could explain this finding.
There may be rare, more penetrant genetic variants in these families
contributing to their disease. To further explore this possibility, we also
performed a simulation that included an additional rare, penetrant
risk allele. We show that the distribution of slopes of the mean
genotypic load from the actual families vs the mean genotypic load
from this additional simulation is shifted to lower values (Figure 4b).
This is because, under these conditions, a family with a particular
disease density now has a possible explanation for their increased
burden of disease that does not involve the five common SNPs. If our
genotypic load score recognized and accounted for the existence of
this rare allele, the median slope in the distribution of slopes would
once again be 1. Therefore, our current genotypic load, which only
takes into account the five known common SNPs, is incomplete in its
ability to explain some of the disease burden in densely affected
families. One possible explanation for the difference between the
observed vs simulated genotypic loads is an undiscovered, rare,
high-penetrance variant.

Alternatively, these families could also share a common environ-
mental risk factor so that the density of disease is not explained on a
genetic basis. This is less likely, given that environmental risk factors
were well documented as part of the selection of these families, and no
strong, common, environmental risk factor that can explain these
differences has been identified in these families. A third possibility is
that the AMD in these families is a distinct subphenotype of AMD,
with an underlying genetic architecture that is different from the AMD
in the general population. However, this is unlikely, as the phenotypes
observed represent the typical phenotypes seen in other AMD popula-
tions, and all families had a proband with advanced AMD. To further
explore the possibility that environmental risk factors or subpheno-
types could account for our findings, we compared environmental risk
factors (smoking and body mass index)!®!” and the two main
subtypes of AMD, advanced dry (geographic atrophy) and wet
(choroidal neovascularization) AMD, in families whose genotypic
load was as expected and in families with a lower than expected
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genotypic load (Table 2). There is no statistically significant difference
between these two groups for any of these variables. A final possibility
for explaining our findings is that the assumption of a liability model
or the assumption of additivity of the known loci and the polygenic
portion on the liability scale may be incorrect.

It should be noted that our method of selecting densely affected
families is subject to ascertainment bias, because some siblings
were selected as affected sibling pairs for a linkage analysis. There-
fore, to design a study that was independent of the ascertainment
scheme strategy, we adopted an ascertainment-free analysis ap-
proach by considering the mean genetic load according to family
configuration.

There are some limitations to our study. Genotype and/or pheno-
type information was unavailable on some siblings primarily because
of illness or death of the sibling. There is a possibility of misclassifica-
tion bias. Some unaffected siblings were ascertained at a younger age
than their affected proband sibling. We did, however, follow all
siblings prospectively to obtain the most recent AMD grade used in
this study, and all subjects had a grade assigned after an age of 60
years. It is still possible that a few of these siblings could develop AMD
or progress with time. We have limited numbers of densely affected
families for some of the family configurations. This limits our power
to detect true differences between actual vs simulated families. Finally,
we recognize that some of the reported P-values are marginal and may
be due to chance.

Despite these limitations, we believe that the novel analytic
approach used in this study is a valid way to determine the expected
genotypic load for densely affected families for diseases in which a
significant proportion of the genetic variance is already known. In our
AMD families, this method allowed us to identify a subset of densely
affected families who have a lower than expected genotypic load.
Given that these families may harbor rare and more penetrant variants
for AMD, linkage analyses targeting these families would be one
way to search for potential additional implicated genes. Resequencing
of the known associated genes could reveal additional implicated
variants.
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