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Hughes et al.! suggested that a common deletion of the CFHR1 and CFHR3 genes
(CFHR1-3A) is associated with lower risk of age related macular degeneration (AMD) and
that the effect is independent from that of the previously described Y402H allele
(rs1061170) in the adjacent CFH gene?. Others have replicated the CFHR1-3A
association3, and this has spurred further research on the function of the CFHR gene
family®. In addition to the Y402H coding variant, we and others have described a second
independent CFH allele, marked by the rs1410996 intronic SNPS7.

Since the CFH-CFHR1-CFHR3 genomic region containing both of these risk SNPs and
CFHR1-3A has strong linkage disequilibrium (see Supplementary Fig. 1) with common
haplotypes extending across the entire region?, we sought to understand the relationship
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between these AMD associations in a large sample collection. This issue is potentially
relevant to atypical hemolytic uremic syndrome (MIM235400), which has also been linked
separately to CFH alleles and to CFHR1-3A (ref. 8).

We genotyped CFHR1-3A and 20 common SNPs within the CFH and CFHR1-CFHR3
region in 711 individuals with visually impairing advanced AMD of AMD and 1041
controls (see Supplementary Methods) with the Affymetrix 6.0 chip®. This genotyping
included the rs10801555 SNP, a close proxy for Y402H (r2 = 0.99 in a subset of 288 geno-
typed controls), located 1 kb away, and also the rs10737680 SNP, a perfect proxy for the
rs1410996 allele (r2 = 1 in Centre d'Etude du Polymorphisme Humain (CEU) HapMap)
located 17.5 kb away in the ninth CFH intron. CFHR1-3A frequencies in affected and
unaffected individuals were similar to those of Hughes et al. and correlated closely with the
rs7542235 SNP (r2 = 0.98).

First, we tested each of the 21 markers individually (Fig. 1a and Supplementary Table 1).
We reproduced associations at the CFH Y402H allele (P = 1.5 x 10739 at rs10801555) and
the CFH rs10737680 allele (P = 1.8 — 10737). We observed more modest evidence of
association of CFHR1-3A (P = 7.0 x 10723), with 22% frequency in affected individuals
compared to 10% in controls.

Second, because Y402H (rs10801555), rs10737680, and CFHR1-3A, are in linkage
disequilibrium (LD) (D’ = 0.99), we used conditional logistic regression to assess whether
they independently conferred risk (Table 1). A univariate analysis demonstrated significant
association to disease for each marker. When we conditioned on Y402H alone, the CFHR1-
3A effect was present (odds ratio 0.58, 95% confidence interval 0.46-0.72, P = 2 x 1075), as
previously reported!. However, when we conditioned on rs10737680, the statistical strength
of the protective effect of CFHR1-3A was substantially mitigated (0.72, 0.55-0.95, P =
0.02), though not entirely eliminated. At the same time, conditioning on CFHR1-3A did not
mitigate the effect of the Y402H and rs10737680 associations (P < 1 x 10713). On the basis
of these results, we concluded that the previously reported associations at CFHR1-3A and
rs10737680 were not entirely independent.

To better understand the disease association within that locus, we identified common
haplotypes of 21 biallelic markers (Fig. 1b and Supplementary Table 2). A total of seven
haplotypes with frequencies >1% accounted for 95.7% of 3,354 chromosomes. The most
frequent H1 haplotype, containing the Y402H risk allele, was present in 59% of
chromosomes from affected individuals but only 37% of control chromosomes. For other
haplotypes, we calculated the odds ratio of disease association relative to that of H1. As
previously observed®, the haplotype risk profiles can be most parsimoniously divided into
three groups: high risk (H1, odds ratio = 1; reference), intermediate risk (H2 and H3, odds
ratio = 0.60, 95% confidence interval (c.i.) 0.50-0.73) and low risk (H4, H5, H6 and H7,
odds ratio = 0.32, 95% c.i. 0.27-0.38). The haplotypes within each group had effect sizes
that were indistinguishable from each other (P = 0.71 for H2 and H3; P = 0.30 for H4, H5,
H6 and H7). The three haplotype groups had distinct effects on AMD risk (P = 6.8 x 10743),
with nonoverlapping confidence intervals; breaking groups to assign independent risk to
each of the seven haplotypes did not better define risk (P = 0.43).

The haplotype analysis demonstrates the relationship between the CFH rs10737680
association and the CFHR1-3A association: both markers tag a collection of low-risk
haplotypes. The rs10737680 SNP is closely linked to the low-risk haplotypes but misses the
rare (1.2%) H4 haplotype, whereas CFHR1-3A misses both H4 and H5. Neither tags all of
the low-risk haplotypes perfectly, suggesting that there could be one or more not-yet-
identified variants that better explain disease risk.
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One parsimonious explanation is a single protective functional variant present on low-risk
haplotypes H4-H7, in addition to the Y402H risk allele present on H1; such a variant would
have very high LD to rs10737680 (r2 > 0.9). Alternatively, a risk variant on intermediate
risk haplotypes H2 and H3 could also explain the data. We searched for such markers by (i)
imputing 171 ungenotyped SNPs with 205 HapMap CEU and Toscani in Italia (TSI)
samples as a reference and (ii) imputing 72 ungenotyped CFH SNPs with 812 published
cases and controls as a reference’ (Supplementary Methods). No geno-typed or imputed
SNP fulfilled these criteria. Potentially, dense resequencing of this region to ascertain all
common variants within this region could identify a functional mutation that fulfills the
above criteria.

An alternative but less parsimonious explanation would be the presence of multiple
protective functional mutations on the H4-H7 haplotypes that confer approximately equal
effect on risk. For example, CFHR1-3A or a CFH variant in LD on H6 and H7 haplotypes
and the rs800292 CFH coding variant (162V) on H4 and H5 haplotypes might each confer
equivalent protection from disease, and this would explain the observed data.

We and others have published examples in which common genomic copy number variation
might alter disease risk. For example, the IRGM association to Crohn's disease maps to an
upstream deletion in the regulatory region, that affects the expression of the gene itself10,
However, these results suggest the possibility that CFHR1-3A may not confer any
independent risk of AMD, but may simply be associated with protective CFH haplotypes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Genetics of the CFH-CFHR1-CFHR3 region. Statistical results of 20 SNP markers and a
CFHR1-CFHR3 common copy number polymorphism. (a) Single marker tests. For each
individual marker we plot the statistical strength of association as a function of its genomic
position within the region. Violet, previously described SNP associations. (b) The seven
haplotypes with frequencies >1%. H1 is presented as the reference haplotype. If genotypes
for SNPs in other haplotypes are the same as in H1, then they are shaded blue; if genotypes
for SNPs differ from H1, they are shaded white. For each haplotype we list the nucleotide
for the CFH Y402H proxy rs10801555 and for CFH rs10737680, and also the deletion
status of the CFHR1-CFHR3 region: empty circle, deleted; filled circle, not deleted. There
are two other SNPs of interest: rs7542235, a SNP that tags the CFHR1-CFHR3 deletion;
and rs800292, a CFH nonsynonymous (162V) allele. To the right of each haplotype is the
observed frequency in controls and affected individuals. To the far right of each haplotype is
the relative ratio of the odds of disease for each haplotype relative to that of the most
common haplotype, H1.
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