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Abstract

We analyzed a dataset of 2,300 SNPs from a region of 10 Mb of chromosome 18q, which had shown
linkage evidence for Rheumatoid Arthritis [1]. To test for disease association, a novel method, called
the Cross-test, was used, which is based on differences between direct sharing of a patient and a
control haplotype and sharing of two patients or two control haplotypes. We found highly significant
association at a position ~4,407 kb from the starting SNP and a second less significant one at position
~4,863 kb. These results are supported by a single marker chi-square test and the Haplotype Sharing
Statistic, but the Cross-test outperforms them with respect to significance and signal-to-noise ratio.
For determining the significances, a sequential randomization procedure is implemented to render the
method fast enough and hence practically useful even for whole genome screens with marker densities
of 500,000 SNPs/genome.

Background

With the current advances in genotyping technology, genome wide association studies for detecting
genes involved in complex diseases have recently become feasible. However, the computational and
statistical methodology for analyzing such studies needs optimization and standardization. Various
methods and strategies have been investigated, e.g. reviewed in [2-4].

Historically, in candidate region studies, association was mainly calculated using single locus tests,
such as the allele frequency chi-square test or the TDT-test [5]. The advantage of single locus tests is
that haplotypes are not needed and that haplotype inference can be avoided. However, so far single
locus tests on whole genome data sets seem to be unsuccessful because of large numbers of false
positive results. The reason for this is that the true association information is not enclosed in single
SNPs, but in haplotypes [6]. Therefore, association analysis should be based on haplotypes.

Complex diseases are thought to be caused by multiple genetic variants, each with a moderate effect,
as well as by various environmental factors possibly also interacting with these genes. According to
the common variant hypothesis, the genetic variants related to the disease are old mutations and are
common in the population (with allele frequencies > 5%). Subsequent mutations and recombinations
acting on the ancestral haplotype have led to various haplotype patterns among the present population
descending from that ancestral haplotype. The haplotype pattern that is still shared among haplotypes
descending from these ancestors is shortened, but is still recognizable. Or more precisely, it can still be
distinguished from haplotypes from other ancestors. Therefore, since there is a shared haplotype
pattern expected within patients, we hypothesize that there is a difference in haplotype patterns
between patients and controls. The length of the reduced ancestral haplotype is variable because of the
uneven nature of recombination and mutation processes.



It is expected that there is more sharing within patient haplotypes than within control haplotypes,
because control haplotypes are thought to descend from more and older ancestral haplotypes. This is
the basic idea of the Haplotype Sharing Statistic (HSS), which we have evaluated before [7,8].

Here, we present a new method based on the differences in haplotype patterns between patients and
controls at regions associated with the disease, evaluated as the Cross Haplotype Sharing Statistic
(Cross). The method is implemented in a program called GronCross and it is suitable for whole
genome association studies.

Methods

Materials

We have used a dataset of 2,300 SNPs, covering 10 Mb at chromosome 18q, of the North American
Rheumatoid Arthritis Consortium (NARAC), as distributed by the Genetic Analysis Workshop 15
(GAWI15). It was part of problem 2 of GAW1S5, of which we did not have the answers. The dataset
contains 460 cases and 460 controls, the latter being recruited from a New York City population.

Haplotype inference

We phased the 920 genotypes using the phasing program 2SNP [9,10], which is a fast algorithm for
haplotype inference based on genotype statistics for pairs of SNPs.

Association analysis
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haplotype pairs (regardless of disease status), SHygan(k), Figure 1: Haplotype sharing calculation
which is defined as:
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The prominent statistical problem in evaluating mean haplotype sharing is the way to calculate the
distribution of the mean sharing between all pairs of haplotypes. Generally, haplotypes will share
alleles in groups and this means that haplotype agreement between haplotype pairs is not independent.
We solved this problem for the HSS [7] using the theory of U-statistics. However, an equivalent using
U-statistics for the Cross test cannot be determined because of the high correlation between SHcross
and SHuzav, in contrast to the independence of haplotype sharing of patients and controls. Therefore,
the variance and significance of the Cross test is determined by a randomization test. Since the



randomization procedure is performed anyway, for this paper the variance of the HSS is estimated
from the same randomization. The randomization procedure is done by permuting the affection status
of each haplotype. This will yield an average simulated Cross z-score and HSS t-score and their
variances. As evaluation of the z-score is possible after each randomization step, the randomization
procedure can be stopped early as soon as it is clear that non-significant z-scores will be found (which
is the case for the larger part of the SNPs). The statistical parameters are evaluated as follows:
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Normally, z-scores can be converted to p-values assuming normal distribution, but the tails of the
Zcross distribution are not well approximated by a normal distribution, leading to downward biased p
values for extreme z-scores. To correct for that, the z-scores were transformed to a chi-square
distribution with v degrees of freedom by using the asymptotic distribution for large v:
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With an appropriate chosen v, the distribution resembles the true z-score distribution, especially in the
tails, so that realistic p-values are obtained. We found empirically that the best choice for v depends on
the sample size. A value of 3 gives a good approximation for the data in this study. It appeared that the
Cross and HSS scores were weakly correlated except at the highly significant loci, so a combined
score can be evaluated by adding the chi-square statistics.

Results

The running time of the analyses for 2,300 SNPs and 920 individuals was 80 minutes on a single
laptop PC (Celeron 1500 Mhz), which is sufficiently fast to be acceptable for whole genome
association studies.

The results are presented in figure 2. It shows that the Cross test has a background signal of up to a
—log(p-value) of about 2. A highly significant association is observed in this region with a —log(p-
value) of 6.6 near 4,407 kb from the first SNP. The odds-ratio based on allele frequencies at this
location is 1.41 (1.16-1.72, 95% CI). A second peak with —log(p-value) of 4.1 is found near 4,863 kb
from the first SNP, with a corresponding odds-ratio of 1.21 (0.99-1.51, 95% CI). In the same figure,
the Cross results are compared with the HSS test results. Although the HSS is significant at the same
two locations, the HSS-test by itself is not a good discriminator. The same holds for the single marker
chi-square test, shown at the bottom of figure 2. The chi-square test also shows a significant difference
near 4,407 kb and this result therefore supports the Cross result, but over the total of 2,300 SNPs, the
signal-to-noise ratio is bad, with too many SNPs showing significant association.

Figure 3 zooms in into the associated region around 4,407 kb in order to pinpoint the causal variant.
The Cross test does not show a clear peak at a particular locus. Instead, the graph has a smooth pattern,
which was to be expected as the Cross test is based on haplotype sharing. This means that information
from neighboring SNPs is used as well and hence, tests at subsequent loci are highly correlated.



However, as shown in figure 3, the single marker chi-square test is not informative about the exact
disease locus either. Therefore, a follow-up study on this small region (4,400-4,420 kb) is needed.
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Figure 2: Results of the Cross test (top), HSS test (middle) and single marker chi-squared
test (bottom) plotted for all 2,300 SNPs.
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Figure 3: Cross —log(p-value) and single marker chi-squared —log(p-value) for
a 150 kb region of association.



Discussion and Conclusion

The results of our analyses show that the Cross Haplotype Sharing Statistic is a powerful test statistic
for association screening analysis. We found a strong significant association (-log(p-value) = 6.6) with
odds ratio of 1.41. In addition, a second smaller peak is observed (-log(p-value) = 4.1). As the
background signals seemed to range up to a maximum —log(p-value) of 2, this result possibly indicates
a causal variant as well.

The Cross results were compared with the HSS and the single marker chi-square test. Both gave
supporting results, but by themselves were not informative enough to declare a significant association
because the signal does not really stand out. The Cross test does not point precisely to a particular
disease SNP, inherent to the way the test was developed.. However, a region of about 20 kb can be
identified as the candidate region. This implies that the Cross test is especially useful for initial whole
genome association screens. Such a screening will presumably yield several, but a limited amount of
significant results, which will have to be analyzed in detail in a follow-up study.
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