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Introduction

GENES ASSOCIATED WITH ALZHEIMER'’S DISEASE

Alzheimer’s disease (AD) is the main cause of dementia and one of the most burdensome
conditions of later life. The prevalence of AD grows exponentially with age, starting at less
than 1% at the age of 60 years, reaching as high as 33% at the age of 85 years'. Smoking
is one of the few non-genetic risk factors known to be involved in AD. Family history of AD
has long been known as a strong predictor of the disease and the heritability of the disease
was estimated as high as 79%?. Several genetic factors involved in AD have been identified
since the end of last century. These include the amyloid precursor protein gene (APP), the
Presenilin 1 gene (PSENT) and the Presenilin 2 gene (PSEN2), which are involved in early onset
AD. Mutations in APP cause excessive cleavage by the 3- and y-secretase enzymes, instead
of normal cleavage by the a-secretase enzyme. The result is an increased production of toxic
-amyloid fragments, which are converted into insoluble aggregates that form senile plaques
in brain tissue. PSENT and PSEN2 are involved in the y-secretase complex, and mutations lead
to excessive cleavage by the y-secretes enzyme, which results in increased production and
accumulation of B-amyloid fragments. To date, no monogenic mutation was described for
late-onset AD. The genetic factor, which is most predominant in both early and late onset AD,
is the apolipoprotein E gene (APOE). The APOE gene has 3 common allelic forms, E2 (which
occurs with a frequency about 8% in Europeans), E3 (about 75%), and E4 (about 15%). The
E4 allele is associated with an increased risk of AD. Compared to non-carriers, the carriers of
a single copy of the E4 allele have a 3-4 fold increased risk to develop AD, and the carriers of
two copies of the E4 allele have a 10-12 fold increased risk to develop AD. APOE is involved in
cholesterol transport and 3-amyloid formation?, but the exact mechanism how it promotes
AD remains unclear. Recently, a genetic test for APOE genotype was marketed as a tool for
predicting the risk of AD (http://www.labtestsonline.org).

The four described genes together explain less than a quarter of the AD prevalence, which
indicates that additional genetic risk factors remain to be identified*®. Several hypothesis-free
genome-wide linkage analysis targeting AD loci were conducted. As reviewed online by the
Alzheimer Research Forum (http://www.alzgene.org), the replicated regions from previous
genome screens include: 1p36, 1q21-31, 2p23-24, 4935, 5p13-15, 6p21, 6q15-16, 6q25-27,
9p21-22, 10921-22, 10925, 12p11-12, 19913, 21921-22, and Xp11-21¢2". Several genes have
been suggested to explain the linkage to chromosome 9, 10, 12 and 19, but so far these
genes remain to be confirmed.

Various candidate genes were reported to be associated with late onset AD. In most
cases findings have not been consistently replicated®?. A large meta-analysis of all genes
studied so far pinpointed thirteen potential AD susceptibility genes: angiotensin | converting
enzyme (ACE), cholinergic receptor, nicotinic, beta 2 (CHRNB2), cystatin C (CST3), estrogen
receptor 1 (ESRT), glyceraldehyde-3-phosphate dehydrogenase, spermatogenic (GAPDHS),
insulin-degrading enzyme (IDE), 5,10-methylenetetrahydrofolate reductase (MTHFR), nicastrin
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(NCSTN), prion protein (PRNP), PSEN1, transferrin (TF), transcription factor A, mitochondrial
(TFAM), tumor necrosis factor (TNF) and neuronal sortilin-related receptor (SORLT)** (Alzgene
forum http://www.alzforum.org). However, the effects of these genes were found to be small
with summary odds ratios ranging from 1.11-1.38 for risk alleles and 0.92-0.67 for protective
alleles?*. One genome-wide association study of AD has been conducted, which found that
alleles in GRB-associated binding protein 2 gene (GAB2) modify AD risk in APOE E4 carriers®.

SCOPE OF THE THESIS

In this thesis, we aim to find new genes involved in AD by means of genome screen and
candidate gene studies. Most of the studies are based on a genetically isolated Dutch
population. During the investigation we encountered several theoretical and practical chal-
lenges in particular related to studies in the genetically isolated population. In chapter 2
we studied the effect of ignoring distant consanguineous loops on false positive findings
in linkage analysis. In chapter 3, we propose an effective pedigree-cutting algorithm, which
can facilitate genome-wide linkage scans in large and complex pedigrees ascertained from
genetically isolated populations. In chapter 4, we searched for genes involved in late-onset
AD using genome-wide analyses and high-throughput genotyping of chromosomal regions.
In chapter 5, we explore the association of the APOE E4 allele, together on cardiovascular fac-
tors, with cognitive function. In chapter 6, we studied the SORLT gene, one of the latest genes
implicated in AD, in relation to cognitive function and AD. Chapter 7 describes a replication
study of the GAB2 gene, which was recently reported to be associated with AD in a genome-
wide association study. Finally, chapter 8 provides a general discussion of the work presented
in this thesis and provides suggestions for future research on AD.
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ABSTRACT

Distant consanguineous loops are often unknown or ignored during homozygosity mapping
analysis. This may potentially lead to an increased rate of false-positive linkage findings. We
show that failure to take into account the distant loops may lead to seriously underestimated
degree of consanguinity, especially for people from genetically isolated populations; in
6 Alzheimer’s disease (AD) patients, the distant loops accounted for 57.7 % of inbreeding
on average. Theoretical evaluation showed that ignoring distant loops, which account for
18-75% of inbreeding, inflates the frequency of false positive conclusions substantially in
2-point linkage analysis up to several hundred times. In multipoint linkage analysis of the
6 AD patients, a chromosome-wide “empirical” significance of 5% corresponded to a true
false positive rate of 11.1%. We show that converting multiple loops to a hypothetical loop
capturing all inbreeding may be a convenient solution to avoid false positive results. When
extended genealogic data are not available, a hypothetical loop may still be constructed
based on genomic data.



Ignoring Distant Genealogic Loops Leads to False-positives in Homozygosity Mapping

INTRODUCTION

Homozygosity mapping is a highly effective method to map disease loci. It exploits the fact
that autosomal DNA regions adjacent to the mutation causing a recessive phenotype are
likely to be homozygous by descent in patients of consanguineous marriages'. This method
is very powerful and linkage can be detected with a small sample: three offspring from
independent first-cousin marriages are sufficient to obtain a LOD score of 3.6. Using homozy-
gosity mapping, various genes have been identified successfully?:. In founder populations,
levels of inbreeding may be high and people are often related through multiple lines of
descent. The presence of multiple consanguineous loops poses computational challenges.
In spite of recent advances in computational efficiency*, exact multipoint calculations are
limited to pedigrees of a few dozen of members. Approximate methods, such as those based
on Markov-chain Monte Carlo algorithms, have proven very useful in resolving this prob-
lem®. However, in large pedigrees containing multiple loops, these methods also fall short,
especially in the context of genome screens. This is one of the reasons why the analysis is
often performed using the shortest loop only. Second, genealogic data may be limited to a
few generations even for isolate populations. This is especially true for outbred populations,
where low levels of unobserved consanguinity may also be common®. It has been suggested
that ignoring the existence of distant loops may inflate false-positive rates’. For model free
sib-pair design, adjustment of the expected IBD vector for the inbreeding provides a solu-
tion®. In this study, we aimed to (1) investigate the extent of inbreeding that can be explained
by distant consanguineous loops in a genetically isolated population, (2) quantify the effect
of ignoring distant loops on false positive rate in model-based homozygosity mapping, and
(3) explore the potential for reducing the false positive rate by converting multiple loops to a

single hypothetical loop capturing all inbreeding.

METHODS AND RESULTS

Population

The study was performed within the framework of the Genetic Research in Isolated Popula-
tions (GRIP) program.The program is set in a genetically isolated community of approximately
20,000 inhabitants located in the Southwest of The Netherlands. Between 150 and 400 indi-
viduals founded the population in the middle of the 18th century. The GRIP genealogical da-
tabase currently contains information on more than 70,000 individuals from this population.
We studied the genealogy of 6 Alzheimer’s disease patients who participated in the program.
As with the other participants examined, they, and their relatives, have provided informed
consent before inclusion into the study. The scientific protocol of GRIP was approved by the
Medical Ethics Committee of the Erasmus MC.
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Figure 1. The pedigree of 6 Alzheimer’s disease patients (black dots) coming from a genetically isolated

population.
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Ignoring Distant Genealogic Loops Leads to False-positives in Homozygosity Mapping

Contribution of distant consanguineous loops to inbreeding

Figure 1 shows the 6 Alzheimer’s disease (AD) patients and their 593 ancestors in 16 genera-
tions. These patients were selected for homozygosity mapping because they are offspring
of 2" to 3 cousin marriages. A complex, multi-looped structure however existed for each
patient. To enumerate all consanguineous loops for each patient, we developed FCN program
for characterizing the structure of extremely large pedigrees (ftp://mga.bionet.nsc.nu/fcn).
The program exploits a recursive Depth-First-Search algorithm (Figure 2). Table 1 describes
the distribution of consanguineous loops for the 6 AD patients. The total number of consan-
guineous loops ranged from 197 (patient 6) to 677 (patient 2) with a mean of 388. The mean
length of consanguineous loops was 18.8 meioses with a standard deviation of 2.9. Although

Start fromthe
1d* of interast

Fut
| the freshly found id

Find the father of on the top of
the top the stack
T 1

Save
the current stack
as a possible pathway

Find the maother of
the top

between the topt \
MO

and the 1d of itterest

TES

If
the stacl

iz ermpty

Remove the top
from the stack TES

Eemove the top z @

firormn the stacle

* individual

Fthe individual which is on the top of current staclk
Figure 2. A Depth-First-Search (DFS) algorithm is an approach to traverse a tree structure and/or a graph.
The traversing sequence is illustrated in the figure. During traversing, a dynamic stack is employed to
temporally store all individuals in the current route. When DFS goes up from an individual to her/his
parent, the parent is placed on the top of the stack and when it goes back, that parent (the individual on
the top of the stack) is removed. Using this stack register, all of the individuals in the current route are
placed in order. When the stack becomes empty, DFS has traversed all the possible pathways that start
and end with the same individual. Consanguineous loops for the studied individual are those which are
disjointed. This algorithm can be easily generalized to find pair-wise connections.
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Table 1. Distribution of consanguineous loops for 6 Alzheimer’s disease patients from a genetically
isolated population with known genealogy

Patient N Shortest" Longest" Mean +SD F} FS F/F,
1 324 9 25 19.2 £33 0.0276 0.0078 35

2 677 8 25 195 +2.8 0.0294 0.0156 1.9

3 577 8 29 19.7 £3.2 0.0283 0.0156 1.8
485 277 10 24 187 +2.8 0.0137 0.0039 35
6 197 9 22 17.1 £2.7 0.0164 0.0078 2.1
Average 388.2 9.0 248 188 +2.9 0.0215 0.0091 24

" Total number of consanguineous loops.

"Number of meioses in the shortest and longest loops.

*True inbreeding coefficient.

$ Inbreeding coefficient taking into account only the shortest loops.

the shortest loops explains a large part of the degree of consanguinity, a major proportion of
the ‘true’ inbreeding was contributed by multiple distant loops. The distant consanguineous
loops accounted for 57.7% of inbreeding.

Inflation of false positive rate in 2-point analysis

Next, we studied the effect of ignoring distant loops on false positive rate of homozygosity
mapping. In a 2-point analysis, we evaluated the false positive rate as a function of inbreed-
ing coefficient used in the analysis, F, the true inbreeding coefficient F, the disease allele

frequency g, and the marker alleles frequencies m (equal frequency assumed for all alleles).

234
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Figure 3. The inflation of false positive rate (FPR) when inbreeding coefficient is 2, 3, and 4 times
underestimated in 2-point homozygosity mapping. FPR ratio was computed by using the FPR when the
inbreeding values were underestimated divided by the FPR when the inbreeding values were estimated
correctly. Model: g = 0.01, m = 0.1, F,= 1/64. Note that because the resultant HLOD had a discrete
distribution, the first HLOD =3 appears at HLOD = 4.1.
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The heterogeneity LOD (HLOD) score at absolute linkage was derived. The false positive rate
was defined as the probability of yielding a HLOD equal to or greater than a pre-specified
threshold when the studied locus was not linked to the disease allele. In other words, this is
the type | error of the HLOD test. The mathematical evaluation is given in appendix. Using
10 hypothetical patients with identical inbreeding values of %4, which corresponds to a 2™
cousin marriage, we evaluated various models in which true inbreeding values were actually
2,3, or 4 times higher than that used in the analysis. Figure 3 shows a typical effect of ignoring
distant loops on the false positive rate. When all loops were taken into account (so that the
inbreeding values used in the analysis were true), the false positive rate was close to that
theoretically expected under the asymptotic theory. When the true inbreeding values were
higher than those used in analysis, the false positive rate increased. For example, at HLOD
> 3.0, the false positive rate increased 2.2, 4.3, and 8.0 times when the true inbreeding was
two, three, and four times higher than the inbreeding accounted for in the analysis (Figure 3).
A more extensive evaluation of different scenarios with respect of the baseline inbreeding,
disease gene and marker allele frequencies, showed that ignoring distant loops, which ac-
counted for 18-75% of inbreeding, always inflated the frequency of false positive conclusions.
Under certain scenarios, the false positive rate may increase up to several hundred times.
For example, when g = 0.01, m = 0.01, F, = 1/16, and the true inbreeding is underestimated
by a factor of 4, the false positive rate increased 1016 times when the threshold of HLOD
> 3.0 was applied. The false positive rate also depended on the disease and marker allele
frequencies. In general, when the disease allele becomes common (g > 0.01), homozygosity
mapping is conservative and thus is prone to produce false negatives. Once g is rare (q < 0.01)
and inbreeding is adjusted correctly, the resulting false positive rates are very close to the
theoretically expected ones. The effect of variation of the marker allele frequency is small and
the asymptotic theory works well over a wide range of conditions (Figure 4).

Inflation of false positive rate in multipoint analysis

We next performed computer simulations to assess the false positive rate in multipoint
analysis. An unlinked (to the disease locus) chromosome with a length of 100 cM with 21
equally spaced markers was simulated using the genedrop program of the MORGAN pack-
age (http://www.stat.washington.edu/thompson/Genepi/MORGAN/Morgan.shtml). For each
marker, 10 alleles with equal frequency were assumed. A homozygosity mapping analyses
was subsequently performed assuming m = 0.1, g = 0.01, and complete penetrance. The null
distribution of the false positive rate was derived empirically by finding how many times the
resultant HLOD was equal to or greater than a pre-defined threshold. The simulations were
repeated 10,000 times. We used the genealogic data of the 6 AD patients (Figure 1) in the
simulations. To derive the 5%, 1%, 0.5%, and 0.1% chromosome-wide significance thresholds,
we repeatedly simulated and analyzed markers using the same genealogic structure (the
shortest loops only). The false positive rate when only the shortest loops were used in the

21
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2(In10) follows a one-sided chi-square distribution with one degree of freedom.
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Table 2. Effect of not taking into account all loops on false positive rate (FPR) in multipoint analysis

Expected FPR (Threshold) Model 1 Model 2*
0.05(1.339) 0.1112 0.0341
0.01(2.032) 0.0292 0.0067
0.005 (2.409) 0.0151 0.0022
0.001 (3.281) 0.0033 0.0002

0.0001 (4.259) 0.0005 0.0000

“The chromosome-wide significance thresholds were derived empirically by repeatedly simulating and

analyzing the markers using the same genealogic structure (shortest loops only).

" Marker simulation using all loops, subsequent homozygosity mapping analysis using only the shortest
loop.

# Marker simulation using all loops, subsequent homozygosity mapping analysis using the hypothetical
loop.
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Figure 5. The effect of ignoring distant loops on false positive rate of multi-point homozygosity mapping.
The expected false positive rate is derived empirically by repeatedly simulating and analyzing the markers
using the shortest loops only. Model 1: maker simulation using all loops, subsequent homozygosity
mapping analysis using only the shortest loops. Model 2: marker simulation using all loops, subsequent
homozygosity mapping analysis using only the hypothetical loops.

analysis, in the presence of multiple distant loops contributing to inbreeding, was found by
repeatedly simulating the marker inheritance in the complex, multi-loop structured pedi-
gree, followed by a statistical analysis using the shortest loops only (model 1). Table 2 shows
that when multiple loops contribute to inbreeding, using only the shortest ones inflates the
false positive rate of a multipoint analysis substantially. For example, at the threshold of the
expected false positive rate of 5%, taking into account only the shortest loops yielded an

11.1% false positive rate (Figure 5).
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A conservative solution to avoid false positives

Thus, both two and multipoint homozygosity mapping is prone to false positives when distant
loops are ignored. Ideally, one should analyze the complete pedigree to avoid the inflation of
false positive rate, but, when dealing with extremely large pedigrees, this is not possible due
to the computational complexity of the task. One may achieve the goal however, by simplify-
ing the pedigree structure while keeping the inbreeding values close to, if not the same as,
the true inbreeding values. For this, we suggest creating a single hypothetical loop for each
patient. The number of meioses n in the hypothetical loop is derived using the patient’s true
inbreeding coefficient:

n = floor (log,, F/log,, 0.5) + 2

where floor means rounding a decimal downward to an integer. Because n is forced to be an
integer, which is smaller than an exact conversion from the inbreeding value, the inbreeding
coefficient is over-estimated, and thus, the resultant test is expected to be conservative. To
access the false positive rate, we repeatedly dropped the assigned markers down through
the complex multi-loop structured pedigree, and then performed a homozygosity mapping
analysis using the hypothetical loops only (model 2). The results indicate that, indeed, by
utilizing this approach, one is able to avoid false positives. For example, at the expected false
positive rate of 5%, using the hypothetical loops yielded a 3.4% false positive rate (Table 2,
Figure 5). In this study, we rounded the numbers of meioses in hypothetical loops downward
to integers, which led to a conservative test. Rounding off the resultant decimals to the near-

est integers may give less conservative solution.

DISCUSSION

In summary, we show that the degree of consanguinity may be seriously underestimated
when only the shortest loops are known or used in the analysis, especially for people from a
genetically isolated population. Although the contribution of each distant loop to inbreed-
ing may be very small, hundreds, and even thousands, of such distant loops may exist, and
they together may contribute substantially to the inbreeding. We quantified the effect of
underestimation of inbreeding on the false positive rate, and showed that the frequency of
false positive conclusions may be seriously inflated. To overcome this problem, we propose
constructing hypothetical loops based on patients’ true inbreeding values as a convenient,
although not perfect, solution. The true inbreeding values can be easily computed exactly for
any given pedigree regardless of size. In the absence of extended genealogy data, they may
still be reliably estimated from genomic data®.
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Though use of hypothetical loops may prevent false positives, it is not a perfect solution.
The classical relationship coefficients, a representation based on distance which is the “pro-
portion of genome shared”'?, may give the same distance in a case when there is a single
short connection between two people and also when there are several, and even hundreds or
thousands, of longer connections. The actual genetic consequence of the sharing, however,
will be quite different: people, connected via a single short path share, on average, longer
genomic regions when compared to people connected via multiple long paths as a result of a
increased number of recombinations. Underestimating the probability of the recombination
events may reduce the power to detect linkage''. We developed software, which catalogs all
consanguineous loops and connections for a set of related individuals, as well as calculates
loop-specific and ancestor-specific inbreeding and kinship coefficients. Knowing all the con-
sanguineous loops and the number of meioses in each loop, combined with the information

on marker distances, may help computing the probability of recombination.

APPENDIX

We assume that the recombination fraction between the studied marker and the disease
locus is 0.

Consider n independent nuclear families, each consisting of one patient with an observed
genotype at the marker locus. Since the genotype G, of the i patient could be either ho-
mozygous or heterozygous, there will be in total 2" possible marker genotype configurations.
If the HLOD of each configuration and the probability of observing such configurations are
known, one can derive the null distribution of HLOD.

The likelihood ratio of linkage and non-linkage, for patient i, is:

Fu, + mq(1-Fu,)
L(G,160=0) _ |[Fu,+m(l—Fu))[Fu, +q(1- Fu,)]

L(G |6=05) q
q(1—Fu,)+ Fu,

G, = homozygosous
LR (G) =
G, = hetrozygous

Consider that a proportion (a) of the families is linked, whereas 1 —a unlinked. The likelihood

ratio for the current configuration is:

LR =ﬁ(aLR,(GK)+1—a),

i=l

where LR can be maximized with respect to q, yielding MLEs 4.
The HLOD for the current configuration is defined by a base 10 logarithmic transformation

of the maximum likelihood ratio,

HLOD =log,, (max LR),
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and the probability of the current configuration is the product of the probability of observing
each patient’s genotype (homozygous or heterozygous) at the marker locus:

Ft; + m(1 - Ft;) G; = homozygous

P(G) = ,
(@) {I—Ft[—m(l—Ft,-) G; = heterozygous

which is not dependant on the inbreeding used in the analysis. Exhausting HLOD and prob-

ability for all configurations yields the null distribution of HLOD. The false positive rate for a
given HLOD threshold is the cumulative probability of the corresponding configuration.

26



Ignoring Distant Genealogic Loops Leads to False-positives in Homozygosity Mapping

REFERENCES

Lander ES, Botstein D (1987) Homozygosity mapping: a way to map human recessive traits with the
DNA of inbred children. Science 236:1567-1570

van Duijn CM, Dekker MC, Bonifati V, Galjaard RJ, Houwing-Duistermaat JJ, Snijders PJ, Testers L,
Breedveld GJ, Horstink M, Sandkuijl LA, et al. (2001) Park7, a novel locus for autosomal recessive
early-onset parkinsonism, on chromosome 1p36. Am J Hum Genet 69:629-634

Fukushima K, Ueki Y, Smith RJ (2000) Sensorineural hearing impairment, non-syndromic: DFNB5, 6,
7. Homozygosity mapping to localize genes causing autosomal recessive non-syndromic hearing
loss. Adv Otorhinolaryngol 56:152-157

Abecasis GR, Cherny SS, Cookson WO, Cardon LR (2002) Merlin--rapid analysis of dense genetic
maps using sparse gene flow trees. Nat Genet 30:97-101

Sobel E, Lange K (1996) Descent graphs in pedigree analysis: applications to haplotyping, location
scores, and marker-sharing statistics. Am J Hum Genet 58:1323-1337

Broman KW, Weber JL (1999) Long homozygous chromosomal segments in reference families from
the centre d’Etude du polymorphisme humain. Am J Hum Genet 65:1493-1500

Miano MG, Jacobson SG, Carothers A, Hanson |, Teague P, Lovell J, Cideciyan AV, Haider N, Stone EM,
Sheffield VC, et al. (2000) Pitfalls in homozygosity mapping. Am J Hum Genet 67:1348-1351
Leutenegger AL, Genin E, Thompson EA, Clerget-Darpoux F (2002) Impact of parental relationships
in maximum lod score affected sib-pair method. Genet Epidemiol 23:413-425

Leutenegger AL, Prum B, Genin E, Verny C, Lemainque A, Clerget-Darpoux F, Thompson EA (2003)
Estimation of the inbreeding coefficient through use of genomic data. Am J Hum Genet 73:516-
523

Guo SW (1995) Proportion of genome shared identical by descent by relatives: concept, computa-
tion, and applications. Am J Hum Genet 56:1468-1476

Dyer TD, Blangero J, Williams JT, Goring HH, Mahaney MC (2001) The effect of pedigree complexity
on quantitative trait linkage analysis. Genet Epidemiol 21 Suppl 1:5236-243

27

Chapter 2






Chapter 3

An Approach for Cutting
Large and Complex Pedigrees
for Linkage Analysis



Chapter 3

ABSTRACT

Utilizing large pedigrees in linkage analysis is a computationally challenging task. The pedi-
gree size limits applicability of the Lander-Green-Kruglyak algorithm for linkage analysis. A
common solution is to split large pedigrees into smaller computable sub-units. We present a
pedigree-splitting method that, within a user supplied bit-size limit, identifies sub-pedigrees
having the maximal number of subjects of interest (e.g. patients) who share a common
ancestor. We compare our method with the maximum clique partitioning method using a
large and complex human pedigree consisting of 50 patients with Alzheimer’s disease as-
certained from genetically isolated Dutch population. We show that under a bit-size limit
our method can assign more patients to sub-pedigrees than the clique partitioning method,
particularly when splitting deep pedigrees where the subjects of interest are scattered in
recent generations and are relatively distantly related via multiple genealogic connections.
Our pedigree-splitting algorithm and associated software can facilitate genome-wide link-
age scans searching for rare mutations in large pedigrees coming from genetically isolated
populations. The software package PedCut implementing our approach is available at http://
mga.bionet.nsc.ru/soft/index.html.
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INTRODUCTION

Parametric linkage analysis searching for a unique founder mutation is a powerful tool to
identify rare genetic variants with large effects. Genetically isolated populations provide
extended pedigrees for linkage analysis as evidenced by numerous successes for complex
traits, including type 2 diabetes’ and Alzheimer’s disease?. In such populations, pedigrees
can be reconstructed based on genealogical records resulting in deep pedigrees that include
a large number of multiple lines of descent. However, utilizing such large pedigrees in link-
age analysis is computationally challenging. For exact multipoint linkage analysis, several
software packages implementing Lander-Green-Kruglyak algorithm?#, such as Genehunter?,
Merlin®, and Allegro$, are frequently used. The computational complexity of this algorithm
increases linearly with the number of markers, but exponentially with the bit-size of the
pedigree. The bit-size is defined as the twice of the number of individuals with parents
presented in the pedigree minus the number of pedigree founders?. As long as the pedi-
gree bit-size is small, the Lander-Green-Kruglyak algorithm can analyse a large number of
markers. In modern implementations®, the time to compute multipoint LOD score using the
Lander-Green-Kruglyak algorithm also depends on the fraction of pedigree members with
missing genotypic information, which may be large for deep pedigrees because phenotypes
and genotypes are usually unknown from the upper generations. Therefore, exact multipoint
calculations are limited to pedigrees of several dozens of bits. Programs using Markov-chain
Monte Carlo (MCMC) algorithms, such as Simwalk2’, Loki®, and Morgan® can analyse larger
pedigrees but still fall short in the context of large pedigrees with hundreds of loops, espe-
cially for genome-screens with large number of densely spaced markers' .

A common solution to reduce the computational burden is to split a large pedigree into
smaller, and thus computable, sub-units. Analyses of Hutterite pedigrees have revealed that
a substantial amount of linkage information may be lost when truncating the pedigree for
linkage analysis based on recent generations'>. Manual splitting by an expert is only possible
for relatively small pedigrees. For cutting large pedigrees, a semi-automatic method has been
proposed based on factor analysis'®. This method relies partly on the expert decisions and
often yields sub-pedigrees that are still too complex for the Lander-Green-Kruglyak algo-
rithm based linkage analysis. Falchi and colleagues "*suggested a pedigree splitting method
based on graph theory maximum-cliques partitioning algorithm. This algorithm, although
automatic, requires a number of parameters to be pre-specified, e.g. a maximum number of
generations, range for the measure of relatedness used to group individuals, and the range
of the number of subjects of interest in a sub-pedigree. The optimization of these parameters
largely depends on examining different sets of resultant sub-pedigrees. Furthermore, the
available software implementing this algorithm does not guarantee that all of the resultant
sub-pedigrees fall within specific bit-size limit and thus can be efficiently analyzed by para-
metric linkage analysis using the Lander-Green-Kruglyak algorithm.
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In this work, we develop a fast automatic algorithm for splitting large pedigrees based
on user-specified maximum bit-size restriction. The algorithm specifically aims to split deep
pedigrees where patients are relatively remotely related through genealogic connections
and to produce an optimal set of sub-pedigrees for parametric linkage analysis of binary

traits under rare dominant mutation model.

Input large
pedigree

Maxbit B

Compute pair-wise kinship
matrix for N SOI

lSeUnZI

Consider m as the centre of a SOI subgroup
Sort the relativesof m based on kinship

{R,(2)eR,(3) e -€R, (f)e--€R,(2B)} where g >4,
No
Set m=1
Results in a matrix of subgroups

R@2) RGB) - R() - RN
R, R,(3) - R(f) - R(N)
R,2) R,(3) - R,(f) - R,(N)

Yes If SOI : 8 % 8 %, 3§
Gy Ry@) RyB) = Ry(f) = Ry()

A Iterateover R, if R, (f)is unique,U, ,, =1

Construct sub - pedigree for R , (/)
SOI = SOI — SOI (subped) Soman ST

A

Figure 1. Flowchart of the pedigree splitting algorithm
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RESULTS

Pedigree splitting algorithm

In pedigree splitting we focus on the family members who have known genotypes and/or
phenotypes. These people are denoted as“subjects of interest” (SOI). We assume that some SOI
share the genetic variant explaining their phenotype identical by descent from their common
ancestor(s). The aim of our heuristic algorithm is to split a large pedigree into sub-pedigrees
containing a maximal number of SOl who are related to a common ancestor and the bit sizes
of the resultant pedigrees should be smaller than or equal to that specified by the user. This
aim can be theoretically achieved by evaluating all SOl subgroups in term of bit-sizes of pedi-
grees relating them to a common ancestor. The number of subgroups to evaluate, however,
grows exponentially with the number of SOI studied and becomes prohibitively large with
more than 20-30 SOI. The number of subgroups to evaluate therefore need to be reduced.

In our algorithm the kinship coefficient, @, is used to measure the degree of relatedness
between SOI. The kinship coefficient is defined as the expected probability that two alleles
randomly sampled from a pair of relatives i and j are copies of the same ancestral allele (iden-
tical by descent). For example the kinship coefficient is 1/4 if i and j are first-degree relatives
(e.g. siblings) and 1/8 if they are second-degree relatives (e.g. uncle-niece). In our work, the
coefficients were calculated using a modified version of the PEDIG software developed by
Didier Boichard™.

Figure 1 is a flowchart of the algorithm. In the first step, the algorithm constructs a matrix
of subgroups that are sorted based on kinship. Given a group of SOI of size N, consider in-
dividual m € (1, N). The set of relatives of m is sorted in decreasing order according to their
kinship to m, so as m is the first element of this set. Let us call thissetas R _.LetR (f)be a set of
the first felements of R, f € (2, N). When f=2, R _(2) includes m and his closest relative. When
f=3, the next closest relative of m is included into R _(2), so thatR (1) € R (2) € ... € R (N).
Iterating the central individual m over all SOI gives an N by N-1 matrix,

[R(@ R - R - RO
Ri(2) R,(3) -+ R(f) -+ R,V

R, (2 R,(3) - R, () - RN

Ry RyG) - Ry(f) - Ry(N)

where each row represents the sub-groups of SOI derived from the same central individual
but having different sizes (2 to N). Each column represents the sub-groups of the same size,
which are derived from each individual, who is considered as the centre of the correspond-
ing subgroup. Identify unique groups of relatives by iterating over matrix R and give R_(f) a
binary index of 1 when the content of R _(f) is seen for the first time, otherwise assign zero.
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At the second step of our algorithm, the genealogies connecting the members of identified
unique subgroups (as identified by index of 1) are constructed using the PedHunter program
developed by Agarwala and colleagues™. For each subgroup, a sub-pedigree linking the
maximal number of subgroup members to the most recent common ancestor is reconstructed
and the bit-size of every sub-pedigree is computed. For each row R , the construction of sub-
pedigrees startsat R_(2) and stops when the bit-size of R_(f) violates the maximal bit-size limit.
There is no need to construct sub-pedigrees for R _(f) to R_(N) because the bit-size of R_(f+1) is
always greater than that of R_(f). At this stage, all constructed sub-pedigrees satisfy the bit-size
limit and contain a unique configuration of SOI. The sub-pedigree connecting the largest num-
ber of SOI, as heuristically the most interesting pedigree, is selected as the first sub-pedigree.
When several non-overlapping sub-pedigrees are eligible all of them are selected. When several
partly overlapping sub-pedigrees are eligible, the one with the smallest bit-size is selected. If
still several sub-pedigrees are eligible, the one with the highest average kinship among SOI
is selected. When, additionally, the average kinships are the same, a random sub-pedigree is
selected and the alternative selections are saved in a log-file. From our experience, the latter
scenario is very rare for reasonably large bit-sizes and complex pedigrees with multiple lines
of descent. Within the search space, this exhaustive algorithm guarantees that the selected
sub-pedigree has the maximal number of SOl in respect to the bit-size restriction B.

At the third step, the algorithm removes the SOI belonging to the identified pedigree(s)
from further consideration and is recursively applied, starting with the Step 1, to the remain-
ing SOI, until no further SOI can be assigned to a sub-pedigree. The described algorithm is
implemented in a software package, PedCut, which is available at http://mga.bionet.nsc.ru/
soft/index.html.

Splitting a large pedigree with PedCut and Greffa

We tested properties of our program PedCut using a large and complex pedigree and
compared it with the Greffa program developed by Falchi and colleagues. This program
implements the maximum clique-partitioning algorithm. The pedigree comprises a part
of the genealogy used in a genome-wide screen for late onset Alzheimer’s disease (AD) in
genetically isolated Dutch population The original pedigree contains 103 AD patients and
4645 family members. For demonstration purpose, we used a fraction of the original pedigree
that contains 50 randomly selected AD patients and their 2460 ancestors spanning over 18
generations (Table 1 and Figure 2). These 50 AD patients, who are considered as SOI, are
scattered in the most recent generations. Except 5 sibling-pairs and 2 aunt-niece pairs, all SOI
are related distantly via multiple genealogic connections (table 1). Here a genealogic con-
nection is defined as a unique genealogic pathway via which an allele identical by descent
can be transmitted. For example a pair of siblings have 2 unique lines connecting them, one
from the mother and another from the father whereas a pair of half sibs have only 1 line
connecting them via the shared parent.
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We used maximum bit-size restriction of 18, 24, and 30 bits to test PedCut and Greffa. In order
to make the results from Greffa comparable with our results, we tried a number of combinations
of the parameters required by Greffa and reported the results from the optimal set of param-

eters, which give sub-pedigrees with the maximum number of SOI within 18, 24 or 30 bits.

Figure 2. The initial pedigree consisting of 50 Alzheimer patients.
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Table 1. Genealogic characteristics of the pedigree including 50 Alzheimer’s Disease patients

Characteristic Value + SD (min-max)
Number of Alzheimer’s Disease patients 50

Number of generations 18

Number of individuals 2510

Pedigree bit-size 2839

Average number of genealogic connections between a pair of patients 3785 (0-2673)
Average number of meioses separating a pair of patients 189+3.1 (2-22)
Number of SOI pairs with non-zero kinship 1214

Sum of pair-wise kinship coefficient 8.74598

Mean kinship coefficient 0.0072+0.0198

Table 2. Result of cutting a pedigree of 50 AD patients using PedCut and Greffa

Greffa PedCut

18 bits 24 bits 30 bits 18 bits 24 bits 30 bits
Number of resultant sub- pedigrees 13 9 15 17 14 12
Pedigree bits (min-max) 94(2-18)  9.2(4-23)  15.1(6-30) 12.0(6-18)  16.1(6-24) 23.2(15-29)
Pedigree size (min-max) 16.2 (4-27) 15.1(8-28) 23.5(12-45) 20.1(11-33) 25.2(12-41) 37.3(24-51)
Average number of SOI per sub-pedigree 2.9(2-5) 24(2-4) 2.5(2-3) 2.9(2-6) 3.5(2-6) 4.2(3-7)
(min-max)
Average number of generations of sub- 44(2-5  42(3-5) 5.2 (4-6) 4.6 (2-5) 5.7 (4-9) 6.1(4-9)
pedigrees (min-max)
Number of SOl who could not be assigned 13 28 12 1 1 0
to any sub-pedigree
Number of SOI pairs with non-zero kinship 35 16 36 57 74 95
Sum of kinship derived from sub- 1.836 0.777 1.030 2173 2133 2.236
pedigrees
Mean kinship derived from sub-pedigrees 0.052 0.049 0.029 0.038 0.029 0.024

Parameters used for the Greffa program?

Minimum clique size 2 2 2
Maximum clique size 5 6 3
Maximum number of generations 7 7 9
Minimum pair-wise kinship 0.01 0.001 0.0067

2An optimal set of parameters was chosen for Greffa that gives sub-pedigrees with the maximum number

of SOl within 18, 24, or 30 bits

Table 2 shows that PedCut can assign more patients into sub-pedigrees compared to Greffa

in splitting this pedigree. Under any bit-size limit investigated, PedCut could successfully as-

sign most SOI to sub-pedigrees whereas Greffa left a considerable number of SOl unassigned.

For example, Greffa left 12 (24%) to 28 (56%) SOI unassigned, and thus completely lost for

linkage analysis. On the other hand, PedCut left at maximum 1 (2%) SOI unassigned. The

only person who could not be assigned to a pedigree by PedCut at bit-size of 18 and 24 is

connected to a closest SOI through 10 meioses; this person was assigned when bit-size limit

was set to 30.
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Also, the average number of SOI per sub-pedigree from PedCut was larger (2.9, 3.5, and 4.2
for 18, 24, and 30 bits) than that from Greffa (2.9, 2.4, and 2.5). Furthermore, the maximum
number of SOI from Pedcut (6, 6, and 7 for 18, 24, and 30 bits) is larger than that from Greffa (5,
4, and 3). Finally, compared to Greffa , PedCut produced more uniformly sized sub-pedigrees,
as evidenced by a narrower range of bit and pedigree-sizes (Table 2).

With an Intel Pentium 4 2.4 GHz CPU, PedCut could split the pedigree in about 3 minutes.
The resultant sub-pedigrees from PedCut using 24 bits as the pedigree limit are depicted in
figure 3, where the 14 sub-pedigrees are ordered in the same sequence as PedCut identified
them. All 5 sib-pairs were captured by the first 2 sub-pedigrees and the 2 aunt-niece pairs
were captured by sub-pedigrees 3 and 4. The pedigrees 5 and 6 also contain multiple SOI
who are relatively closely related to each other. The sub-pedigree 7 contains 2 SOl who are
double-first cousins and the sub-pedigree 10 contains 2 SOl who are second cousins. The
sub-pedigrees 8,9, 11 and 12 contain multiple distantly related SOI. The pedigree 13 and 14
contains only 2 distantly related SOI each.

Power comparison

We compared the power to detect linkage to arare fully penetrant variant using sub-pedigrees
derived in previous section. Using these pedigrees, we simulated genetic data conditional on
the phenotypes observed, using method of Boehnke'®, implemented in software package
SIMLINK version 4.12. We assumed a genetically homogenous binary trait, determined by
two underlying alleles (D being causal and d being normal allele). The penetrance of DD
was fixed at 1.0 and penetrance of dd was fixed at 0.0. The penetrance for Dd was set at 1.0
(dominant model), 0.75, 0.5, 0.25, or 0.0 (recessive model). The frequency of D allele was set
in such manner, that locus-specific population attributable fraction was 0.0001. One marker
locus having 5 alleles with equal frequency of 0.2 was modeled. One thousand replicas were
simulated and analyzed under each scenario concerning Dd penetrance. The distance be-
tween the trait and marker loci was set to zero. Consequent linkage analysis was done using
correct model.

For 18-bits pedigrees, results of power calculation are shown in Figure 4.The sub-pedigrees
derived from PedCut consistently showed higher power compared to the ones from Greffa,
across all models analysed. This is most likely due to the fact that Greffa left a considerable
amount of patients un-assigned to any sub-pedigree. Of interest, the sub-pedigrees derived
from PedCut showed a clear trend of increase in power when the underlying genetic model
was becoming more dominant. The same trend exists for the pedigrees from Greffa but in
much less degree. Similar results were obtained for 24- and 30-bit pedigrees as well.
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Figure 3. The resultant sub-pedigrees from PedCut using 24 bits as the pedigree size limit

DISCUSSION

In this work we have developed an algorithm that recursively groups the subjects of inter-
est (SOI, e.g. genotyped patients) into sub-groups that fall within a certain bit-size limit and
include the maximum number of SOl who share a common ancestor. With the algorithm we
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Pedigree 10 Pedigree 11 Pedigree 12
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Figure 3. (continued)

exploit the basic rationale of linkage analysis, i.e. that affected relatives are likely to share
the disease-causal allele identical by descent from a common ancestor. Fast grouping is
achieved by prioritizing relatives using kinship. Our algorithm guarantees that the derived
sub-pedigrees can be directly and efficiently analyzed by software implementing the Lander-
Green-Kruglyak algorithm. Further, it is fully automated.

Any method for sub-pedigree identification involves breaking relationships between SOI.
Breaking relationships may increase false positive linkage signals'”'® or reduce the power of
linkage analysis'2 Bias is especially pronounced when close relationships are broken. In our
program we include a default option to preserve close relationships between SOI, keeping all
second cousin or closer relationships between SOL. In general, type 1 error for split pedigree
should be worked out by gene-dropping using complete pedigree, and re-analysis using
split pedigrees?. Exhaustive search algorithm guarantees (within the search space) that the
selected sub-pedigree has the maximal number of SOl in respect to the bit-size restriction, if
no equally eligible sub-pedigrees are available. The latter situation, though possible, is in our
experience unlikely in deep pedigrees coming from genetically isolated populations, where
mating is mostly random, and multiples genealogic connections are observed between SOI.
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Figure 4. Expected LOD score for pedigrees derived using PedCut and Greffa with a bit-size limit of 18

We have previously applied PedCut to split a pedigree including 4,645 people from whose
112 were Alzheimer’s Disease patients?. In that study, we could assign 103 patients to 35
pedigrees using bit-size limit of 35 in about 11 minutes. Empirical threshold for 5% genome-
wide significance, established using simulations in complete pedigree, was estimated to
be 3.64. Regions of significant linkage were genotyped using dense single-nucleotide
polymorphisms (SNPs) marker map in an independent cohort. Significant associations were
observed between some of these regions and cognitive function. This proves applicability of
our approach in real studies.

In summary, we developed a heuristic algorithm that is suitable to split large and complex
pedigrees coming from genetically isolated populations. Our algorithm and associated
software (PedCut, http://mga.bionet.nsc.ru/soft/index.html) can facilitate fast genome-wide
linkage search for rare mutations.
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ABSTRACT

Alzheimer’s disease (AD) is the most common cause of dementia. We conducted a genome
screen in 103 late onset AD patients that were ascertained as part of the Genetic Research in
Isolated Populations (GRIP) program that is embedded in a recently isolated population from
the Southwest of the Netherlands. All patients and their 170 closely related relatives were
genotyped using 402 microsatellite markers. Extensive genealogy was collected, resulting
in an extremely large and complex pedigree including 4,645 members. The pedigree was
split into 35 sub-pedigrees in order to reduce the computational burden of linkage analysis.
Simulations aiming to evaluate the effect of pedigree splitting on false positive probabilities
showed that a LOD score of 3.64 corresponds to 5% genome-wide type-l| error. Multipoint
analysis revealed four significant and one suggestive linkage peaks. The strongest evidence
of linkage was found for chromosome 1921 (HLOD = 5.20, at marker D15498). About 30 cM
upstream of this locus, we found another peak at 1q25 (HLOD = 4.0 at D15218). These two
loci are in a previously established linkage region. We also confirmed the AD locus at 10g22-
24 (HLOD = 4.15, at marker D10S185). There was significant evidence of linkage of AD to
chromosomes 3g22-24 (HLOD = 4.44 at marker D351569). For chromosome 11q24-25 there
was suggestive evidence of linkage (HLOD = 3.29, at marker D1151320). We next tested for
association between cognitive function and 4173 single nucleotide polymorphisms (SNPs)
in the linked regions in an independent sample consisting of 197 individuals from the GRIP
region. After adjusting for multiple testing we were able to detect significant associations
for cognitive function in four out of five AD-linked regions, including the new region on
chromosome 3g22-24 and regions1q25, 10922-24, and 11g25. Using cognitive function as an
endophenotype of AD, our study indicates the RGSL2, RALGPS2, and CTorf49 genes at 1925.
Our analysis on chromosome 10q22-24 points to HTR7 [MIM 182137], MPHOSPH1, and CYP2C
cluster. This is the first genome-wide screen that showed significant linkage to chromosome
3q23 markers. For this region our analysis identified NMINAT3 [MIM 608702] and CLSTN2 genes.
Our findings confirm linkage to chromosome 11g25. We could not confirm SORLT [MIM
602005], instead, our analysis points to OPCML [MIM 600632] and HNT [MIM 607938] genes.
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INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that accounts for the
vast majority of dementia. The population prevalence of the disease rises steeply with age
from below 2% at 65 years to above 35% after the age of 90 years'2 Family history is an
important risk factor for AD and in a large number of families the disease segregates as an
autosomal dominant trait. The heritability for AD was recently estimated to be 79%?. Several
dominant mutations have been identified including mutations in presenilin 1 (PSENT [MIM
104311])%, presenilin 2 (PSEN2 [MIM 600759])*°, and amyloid precursor protein (APP [MIM
104760]) genes®. Acommon polymorphism (€4) in the gene encoding apolipoprotein E (APOE
[MIM 107741]) increases susceptibility to both early and late onset AD”2. These four genes
together explain less than a quarter of the disease prevalence, indicating additional genetic
risk factors remain to be identified®'. In addition to APOE, various candidate genes were re-
ported to be associated with late onset AD. In most cases findings have not been consistently
replicated’ . A large meta-analysis of all genes studied so far pinpointed thirteen potential
AD susceptibility genes: angiotensin | converting enzyme (ACE [MIM 106180]), cholinergic
receptor, nicotinic, beta 2 (CHRNB2 [MIM 118507]), cystatin C (CST3 [MIM 604312]), estrogen
receptor 1 (ESR1[MIM 133430]), glyceraldehyde-3-phosphate dehydrogenase, spermatogenic
(GAPDHS [MIM 609169]), insulin-degrading enzyme (IDE [MIM 146680]), 5,10-methylenetetra-
hydrofolate reductase (MTHFR [MIM 607093]), nicastrin (NCSTN [MIM 605254]), prion protein
(PRNP [MIM 176640]), PSENT1, transferrin (TF [MIM 190000]), transcription factor A, mitochon-
drial (TFAM [MIM 600438]) and tumor necrosis factor (TNF [MIM 191160])'3. Furthermore, ge-
nome screens targeting AD loci have been conducted. As reviewed online by the Alzheimer
Research Forum (http://www.alzgene.org), the replicated regions from previous genome
screens include: 1p36, 1921-31, 2p23-24, 435, 5p13-15, 6p21, 6q15-16, 6¢g25-27, 9p21-22,
10921-22, 10925, 12p11-12, 19913, 21921-22, and Xp11-2181%28 Several genes have been
suggested to explain the linkage to chromosome 9, 10, 12 and 19, but so far also these genes
remain to be confirmed. Finally, there is evidence for linkage to chromosome 112!, which was
explained recently by SORLT [MIM 602005].

Each of the established loci for AD (APP, PSEN1, PSEN2 and APOE) has been initially local-
ized by linkage analyses. However, pedigrees suitable to localize genes have become scarce
particularly for late onset forms of AD. Genetically isolated populations provide opportuni-
ties for linkage analysis. Using genealogical records, extended pedigrees can be constructed.
Furthermore, the complexity of disease may be reduced in terms of number of genes
involved, in particular for rare Mendelian forms*°3'. Linkage analysis of complex traits has
been used successfully in Iceland for complex diseases such as type 2 diabetes and stroke32*,
while for AD genome screens have been conducted successfully in Caribbean Hispanics®*. We
have followed this approach in a genetically isolated community from the Southwest of the
Netherlands as part of the Genetic Research in Isolated Populations (GRIP) program?. A total
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of 103 late onset AD patients were ascertained and connected into a large pedigree based
on genealogical records. In this paper, we present a genome-wide screen in these families.
The linkage analysis was followed by an association study of cognitive function in a series
of 197 unrelated and non-demented people from the GRIP region who were extensively
characterized by a cognitive battery. In order to further investigate the evidence for linkage,
the regions identified in the linkage study were characterized with a dense panel of single
nucleotide polymorphisms (SNPs). Decline in cognitive function, particularly mild cognitive
impairment, is an early predictor of AD3*% and the heritability of cognitive function is as high
as 56% suggesting cognition is a valuable endophenotype®**'. Further, memory function was
found to be an endophenotype for families multiply affected with AD*.

METHODS

Population & Genealogy

This study was performed within the framework of the previously described Genetic Research
in Isolated Populations (GRIP) program?®*'“3. The Medical Ethics Committee of the Erasmus
MC approved study protocol. The GRIP population is a genetically isolated community in the
southwest of The Netherlands. Less than 400 individuals were present in the region in the
middle of the 18th century. Considerable population growth occurred in the period 1850-
1900, as was the case in many European populations. An estimated 20,000 descendants
of the population are now scattered over eight adjacent communities. There was minimal
immigration. The genealogical database currently contains information on 107,091 people
spanning 23 generations. Residents in the GRIP area are generally related via multiple lines of
descent and inbred via multiple consanguineous loops®.

Patients with AD were traced through general practitioners, neurologists and nursing-home
physicians. Data relevant for the diagnosis of AD were collected by a research physician and
the diagnosis of AD was verified by two independent neurologists according to the NINCDS
ADRDA criteria*. Data on the presence of AD, parkinsonism, essential tremor and dementia
were collected for first, second and third-degree relatives by means of a family-history ques-
tionnaire. First-degree relatives also underwent a brief neurological examination. All patients
and their relatives who were invited to participate in this study provided informed consent.
A total of 112 probable late onset AD patients (age of onset > 65 years, mean age of onset =
75 + 5.3 years) and 170 unaffected first-degree relatives (mean age = 63.5 + 13.1 years, range
40 to 102 years) were ascertained.

Tracing the genealogy of the 112 probable late onset AD patients, we were able to connect
103 patients to a single pedigree containing 4,645 individuals in 18 generations as depicted in
Figure 1.The other 9 patients were singletons and, therefore, were not included in the linkage
analysis. This large pedigree showed multiple, distant lines of descent and consanguineous

46



A Genomewide Screen for Late-onset Alzheimer Disease in a Genetically Isolated Dutch Population

loops (Table 1). The average kinship coefficient among patients was 0.0018. This value is in

between a 3 cousin once removed and a 4™ cousin. Utilizing such a pedigree in linkage

Figure 1: The entire pedigree contains 103 late onset AD patients and 4,645 relatives. Men are
represented with squares and women with circles. Black dots represent marriage nodes. Affected
individuals are represented with the dark blue color. Unknown affection status is represented with yellow.
For simplicity, unaffected relatives of the patients are not shown.
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Table 1. Genealogic characteristics of 103 late onset AD patients and their relatives

Value +SD (Range or %)

The complete genealogy

Family size 4645

Number of generations 18

Average number of consanguineous loops per patient 71.7 (0-677)
Average number of meioses in a consanguineous loop 9.9+12 (0-29)
Mean inbreeding coefficient x 100 039+0.73 (0-3.2)
Average number of lines of descent between a pair of patients 1417 (0-2673)
Average number of meioses separating a pair of patients 171+£16 (0-34)
Mean kinship coefficient x100 0.18+1.06 (0-26.4)
After clustering patients into sub-pedigrees

Number of sub-pedigrees 35

Number of founders 564 0.46
Number of females 630 051
Mean pedigree size 296 (18-75)
Mean number of generations 75 (6-10)
Mean number of genotyped individuals per pedigree 78 (2-14)
Mean number of patients per pedigree 29 (2-6)

analysis is computationally impossible. A common approach to reduce the computational
complexity is to split the large pedigree into smaller and computable units. For this purpose
we used a kinship clustering method that s similar to the maximal cliques partitioning method
proposed by Falchi et al**, adding a restriction that the resulting sub-pedigrees should have
no more than 35 bits, where the bit-size is computed as (2 x number of founders — number of
non-founders). Our software for splitting large pedigrees, PedCut, is freely available at http://
mga.bionet.nsc.ru/soft.

We further studied a series of 197 individuals who were not closely related (= 5 genera-
tions) and not related to the AD patients. The average age of these people was 31.2 + 6.4
years, with 51% being female. These individuals were characterized by an extensive cognitive
battery*. In brief, the selection of tests included the 15-word test, the colour word card of the
Stroop Colour Word test (Stroop), the part B of the Trail making test (TMTB) and the verbal
fluency test. These tests were selected to target early cognitive problems related to AD. From
the 15-word test we derived 3 scores for further analysis, i.e. learning (or working memory),
delayed recall and recognition. The verbal fluency consists of two sub-domains: semantic flu-
ency and phonological fluency. The performance of each individual on each test was scored
quantitatively. Power calculation showed that this sample has 80% power to detect a SNP
explaining 4% of phenotypic variance with alpha of 0.05.

Genotyping
For all patients and their 170 first-degree relatives, DNA was extracted from peripheral leu-
cocytes following a standard protocol*’. Mutations in the APP, PSENT and PSEN2 genes were
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previously excluded®>. The APOE genotype was determined in all DNA samples using TagMan
allelic discrimination technology on an ABI Prism 7900HT Sequence Detection System with
SDSV 2.1 (Applied Biosystems, Foster City, CA). Patients and their first-degree relatives under-
went a full genome-screen in two sequential experiments. Both screens were conducted us-
ing the same set of micro-satellite markers, evenly spaced by approximately 10 cM (ABI Prism
Linkage Mapping Set MD-10 Versions 2 and 2.5, Applied Biosystems, Foster City, CA, USA).
Polymerase chain reactions (PCR) were performed according to the manufacturer’s speci-
fied conditions. PCR products were separately pooled and analyzed on ABI377 and ABI3100
automated sequencers (Applied Biosystems). Because the genome scan had been performed
with different sequencing devices, the genetic data had to be merged. The genotypic data
was pooled using Pool_STR-1.1, based on the allele lengths and allele frequencies observed
in each group*. Two independent technicians read the results from the sequencers and a
third reader resolved the discordant results. Only the markers with a discordance proportion
less than five percent were selected for further analysis (N=402). Genotyping errors leading to
Mendelian inconsistencies were detected using PedCheck*. Unlikely double recombination
events were detected using Merlin?’. Definitive genotyping errors and unlikely genotypes
were rechecked using the data from the laboratory. Regions linked to late onset AD were later
fine typed by placing 45 additional microsatellite markers in between those from the initial
set at a distance of one to five cM apart.

SNPs in the linkage regions were selected from the 250K Nsp array of the GeneChip® Hu-
man Mapping 500K Array Set (Affymetrix). Genomic DNA was extracted from whole blood
samples drawn at the baseline examination, utilizing the salting out method*’. The 250K Nsp
array from Affymetrix was utilized to determine genotypes. The chips were run and analyzed
according to the manufacturer’s protocols. A total of 4173 SNPs were selected for association
test based on the following criteria: (1) position within the regions which show significant
or suggestive evidence for linkage after fine mapping, (2) minor allele frequency > 2.5%, (3)
P-value for Hardy-Weinberg equilibrium test > 0.01, and (4) call rate > 95%.

Statistical analysis

In linkage analysis, we assumed a dominant model of inheritance with age dependent pen-
etrance. Seven liability classes were defined based on age (years): <65, 65-69, 70-74, 75-79,
80-84, 85-90, and >90. For each age group j, age dependent population prevalence, Pj was
obtained from the Rotterdam Study'. The disease gene penetrance, f] of the j" age group can

be estimated:
PAFxP,

g’ +2q(1-q)

where PAF stands for the population-attributable fraction, the proportion of the population

J

prevalence that can be explained by the studied gene (10% assumed), and q is the disease
allele frequency (1% assumed). The estimated penetrance for each defined age group is
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Table 2. Age dependent liability classes and penetrances

Liability Age Population Penetrances Nbr Nbr
Class (years) prevalence patients unaffected
1 <65 <0.02 0 0 129
2 65-69 0.02 0.09 4 6
3 70-74 0.05 0.23 22 1
4 75-79 0.09 0.46 32 14
5 80-84 0.23 0.99 30 8
6 85-89 035 0.99 24 1
7 >=90 >0.35 0.99 0 1

shown in table 2. Marker allele frequencies were estimated based on 144 chromosomes from
unaffected elderly GRIP population members. For small pedigrees (bits < 18), we used the
exact calculation of multi-locus likelihood, Lander-Green algorithm implemented in GENE-
HUNTER 2.0°°. For larger pedigrees, we used Markov chain Monte Carlo estimation methods
implemented in SIMWALK 2.91. Overall LOD scores and Heterogeneity LOD (HLOD) scores
were computed by combining results per family using standard formulas below.

HLOD = log,, (max LR), where maxLR is maximized with respect to q, the proportion of the
linked families, yielding Maximum Likelihood Estimate 4,

max LR = [ [(GLR, +1- &)

i=1 .
Haplotypes were reconstructed based on the genotypes of patients, spouses of patients and
their offspring using MERLIN package. Haplotypes are shown only for the linked families with
the highest LOD scores. These families are further expanded in order to depict the haplotype
sharing of other patients who are relatively closely related to the patients in the families with
high LOD scores, who were assigned to different families in the pedigree splitting proce-
dure.

Breaking pedigrees may increase the possibility of spurious linkage findings®'. Therefore,
we estimated the threshold for statistical significance using simulations. To evaluate genome-
wide type-I error, we simulated our genome scan 100 times. We used the complete pedigree
including all 4,645 members for marker simulation. Unlinked markers were dropped in the
complete pedigree. Number of markers, intermarker distances and marker allele frequencies
were simulated according to the typed marker set. We performed linkage analysis using the
splitted sub-pedigrees. Disease allele frequency, liability classes, genetic model and pen-
etrances were the same as we used later in the actual linkage analysis. Genotypes of untyped
individuals were set to missing. For each genome-screen the highest HLOD score was stored.
Cumulative density function of the obtained 100 maximum HLOD scores approximates the
distribution of the genome-wide type-l error rates. Our simulations showed that a HLOD score
of 3.64 corresponds to a genome-wide type-I error rate of 5% and HLOD of 2.11 corresponds
to a genome-wide type-I error of 50% (Table 3).
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Table 3. LOD scores and corresponding genome-wide type-I error rates based on 100 simulations

LoD HLOD Type-l error
4.08 4.08 1%
3.64 3.64 5%
3.24 3.24 10%
2.1 211 50%

We used linear regression to test for association between a single SNP with a single cogni-
tive trait. According to Affymetrix annotation, SNP genotypes were coded as 0=AA, 1=AB and
2=BB where A corresponds the allele in lower alphabetical order and B for the other allele.
Thus, in case a C—T change where T is the minor allele C is coded as the A allele and T as
the B allele, whereas a T>C change where C is the minor allele, A also denotes the C allele
and B denotes the T allele. We adjusted for age, sex, intelligence, and highest education in
the model. Considering that a causal SNP (or a SNP in linkage disequilibrium with the causal
SNP) is likely to be associated with multiple cognitive domains, we used the Fisher product
method for combining the findings of all cognitive tests®. Because the SNPs are in linkage
disequilibrium and cognitive traits are also correlated, we used a permutation method to
evaluate significance level for each SNP empirically (500,000 replicates). To break the associa-
tions between the markers and traits while keeping the correlations between traits and the
LD pattern between markers, we permuted the vectors of individuals’ traits (scores of cogni-
tive tests and covariates) between individuals, without replacement. For each permutation,
we tested for association between SNPs in each region and cognitive traits, and derived cor-
responding Fisher products. The cumulative density function of all Fisher products for each
region empirically approximates the regional-wide type-I error rate. Therefore, the empirical
P-value for each SNP can be defined as the probability of observing an equal or smaller Fisher
product by chance regional-widely.

RESULTS

For linkage analysis, we clustered all patients and 170 first-degree relatives into 35 sub-
pedigrees (Figure 2). During pedigree splitting, distant ancestors who have no phenotypic
and genotypic information and do not contribute to linkage information were discarded.
The resultant sub-pedigrees contained a total of 1,227 individuals. The characteristics of the
sub-pedigrees are shown in table 1.

Multipoint LOD and HLOD score plots for the initial scan are shown in the figure 3. A total
of eight regions showed suggestive linkage (LOD or HLOD>2.11), of which the chromosome
1 region exceeded the threshold of 3.64 (LOD=4.1 at marker D15484). These 8 regions were
fine typed with 45 additional markers and include: chromosome 1 (14 additional markers),
chromosome 3 (10 additional markers), chromosome 5 (2 additional markers), chromosome
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Flgure 2.The 35 sub-pedlgrees obtalned by applylng a kinship-partitioning algorithm to the entire
pedigree. Affected individuals are shown with blue squares and circles, unaffected first-degree relatives
of the patients were added to the sub-pedigrees, and are represented with white squares and circles and
ancestors from the patients and relatives are shown with yellow squares and circles.

6 (5 additional; markers), chromosome 7 (3 additional markers), chromosome 10 (6 addi-
tional markers), chromosome 11 (2 additional markers), and chromosome 18 (3 additional

markers).
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Figure 2. (continued)

Table 4 shows the regions for which the evidence for linkage remained significant or sug-
gestive (LOD>2.11) after fine mapping. AD remained linked to three known regions, two of
them on chromosomes 1 (figure 4A) and one on chromosome 10 (figure 4C). The maximum
HLOD at 1921 was 5.2 at D15498. This is the highest peak over the genome. The maximum
HLOD at 1925 was 4.0 at D15218 and 4.2 at D10S185. REFERENCE for the previously identified
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Figure 2. (continued)

regions can be found in table 4. In addition to the known regions, we found genome-wide
significant evidence for linkage of AD to a region on chromosome 3 that spanned 18 cM
from marker D353514 to D353626, and reached a maximum HLOD of 4.4 at marker D351569
(figure 4B). This is the second highest peak over the genome. In table 4 we also included
chromosome 11, in which recently a new gene (SORLT) responsible for AD was reported®.
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Figure 2. (continued)

There is suggestive evidence for linkage of AD to chromosome 11 (HLOD = 3.3 at D1151320,
figure 4D), which overlaps with a region reported earlier. On chromosome 11 the HLOD at the
position of SORLT gene (118cM) is 1.1.

Haplotype analysis showed that the two linkage peaks on chromosome 1921 and 1g25 are
explained by different haplotypes segregating in different families. On chromosome 1q21,
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Table 4. Regions with genome-wide empirically significant (in bold) or suggestive linkage after fine
mapping

Chromosome Marker Position (cM) LoD HLOD a Previously identified regions’
1A D15498 164 5.1 5.2 0.9 A%, D%, F3, G
D1S305 167 4.5 4.5 1.0
1B D1S218 201 26 4.0 0.6 A%, D%, F3, G
D1S366 208 27 35 0.6
3 D351549 151 28 36 0.6 B*
D351569 158 43 4.4 0.8
10 D10S1686 105 3.7 3.7 1.0 C7, B8, F53, G¥, H®, 12
D10S185 116 4.2 4.2 1.0
11* D1154151 127 03 28 0.4 G”
D1154131 138 13 3.1 0.5
D1151320 142 1.6 33 0.6
D115968 148 03 20 0.5

'Overlaps with regions reported with suggestive linkage or significant association in previous genome
screens, including: A (Zubenko et al. 1998), B (Poduslo et al. 1999), C (Curtis et al. 2001), D (Hiltunen et
al. 2001), E (Olson et al. 2002), F (Myers et al. 2002), G (Blacker et al. 2003), H (Farrer et al. 2003), and |
(Holmans et al. 2005). Note that B screened for only 2 chromosomes.

*Chromosome included to confirm a recent report of the SORLT gene (Rogaeva et al. 2007).

we identified a 15 cM region shared by 4 patients in family 1 and 6 other closely related
patients, who were assigned to different pedigrees for computational reasons in the process
of pedigree splitting (figure 5A). The 21 cM haplotype of 1925 segregates in family 3 (4 pa-
tients) and is shared by four other closely related patients who were assigned to different
sub-pedigrees (figure 5B). Six patients from family 9, and 6 closely related patients carry the
haplotype of chromosome 3g23 (18cM) as shown in figure 5C. The linkage of AD to the region
on chromosome 10 was based on moderate contributions from multiple families with differ-
ent haplotypes. There is not a single haplotype segregating in this region (data not shown).
For chromosome 11924, which showed suggestive linkage, we observed a single haplotype
(3.4 cM) shared by 4 patients from family 4, and 2 additional closely related patients (figure
5D).

Next we tested for association between cognitive function and a set of 4173 SNPs within re-
gions 1921, 1925, 3923, 10g22-24 and 11925 using an independent sample consisting of 197
individuals from the GRIP population (table 5). All of the linked regions except 121 contain
at least one SNP showing significant association using an empirical p-value of 0.05 (table 6).
Statistically the most significant SNP is rs7071717 at 10923, both for the nominal p-value in
single test (P=0.000005 for Stroop test) and for the empirical Fisher product (P=0.002), which
combines the results of cognitive tests and adjust for multiple testing. This SNP together
with rs17129662 and rs11185978 is in a range of 80 kb and shows evidence of association
with the Stroop test, TMTB, semantic (except rs17129662) and phonological fluency, all of
which are sub domains of executive function. These 3 SNPs are 2 to 80 kb downstream of
the MPHOSPH1 gene coding M phase phosphoprotein 1and about 760kb upstream of the
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Figure 3. Multipoint LOD and HLOD scores for each autosome in the genome screen of late onset
Alzheimer’s disease. Marker locations are given in Kosambi centi-Morgans.

5-hydroxytryptamine receptor 7 (HTR7 [MIM 182137]) gene. Another SNP rs4110517 at 10923
showed association with semantic (P=0.00003) and phonological (P=0.04) fluency (empiri-
cal P=0.02). This SNP is 37.6 kb downstream to the CYP2C19 [MIM 124020] gene and 48.1kb
upstream to the CYP2C9 [MIM 601130] gene. At 1925, the SNP rs2584820 was associated
with Stroop test (P=0.0001) and phonological fluency (P=0.03), with an empirical P value of
0.04. This SNP is in intron 4 of the Regulator of G-protein Signaling Like 2 (RGSL2) gene. Two
other SNPs in this region showed association to the TMTB test (P=0.0003, empirical P=0.04).
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Figure 3. (continued)

They are 4kb downstream to the CTorf49 gene and 149kb upstream to the Ral GEF with PH
domain and SH3 binding motif 2 (RALGPS2) gene. At 3q23 the SNP rs952797 was associated
with the Stroop test (P=0.0001), Block test (P=0.0002) and learning (P=0.06). When evaluat-
ing all tests simultaneously, the association was significant (empirical P=0.04). This SNP is
126 kb downstream of the gene encoding nicotinamide nucleotide adenylyltransferase 3
(NMNAT3 [MIM 608702]) and 131kb upstream of the gene encoding calsyntein 2 (CLSTN2).
SNP rs11223225(C—T) at 11925 showed a consistent allelic effect across key cognitive do-
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Figure 3. (continued)

mains for AD including learning, delayed recall and concept shifting (Stroop and TMTB test),
where the minor allele of this SNP is associated with poorer performance on delayed recall
(P=0.0004), learning (P=0.03), the Stroop test (P=0.02), TMTB test (P=0.09), and the Block test
(P=0.07). When combining the effect of various tests, the overall empirical P-value is 0.03. This
SNP is in intron 1 of the gene encoding opioid binding protein/cell adhesion molecule-like
(OPCML [MIM 600632]). Four close SNPs rs1629316, rs1547897, rs1122931, and rs11222932 at
11925 were associated with TMTB and phonological fluency. These SNPs are in intron 1 of the
gene encoding neurotrimin (HNT [MIM 607938]). The OPCML and HNT genes are less than 80
kb apart.

DISCUSSION

This study confirms earlier findings suggesting linkage of AD to a wide region that spans
chromosome 1g21-31%42>%3, The 1921 region yielded the most significant evidence of linkage
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Figure 4. Multipoint LOD (blue) and HLOD (pink) scores for chromosomes 1, 3, 10 and 11 in the genome
screen of late onset Alzheimer’s disease after fine typing. Marker locations are given in Kosambi centi-
Morgans.
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Figure 4. (continued)
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A. Haplotype of chromosome 1q21
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Figure 5. Haplotypes of chromosomes 1, 3 and 11 segregating with AD families from the GRIP population.

over the genome in our study (HLOD = 5.2). This region was not replicated when testing for
association with cognition in a series of 197 distantly related subjects. Although we cannot
exclude the possibility of a false positive finding, given the strength of the linkage signal
and previous evidence, it is more likely that there is a rare mutation in a major gene in this
region, which could not be identified by association analysis in a small sample. This region
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B. Haplotype of chromosome 1¢25
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Figure 5. (continued)

contains the NCSTN gene, which binds presenilin and is required for y-secretase activity and
AB generation®. Mutations in this gene have been found to be related to early onset AD
and we have reported association in a sub-group of patients with familial early onset AD,
particularly in those who lack the APOE E4 allele®. We have sequenced all the exons and
splice sites of this gene in 6 patients, but have not found variants. Another obvious candidate
gene in this region is the gene encoding C-reactive protein (CRP [MIM 123260]), which acts
as a scavenger for chromatin released by dead cells during the acute inflammatory process®.
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C. Haplotype of chromosome 3¢23
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Figure 5. (continued)

We also sequenced the exons and splice sites of this gene in 7 patients (5088, 5167, 5115,
5140, 5393, 5023,and 5394 of figure 3A) and found that all patients, except 5167 and 5393,
carry the rare allele of SNPs rs1130864 (C—T) and rs1417938 (T—A). The SNP rs1130864 has
been reported as a tagging SNP for a haplotype associated with higher levels of CRP*. We

specifically tested the association of polymorphisms in CRP with cognitive function but failed

to show any association (data not shown). As CRP is a key protein involved in inflammation,

a key process in life by itself, a major mutation in CRP seems unlikely for late onset diseases
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D. Haplotype of chromosome 1124
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Figure 5. (continued)

suggesting another gene in the region may explain our high LOD score. In the 1925 region,
there was a second haplotype segregating. This region was confirmed in our association
analysis by a SNP in intron 4 of RGSL2 gene, which may be involved in G-protein coupled
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Table 5. Select SNPs in the regions linked to AD

START END
Chr  marker M SNP position marker cM SNP position  NbrSNPs After QC
1 D1S514 1525  rs2790308 141501392 D152635 165.6 rs16827466 156462773 828 585
1 D1S218  191.5 rs17838246 171261041 D15466 1985 rs16860717 179972352 750 584
3 D3S1549 1515 57632392 139168654 D353626 164.3 rs10513332 149350824 954 769
10 D10S580  96.7  rs7101263 77715269 D10S205 1254 rs12765878 105659612 2518 2006
11 D11S4131 1386 rs1526562 131160829 D11S968 147.8 57936592 133620325 260 229
18 D18S474 713 159963534 47896056 D18S64 848  rs1622784 55603302 898 696

receptor protein signaling pathway. Also two SNPs upstream showed evidence for associa-
tion. However, these SNPs were significant only for the TMTB test and are intergenic, making
it more likely that RGSL2 is the relevant gene in the region 1g25.

The second highest linkage signal was found at chromosome 3q22-24. This region was
reported earlier to be linked to AD without tau pathology in a study of a small family with 4
affected relatives®®. A significant LOD score of 4.1 between markers D351569 and D3S3554
was reported, where in our study D3S1569 is also the marker that gives the highest HLOD
over chromosome 3. In the study of Poduslo no genome wide screen was conducted but
only chromosomes 3 and 17 were screened since the disease was expected to be related
to frontotemporal dementia (FTD) and the phenotype was apparently considered to be
compatible with that of FTD. As we do not have pathology information of our patients, we
cannot exclude that part of our patients also suffer from this atypical form of AD. However,
all patients were carefully evaluated by an expert neurologist on FTD. A recent linkage-based
genome-scan using Caribbean Hispanic families revealed a new locus on chromosome 3g28
with 2-point LOD score of 3.09 at marker D352418%. However, this region is about 50cM
downstream from the region we identified in our study. The linked region on chromosome
3g22-24 contains various possible candidate genes including the TF gene, the gene encoding
for butyrylcholinesterase (BCHE [MIM 177400]), the neprilysin gene (MME [MIM 1205203]) and
the somatostatin gene (SST [MIM 182450]). We screened these genes for mutations but no
variants were found. The SNP rs952797 at 3q23 was consistently associated with cognitive
function in the 197 unrelated subjects from GRIP population. This SNP is 126 kb downstream
of the NMNAT3 gene encoding nicotinamide nucleotide adenylyltransferase 3 (NAD3). The
coenzyme NAD and its derivatives are involved in hundreds of metabolic redox reactions and
are utilized in protein ADP-ribosylation, histone deacetylation, and in some Ca(2+) signaling
pathways. NMNAT is a central enzyme in NAD biosynthesis, catalyzing the condensation of
nicotinamide mononucleotide (NMN) or nicotinic acid mononucleotide (NaMN) with the
AMP moiety of ATP to form NAD or NaAD (Zhang et al., 2003) and thus, the NMINAT3 gene
may relevant in AD. The SNP rs952797 is 131 kb upstream of the CLSTN2 gene. It has been
reported recently that SNP rs6439886, a common T—C substitution within the first intron of
CLSTN2, was significantly associated with memory performance®®. Our SNP rs952797 is 160
kb upstream to the reported SNP.
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Chromosome 10qg22-24 is the 3" highest peak over the genome. This finding is consistent
with previous findings on AD'**?'23 and plasma amyloid 42 levels . Our finding of linkage
to late onset AD at 10q22-24 is the first replication using a data set fully independent from
the NIMH sample. So far it has been difficult to identify the causal mutation(s) in this region.
A series of genes have been densely genotyped and several genes have been noted to be
susceptibility genes for AD, including IDE, CH25H [MIM 604551], PLAU [MIM 191840], and LIPA
[MIM 278000]. In our linkage analysis, there was not a single haplotype segregating in the
region suggesting that multiple mutations in one or multiple genes may contribute to the
linkage. In our association analysis, the most significant evidence of association with cogni-
tive function was seen for this region. Three SNPs: rs17129662, rs11185978, and rs7071717
togetherat 91.7 Mb showed association with multiple cognitive domains in the 197 unrelated
subjects from the GRIP population. These SNPs are intergenic SNPs of known genes. All 3
SNPs are less then 1 Mb upstream to the CH25H gene and the LIPA gene and less than 3 Mb
downstream to the IDE gene. The genes most closely flanking these SNPs are the MPHOSPH1
gene and the HTR7 gene, which encodes 5-hydroxytryptamine receptor 7. These two genes,
however, have not been extensively investigated. Another associated SNP rs4110517 at 116.8
cM is surrounded by 4 similar genes: CYP2C18 [MIM 601131], CYP2C19, CYP2C9, CYP2C8 [MIM
601129] in a range less than 350kb. Since no significant association was found between the
CYP2C19 gene and familial AD patients in a previous study®, it is more likely that the SNP
rs4110517 is in LD with the causal gene(s) in the region.

We also found suggestive evidence for linkage to chromosome 11q25. Blacker et al (2003)
previously described this region in their study of the NIMH sample, including 437 families
with AD. Recent evidence suggests the SORLT gene may be responsible®. Our linkage peak is,
however, about 23 cM downstream to the SORLT gene. We specifically tested the association
between polymorphisms flanking SORLT and cognitive function but failed to detect consis-
tent associations (data not shown), suggesting that our linkage peak may be explained by
other gene(s). The association for SNP rs11223225, a C—T substitution at 11g25 is one of the
most promising results from our association analysis. The T allele of this SNP is consistently as-
sociated with reduced cognitive performance on multiple domains and this SNP is an intronic
SNP of the OPCML gene, which encodes the opioid binding protein. There is evidence that
the opioidergic system is affected in AD. Furthermore, performance on immediate memory
and mental flexibility tasks has been suggestively linked to 11925 in a recent genome-wide
linkage study in 260 families®?. Other 4 close SNPs at 11925 also showed association with
cognitive function. These SNPs are in intron 1 of the HNT gene, which encodes neurotrimin.
Notably, the OPCML and HNT genes are separated in less than 80kb.

In summary, we confirmed two previously well described linkage regions for late onset
AD on chromosomes 1g21-25 and 10g22-24. Using cognitive function as an endophenotype
of AD, our study indicates the RGSL2, RALGPS2, and Clorf49 genes at 1g25. Our analysis
on chromosome 10¢22-24 points to HTR7, MPHOSPH1, and CYP2C cluster. This is the first
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genome-wide screen that showed significant linkage to chromosome 323 markers. For this
region our analysis identified NMNAT3 and CLSTN2 genes. Our findings confirm linkage to
chromosome 11q25. We could not confirm SORL1, instead, our analysis points to OPCML and
HNT genes.

Web Resources

The program, pedcut, for breaking large pedigrees is available at: http://mga.bionet.nsc.ru/soft/index.
html

The program, FCN, for characterization of large genealogy is available at: http://mga.bionet.nsc.ru/soft/
index.html

The software package PedHunter facilitates creation and verification of pedigrees within large genealo-
gies, which is available at: http://www.ncbi.nlm.nih.gov/CBBresearch/Schaffer/pedhunter.html.

The PEDIG package for relationship coefficients calculation in large pedigrees is available at: http://www-
sgqa.jouy.inra.fr/diffusions.html.

The software package pedfiddler version 0.5 (JC Loredo-Osti and K Morgan) for drawing large pedigrees
is available at:

http://www.medicine.mcgill.ca/statgene/software.html.

The program Simwalk2 for multipoint linkage analyses using Markov chain Monte Carlo is available at:
http://watson.hgen.pitt.edu/register.

The program GENHUNTER for multipoint linkage analysis using Lander-Green algorithm is available at:
http://linkage.rockefeller.edu/soft/gh.

The program Pedcheck for detecting Mendilian errors is available at: http://watson.hgen.pitt.edu/
register.

The program MERLIN for detecting unlikely double-recombination events and haplotype construction is
available at: http://www.sph.umich.edu/csg/abecasis/Merlin/download/

The AlzGene Database and Alzheimer Research Forum: http://www.alzgene.org.

Online Mendelian Inheritance in Man (OMIM), http://www.ncbi.nlm.nih.gov/Omim/.
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ABSTRACT

The E4 allele of the apolipoprotein E gene (APOE) is a well-established determinant of Al-
zheimer’s disease and cognitive function. We studied the age-specific effects of the APOE E4
allele on cognitive function in a series of 2208 related individuals from a family-based study
conducted in an isolated population in the Southwest part of The Netherlands. The effect of
the E4 allele on cognitive function was evaluated using standard quantitative genetic analy-
sis under a polygenic model, adjusted for cardiovascular risk factors. We found a significant
association between the APOE E4 allele and reduced scores on the Adult Verbal Learning Test
(AVLT) in persons aged 50 years and older (AVLT short-term memory P = 0.01, AVLT learning
P =0.001, AVLT delayed recall P = 0.01 and memory compound score P = 0.001). The effect
of APOE E4 is most pronounced on learning ability, starting as early 40 years. The APOE E4
allele is also strongly associated to cholesterol levels and atherosclerosis. This association did
not explain the effect of APOE on cognitive function. Our study suggests that APOE E4 is an
important determinant of vascular and neurological pathology at late age.

76



The Apolipoprotein E Gene and its Age Specific Effects on Cognitive Function

INTRODUCTION

The epsilon4 allele of the apolipoprotein E gene (APOE E4) is the most important genetic risk
factor for Alzheimer’s disease (AD)'. Although its role in AD has long been known, recently
a commercial genetic test for APOE E4 was launched to predict the risk of AD (http://www.
labtestsonline.org)?. However, APOE E4 has also an established effect on lipid levels and
through this on the risk and progression of atherosclerosis. Athereosclerosis and hyper-
tension have been implicated in the AD and may partly explain the effects of APOE E4 on
cognitive function . If APOE E4 leads through neurodegeneration in part through vascular
pathology, this pathway opens the opportunity of clinical counselling of carriers by screen-
ing for vascular pathology. A crucial question in this respect is at which age pathology starts.
It has been suggested that APOE E4 has clinically important effects on cognition in those
who do not have signs or symptoms clinical AD. An extensive meta-analysis of all studies
conducted in the period 1993-2004 showed evidence for a role of APOE E4 in cognitive func-
tion in non-demented people over 50 years®. APOE E4 was significantly related to reduced
global cognitive functioning, episodic memory and executive function in a dose-dependent
way, whereas no significant effects were seen for primary memory?. Although most studies
focused on individuals aged 50 years and over, there is some evidence that with increas-
ing age the effect of APOE E4 on cognition decreased. However, this trend was far from
statistically significant in the meta-analysis. Animal studies provided significant evidence
that apolipoprotein E has effects on early brain development?, suggesting that APOE E4 may
impact early cognitive reserve. For humans, the evidence supporting early effects of APOE on
cognitive function is scarce and findings have been contradictory.

In the present study, we evaluated the effects of the APOE E4 allele on specific cognitive
domains and vascular pathology over a wide age-range in a 3 generation family-based study.
This design provides a powerful setting to address age specific effects of APOE E4 in a geneti-
cally and environmentally homogeneous background.

METHODS

Study population

The Erasmus Rucphen Family (ERF) cohort, which is part of the Genetic Research in Isolated
Population (GRIP) program, is a family-based study that includes inhabitants of a genetically
isolated community in the south-western area of the Netherlands5. ERF aims to investigate the
genetic origins of complex disorders and traits. The study population essentially consists of
one extended family of descendants from 20 related couples that lived in the isolate between
1850 and 1900 and had at least 6 children. With relatively limited migration until the last few
decades, the isolate now includes approximately 20,000 inhabitants. All data were collected
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between 2002 and 2005. The Medical Ethical Committee of the Erasmus Medical Center Rot-
terdam approved the study and informed consent was obtained from all participants.

Data collection

Participants underwent extensive medical and neuropsychological examinations at the ERF
research centre. The examinations included the determination of cardiovascular risk factors,
such as serum total cholesterol, high-density lipoprotein (HDL) cholesterol, triglycerides, sys-
tolic and diastolic blood pressure, and common carotid intima media thickness (IMT). Serum
markers were determined using an automated enzymatic procedure (Boehringer Mannheim
System). Blood pressure was measured twice on the right arm in a sitting position after at
least five minutes rest, using an automated device (OMRON 711); the average of the two
values was used for analysis. IMT was evaluated using ultrasonography according to previ-
ously applied protocols®®. The outcome variable was defined as the mean IMT of the near and
far wall of both common carotid arteries. The battery of neuropsychological tests included
the Dutch version of the Auditory Verbal Learning Test (AVLT)?, the Trail Making Test (TMT)'°,
the Stroop colour-word test', the verbal fluency test’® and the block design subtest of the
Weschler Adult Intelligence Scale (WAIS)'2. These tests were chosen to screen for cognitive
deficits related to AD and other dementias' and cover different cognitive domains (Table 1).
We assessed the general reading ability of the participants with the Dutch Adult Reading Test
(DART)™. We also computed compound scores for memory performance, executive function
and over-all cognitive function (Table 1), by averaging the z-transformed scores of several
cognitive tests'. The z-scores were calculated based on the direction of the measurement of
test performance. For tests where higher scores indicate better performance (AVLT and WAIS
tests), z = (x—X)/sd; otherwise (TMT and Stroop), z = (x—x)/sd. In this way, higher compound
scores indicate better performance.

Finally, the education level attained by the subjects within the Dutch educational system

was determined according to eight ordinal categories from primary school to university'.

Genotyping

Genomic DNA was extracted from whole blood samples using the salting out method.
Samples were genotyped for the APOE C112R (E4 allele) and APOE R158C (E2 allele) poly-
morphisms with a Tagman allelic discrimination Assay-By-Design (Applied Biosystems, Foster
City, CA). The assays utilized 5 nanograms of genomic DNA and 2 microliter reaction volumes.
The amplification and extension protocol included an initial activation step of 10 min at 95
degrees, which preceded 40 cycles of denaturation at 95 degrees for 15 seconds and anneal-
ing and extension at 50 degrees for 60 seconds. Allele-specific fluorescence was analysed on
an ABI Prism 7900HT Sequence Detection System with SDS v 2.1 (Applied Biosystems, Foster
City, CA).
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Table 1. Description of the cognitive tests derived from the neuropsychological battery

Neuropsychological ~ Cognitive domain Task description Score definition Reference

test

Individual tests

AVLT Short-term Short-term memory  Recall immediately after Number of correctly recalled ~ Saan and

memory presentation of 15 words words Deelman 1986

AVLT Learning Learning Recall after 2nd to 5th Total number of correctly Saan and

presentation recalled words Deelman 1986

AVLT Delay Delayed recall Recall after 30 minutes Number of correctly recalled  Saan and
words Deelman 1986

AVLT Recognition Recognition Recognize words from a list Number of correctly Saan and
recognized and rejected Deelman 1986
words

WAIS Verbal fluency Semantic fluency and  Mention words fitting a frame  Number of correctly Wechsler 2000

phonological fluency  (semantic & phonological) mentioned words
Trail-making test (TMT) ~ Cognitive flexibility ~ Connect numbers (A) and Ratio of time in seconds to Reitan 1955

together with letters in
ascending order (B)

complete part B over part A

Stroop Susceptibility to Read colors (card 2) which are  Ratio of time in seconds to Hammes 1978
interference wrongly named (card 3) complete the card 3 over
card 2
WAIS Block design Visuoconstructive Place blocks according to Number of replicated blocks ~ Wechsler 2000
abilites reference
Compound scores
Memory performance Average of z-transformation
of AVLT short, learning, delay,
recognition
Executive function Average of z-transformation

Overall cognitive
function

of WAIS verbal fluency, TMT,
Stroop

Average of z-transformation
of all tests

Statistical analysis

A considerable proportion of participants failed to complete the TMT part Btest (N=171,7.9%),
while some failed to complete the Stroop card Ill (N = 16, 0.7%) and WAIS block design tests (N
=64, 2.9%) within the time limit. We imputed their scores based on correlations between sex,
age, and education level. We grouped the APOE genotypes based on the number of E4 alleles
in a dose-dependent manner 3, zero (E2/E2, E2/E3 and E3/E3 genotypes), one (E2/E4 and E3/E4
genotypes) and two copies (E4/E4 genotype). General characteristics of the study population
among the genotypic groups were compared using the one-way ANOVA test for continuous
variables and the chi-square test for dichotomous variables as implemented in SPSS V.11.0
(SPSS Inc. Chicago IL). The observed frequencies of the APOE genotypes were tested for devia-
tions from Hardy-Weinberg equilibrium using the exact test for multiple alleles'.

To evaluate the effect of the E4 allele on cognitive functioning and adjust for family rela-

tionships, we performed the variable screening analysis under the polygenic model using the
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SOLAR software package version 4.1.0". SOLAR was chosen for its power in discriminating
the genetic and environmental effects by utilizing all of the information that is provided by
large, complex pedigrees. The effect of APOE genotype on cognitive tests was estimated by
including APOE genotype (0, 1, or 2 number of E4 alleles) as a covariate in the model, adjusted
for other covariates including age, age-squared, sex, education, inbreeding, DART score, and
cardiovascular risk factors (total cholesterol, triglycerides, IMT, and systolic and diastolic blood
pressure). Inbreeding coefficients were computed based on all available genealogical informa-
tion for the GRIP population (N=107,091) using PEDIG software?. In addition, we investigated
the interaction between APOE and age using a multiplicative model. Before SOLAR analyses,
scores from the cognitive tests were normalized using a general rank-transformation?'.

To illustrate the age-specific effect of APOE on cognitive function, we smoothed the dis-
tribution of cross-sectional test scores across age, using locally weighted regression, or the
LOESS smoother, implemented in the software package SigmaPlot version 8.02%.

RESULTS

Information on both APOE genotype and cognitive tests is available for 2208 ERF participants
in our study. We excluded 65 individuals who were illiterate, blind, deaf, retarded or who
reported having a brain tumor, stroke or severe brain damage. The frequencies of APOE
alleles were 4.8% for the E2 allele, 74.1% for the E3 allele and 21.1% for the E4 allele. The
allele and genotype distributions followed Hardy-Weinberg equilibrium (P = 0.64). There
were no significant differences in age, sex, education level and blood pressure between APOE
genotype groups (Table 2). Heterozygous and homozygous APOE E4 carriers had thicker IMT
compared to non-carriers (P = 0.05, Table 2). Serum levels of total cholesterol (P = 1.75x107)

Table 2. Characteristics per APOE genotype

APOEE4
Characteristics 0(n=1342) 1(n=699) 2(n=102) P-value
Age (years) 49.0 149 493 144 48.8 13.7 0.85
Gender (% male) 429 439 46.2 0.76
Body mass index (kg/m2) 27.0 46 26.8 47 275 48 0.40
Education 3.24 0.05 3.08 0.07 3.00 0.18 0.07
IMT(mm) 0.81 0.21 0.84 0.21 0.83 0.17 0.05
Systolic blood pressure (mmHg/cm) 140.2 204 141.0 21.0 141.44 18.25 042
Diastoic blood pressure (mmHg/cm) 80.0 104 80.3 103 8224 9.67 0.13
Fasting glucose (mmol/l) 462 1.03 4.56 0.87 4.62 0.88 0.35
Serum cholesterol (mmol/l) 549 1.07 5.70 1.10 5.87 122 1.75E-07
Serum Triglycerides (mmol/I) 1.30 0.75 141 0.82 1.62 095  4.80E-05
Serum HDL (mmol/l) 1.30 0.36 1.25 035 1.21 034  4.81E-05

Values presented are means and standard deviations or percentages
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Table 3. Cardiovascular factors and cognitive function

Cholesterol Triglycerides HDL IMT SBP DBP

Cognitive domain beta se beta se beta se beta se beta se beta se
Individual tests

AVLT Short-term memory ~ 0.05 0.0 -0.03 0.0 017 0.1 -040 0.2 -023 0.1 -033 02
AVLT Learning 019 0.1 0.17 0.2 047 05 -352 117 -133 06 -0.77 07
AVLT Delay 008 0.1 0.11 0.1 007 0.2 -065 04 006 0.2 -0.17 03
AVLT Recognition 009 00 0.10 01° -0.13 0.1 -1.01 037 017 02 059 0.2
WAIS Verbal fluency 044 03 0.07 0.4 036 09 -1003 237 -447 13 -053 15
T™T 004 00 -0.01 00 -001 0.1 000 0.2 -015 0.1 -028 0.2
Stroop 000 00 0.00 00 -003 00 003 0.1 019 00" 001 01
WAIS Block design 012 02 -0.05 03 003 07 -194 18 -0.83 1.0 -126 1.2
Compound scores

Memory performance 003 00 0.02 0.0 003 00 -032 017 -005 0.1 -0.02 0.1
Executive function 000 00 0.00 0.0 004 00 -021 0.1 -020 007 006 0.1
Overall cognitive function 001 0.0 0.01 0.0 0.03 00 026 01" -010 00 0.00 00

Betas and se for SBP and DBP were multiplied by 100; P values adjusted for age, sex, inbreeding,
education, and family relationship; * P value < 0.05; ** P value < 0.001; *** P value < 0.0001; **** P value <
0.00001.

and triglycerides (P = 4.80x107) significantly increased and serum HDL levels significantly
decreased (P = 4.81x10°) with an increasing number of APOE E4 alleles

We studied the relationship between cardiovascular factors and cognitive function (Table
3). Serum levels of triglycerides were significantly associated with AVLT recognition (P = 0.04).
There was significant and consistent evidence for association between IMT and multiple
cognitive domains (AVLT learning, P = 0.01; AVLT recognition, P = 0.01; WAIS verbal fluency,
P = 0.0001; memory compound score, P = 0.01; and over-all cognitive function compound
score, P =0.01). Systolic blood pressure was significantly associated with the Stroop test (P =
0.00001) and executive function compound score (P = 0.01). Adjustment for APOE status had
little influence on the relationship between vascular risk factors and cognitive function.

Table 4 presents the effect of the APOE E4 allele on cognitive tests. There was a borderline
significant association between APOE E4 and AVLT learning (P = 0.07), which became signifi-
cant (P = 0.05) when adjusting for cardiovascular factors. Test scores generally showed a non-
significant trend of poorer performance with an increasing number of E4 alleles. Adjusting
for cardiovascular factors had little influence on these results.

When studying cognitive function, there was significant evidence for interaction between
APOE E4 and age. The interaction term of age and APOE E4 was significant for AVLT short-
term memory (P =0.01), AVLT learning (Pinteraction
(P =0.01), while for AVLT delayed recall (P
=0.07), the evidence was borderline significant.

= 0.05), and memory compound score
=0.09) and AVLT recognition (P

interaction

interaction interaction interaction

When stratifying the data by age (Table 5), the E4 allele was significantly associated with
poorer memory performance in those over 50 years of age (AVLT short-term memory P =
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Table 4. Effect of APOE genotype on cognitive tests

APOE*E4

Cognitive domain 0(n=1342) 1(n=699) 2(n=102)

mean se mean se mean se P1 P2
Individual tests
AVLT Short-term memory 43 005 43 007 41 017 0.23 0.19
AVLT Learning 330 025 328 035 309 099 0.07  0.05
AVLT Delay 75 008 75 01 68 029 019 019
AVLT Recognition 278 0.06 278 0.09 277 020 068 096
WAIS Verbal fluency 615 051 610 071 608 1.83 080 098
T™T 27 003 2.7 004 27 010 064 064
Stroop 17 001 17 002 17 007 031 031
WAIS Block design 276 041 275 058 270 152 084 091
Compound scores
Memory performance 0.00  0.02 -0.01  0.03 -0.16  0.08 014 015
Executive function -0.01  0.02 -0.04 003 -0.02 0.8 0.71 0.92
Overall cognitive function -0.01 002 -0.02 003 -0.10  0.07 023 031

P1: adjusted for age, sex, inbreeding, education, DART, and family relationship; P2: additionally adjusted

for total cholesterol, triglycerides, IMT, and systolic and diastolic blood pressure.

Table 5. Effect of APOE genotype on cognitive tests by age category

0 E4 1 E4 2 E4
Cognitive domain mean se mean se mean se P1 P2
<=50years
AVLT Short-term memory 5.0 0.1 5.0 0.1 4.8 0.2 0.64 0.59
AVLT Learning 372 03 376 04 355 13 0.72 0.89
AVLT Delay 87 0.1 89 0.1 82 04 0.63 0.99
AVLT Recognition 286 0.1 2838 0.1 285 0.2 0.22 0.10
WAIS Verbal fluency 69.2 0.6 683 0.9 65.4 2.6 0.55 0.57
T™T 25 0.0 25 0.1 25 0.1 0.34 0.60
Stroop 16 0.0 1.6 0.0 17 0.1 0.99 0.47
WAIS Block design 35.6 0.6 35.1 0.8 335 24 0.97 0.73
Memory performance 0.4 0.0 0.4 0.0 03 0.1 043 0.54
Executive function 03 0.0 03 0.0 0.2 0.1 0.74 0.75
Overall cognitive function 0.4 0.0 04 0.0 03 0.1 0.66 0.83
>50 years
AVLT Short-term memory 35 0.1 35 0.1 33 0.2 0.01 0.01
AVLT Learning 283 03 276 0.4 263 1.1 0.001 0.003
AVLT Delay 6.1 0.1 6.1 0.2 54 03 0.01 0.04
AVLT Recognition 27.0 0.1 26.7 0.2 26.9 03 0.07 0.18
WAIS Verbal fluency 527 0.7 529 1.0 56.2 24 0.99 0.57
T™T 29 0.0 29 0.1 29 0.2 0.56 0.70
Stroop 1.9 0.0 1.9 0.0 18 0.0 0.45 024
WAIS Block design 187 0.4 19.2 0.5 204 14 0.55 0.36
Memory performance -0.4 0.0 -0.5 0.0 -0.6 0.1 0.001 0.01
Executive function 0.4 0.0 -04 0.0 -0.2 0.1 0.66 0.77
Overall cognitive function 04 0.0 -0.5 0.0 0.5 0.1 0.01 0.07
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0.01, AVLT learning P = 0.001, AVLT delayed recall P = 0.01 and memory compound score P
= 0.001). Adjusting for cardiovascular factors had little influence on these effects (Table 5).
In younger subjects (< 50 years of age), none of the tests were significantly associated to
cognitive function (Table 5).

To illustrate the age-specific effect of APOE on memory performance, we plotted the
smoothed distribution of test scores across age (Figure 1). Figure 1A shows that APOE has little
influence on AVLT short-term memory. Only after the age of 65 years does some effect of the
genotype become apparent. APOE genotype seems to have the most pronounced effect on
AVLT learning. The effect starts around age 40 years (Figure 1B). The effects on AVLT delayed
recall and memory compound score are less pronounced, but there is a trend towards poorer
cognitive performance with increasing number of APOE E4 alleles (Figure 1C and 1D).

Because a considerable number of people could not complete the TMT-B test (N = 141), we
investigated the distribution of these missing scores. The E4 allele was significantly associ-
ated with the proportion of people who could not complete the TMT-B test (none E4 = 5.4%,
one E4 = 8.5%, and two E4 = 9.2%, P = 0.02). This effect was more pronounced in women (P
=0.004).

DISCUSSION

In this study, we found a significant association between the APOE E4 allele and reduced
memory performance in persons aged 50 years and older. This effect is independent of the
effect of APOE on cardiovascular factors. In our analyses of cognitive function there is sig-
nificant evidence for interaction between APOE E4 and age. The effect of APOE E4 increases
significantly with age, particularly in terms of learning ability. As expected APOE E4 was
strongly related to lipid levels and atherosclerosis, while serum levels of triglycerides, blood
pressure and atherosclerosis were significantly associated to cognitive function. Additional
adjustment for APOE status had little influence on the relationship between vascular risk fac-
tors and cognitive function.

The extensive meta-analysis of all studies conducted in the period 1993-2004 showed that
APOE E4 was significantly related to reduced global cognitive functioning, episodic memory
and executive function in a dose-dependent way, whereas no significant effects were seen for
primary memory?3. In contrast, in the present study we see a consistent and significant associa-
tion to memory. Our findings are in agreement with a recent prospective, population-based
study in 5804 subjects aged 70-80 years. That study showed that E4 carriers had significantly
poorer performance in immediate and delayed recall at baseline as well as greater decline
during the 3.2 years of follow up?. The effect of APOE was less pronounced on attention and
processing cognitive domains. Another study of 611 elderly clergymen showed that the APOE
E4 allele had a pronounced influence on declines in episodic memory?*. This study also used
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Figure 1. Age specific effect of the APOE E4 allele on memory performance. The distribution of test

scores (y-axis) was smoothed across age (x-axis) using the LOESS smoother implemented in the software
package SigmaPlot version 8.02%2 A: AVLT short-term memory; B: AVLT learning; C: AVLT delayed recall; D:
memory compound score.
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a compound score, including word list memory, recall, recognition, immediate and delayed
recall, which is comparable to our compound score for memory. A number of smaller studies
found a relation between APOE E4 and memory performance®?. Furthermore, a family-
based study of relatives of AD patients showed an effect of APOE E4 on memory in those
not yet affected?. Finally, episodic memory loss is a key characteristic of AD*3 and several
epidemiological studies found that measures of delayed recall and learning are predictive of
the risk for developing dementia3'33,

Most studies on APOE and cognition in humans have focused on the elderly. Animal studies,
however, have demonstrated that apolipoprotein E has a role in early brain development®. In
our study, the effect of APOE was not significant in people younger than 50 years of age. Of
interest, APOE genotype showed some evidence for an early effect on learning ability. The
effect starts in early middle age, at around 40 years.

Cardiovascular factors may potentially be an intermediate feature explaining part of the
association between APOE and cognitive function. As expected, we observed a strong as-
sociation between APOE and serum levels of total cholesterol, triglycerides, and HDL. Systolic
blood pressure and the presence of atherosclerosis as measure by IMT were significantly and
consistently associated with multiple cognitive domains. Although the relationship between
blood pressure and Alzheimer’s disease is only observed in prospective studies®**, also other
studies have found a strong relationship between cognitive function to blood pressure®* and
atherosclerosis® 3. In line with the studies on Alzheimer’s disease that suggest the effect of
APOE on the risk of disease is determined primarily by the effect on lipid metabolism with the
brain, the association between APOE and memory performance remained significant after
adjusting for serum levels of total cholesterol and triglycerides, IMT, and systolic and diastolic
blood pressure. Also other estimates for the relation between APOE E4 and cognitive function
did not change when adjusting for vascular pathology. This indicates that the effect of APOE
on cognitive functioning is not likely determined by the effect of APOE on cardiovascular
factors. At the same time, the additional adjustment for APOE status had little influence on
the relationship between vascular risk factors and cognitive function. The finding implies that
measuring APOE will not be clinically relevant for preventive strategies targeting the relation-
ship between vascular risk factors and cognitive function.

In summary, APOE E4 is associated with poorer memory performance in older people. The
effect of APOE E4 increases significantly with age and is independent of vascular pathology.
The effect of APOE E4 on learning ability starts as early as the age of 40 years. In light of
the commercial test recently made available for APOE genotyping, our findings suggest that
those who take the test should be informed not only about the risk of AD but also about the
effect of APOE genotype on cognitive function and vascular pathology. Whether or not the
test is clinically useful remains to be determined in further studies? Our findings clearly show
that independent of the test outcome, management of vascular problems will be crucial for

maintenance of cognitive function.
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ABSTRACT

Several studies have investigated the role of the neuronal sortilin-related receptor (SORLT)
gene in Alzheimer’s disease (AD), but findings have been inconsistent. We conducted a study
of 7 single nucleotide polymorphisms (SNPs), rs668387, rs689021, rs641120, rs1699102,
rs3824968, rs2282649, and rs1010159 that were associated to AD in earlier studies. We tested
for association with AD and cognitive function in 6741 participants of the Rotterdam Study
and in 2883 individuals from the Erasmus Rucphen Family (ERF) study. We performed meta-
analyses on AD using our data together with those of previous studies in Caucasians. Further,
we studied up to 76 SNPs in a 400 kb region covering the gene to evaluate the evidence of
other genetic variants that may be associated with AD or cognitive function. There was no
significant evidence for association between SORLT SNPs and incident AD patients in the
Rotterdam Study. When meta-analyzing our data with those of others, six out of seven SNPs
remained borderline significant. However, removing the first study reporting association
from the meta-analysis resulted in non-significant odds ratios for all SNPs, suggesting that
the initial study may have overestimated the effects. SNPs rs668387, rs689021, and rs641120
were borderline significantly associated with cognitive function in two independent Dutch
cohorts, but in an opposite direction. Testing for association using dense SNPs in the SORLT
gene did not reveal significant association with AD, or with cognitive function when adjust-
ing for multiple testing. In conclusion, our data do not support that genetic variants in SORL1
are related to risk of AD.
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INTRODUCTION

Two clusters of single nucleotide polymorphisms (SNPs) in the gene encoding the sortilin-
related receptor, low-density lipoprotein receptor class A repeat (SORLT) have been associ-
ated with Alzheimer’s disease (AD)'. These two clusters in the 3'and 5’ end of the gene include
seven SNPs, rs668387, rs689021, rs641120, rs1699102, rs3824968, rs2282649 and rs1010159
in the SORLT gene. To date, there have been 8 studies studying various populations aiming
to replicate this finding but so far the evidence is not conclusive?”. An online meta-analysis
of all studies suggests significant but small effects with summary odds ratios (ORs) ranging
from 1.03 to 1.14 for the risk alleles and 0.91 to 0.94 for the protective alleles (http://www.
alzgene.org). In the present study, we tested these 7 SNPs for association with AD and cogni-
tive function in 6741 participants of the Rotterdam Study, and tested the association with
cognitive function in 2883 individuals from the Erasmus Rucphen Family study. Further, we
performed a meta-analysis on AD using our data together with those of previous studies in
Caucasians. Finally, we studied a set of dense SNPs covering the SORL1T gene in both popula-
tions to evaluate the presence of other genetic variants that may be associated with AD or
cognitive function.

METHODS

Rotterdam Study

The Rotterdam Study is a population-based prospective study of 7,983 subjects aged 55
years and older residing in Ommoord, a suburb of Rotterdam, that aims to assess the oc-
currence and determinants of chronic diseases®’. The population is an outbred population,
predominantly of Dutch origin. At baseline (1990-1993) and during three follow-up rounds
(1993-1995, 1999-2000, 2001-2002) participants were invited to visit the research center
for a clinical examination and had their blood drawn. The Medical Ethics Committee of the
Erasmus Medical Center approved the study protocol, and all participants provided written
informed consent.

Erasmus Rucphen Family Study

The Erasmus Rucphen Family (ERF) study is part of the Genetic Research in Isolated Popula-
tion (GRIP) program. ERF is a family-based study that includes inhabitants of a genetically
isolated community in the south-western area of the Netherlands . The study population
essentially consists of one extended family of descendants from 20 related couples that lived
in the isolate between 1850 and 1900 and had at least 6 children baptized in the community
church. The isolate now includes approximately 20,000 inhabitants. Genealogical relation-
ships of the inhabitants are well documented from the mid-18th century to the present.
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All data were collected between 2002 and 2005. The population shows increased linkage
disequilibrium'® and decreased genetic complexity'’, compared to outbred populations. The
Medical Ethics Committee of the Erasmus Medical Center Rotterdam approved the study and
informed consent was obtained from all participants.

Data Collection

In the Rotterdam Study, persons suffering from AD at baseline, or persons who did not have
their blood drawn, were excluded.This left a total of 6741 persons for the current analyses (Fig-
ure 1). Follow-up for Alzheimer’s disease was conducted according to a previously described
protocol™. This included two-step assessments for Alzheimer’s disease during the follow-up
rounds and continuous monitoring through the GP and hospital records throughout the
follow-up period. Follow-up for AD was complete until January 1st 2005, during which 490
persons developed AD. During the third follow-up round, a subset of 2583 non-demented
participants (Figure 1) from the Rotterdam Study underwent neuropsychological testing, in-
cluding the Stroop Color and Word Test'3, the Letter-Digit Substitution Task', a verbal fluency
task’, and a 15-item verbal learning test'.

Population .
The Rotterdam Study Erasmus Rucphen Family study
(ERF)
A 4
Alzheimer’s disease
Memory performance Memory performance
N (total cohort) = 6741 Executive function Executive function
Phenotype Age 69.5 £ 9.1 years Global cognition Global cognition
40.6 % men
N = 2583 N = 2883
N (incident AD) = 490 Age 64.0 + 5.8 years Age 48.7 £ 14.5 years
Age 68.9 “ 8.7 years 42.9 % men 40.0 % men
31.9 % men
\/ |
Exact replication 7 SNPs Exact replication 7 SNPs
Genotype

Dense genotyping 43 SNPs

Dense genotyping 76 SNPs in a subset of 861 individuals

Figure 1. The design of the study
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In the ERF study, a total of 2883 participants (Figure 1) underwent neuropsychological
testing, including the Trail Making Test (TMT)", the Stroop Color and Word Test'>'8, a verbal
fluency test, a 15-item verbal learning test, and the block design subtest of the Weschler
Adult Intelligence Scale (WAIS)™.

We computed compound scores for memory performance, which consisted of immediate
recall and delayed recall for the Rotterdam Study, and of immediate recall, learning, delayed
recall and recognition for the ERF study. The composite score for, executive function consisted
of the Stroop Color and Word Test, the Letter-Digit Substitution Task, and verbal fluency for
the Rotterdam Study, and of the Stroop Color and Word Test, TMT and verbal fluency for the
ERF study. Finally, global cognitive function was computed by taking the average of scores
for all cognitive tests. The computation of these compound scores have been described
previously®2°.

Genotyping

Seven SNPs in the SORLT gene were genotyped (rs668387, rs689021, rs641120, rs1699102,
rs3824968, rs2282649, and rs1010159) using TagMan allelic discrimination genotyping as-
says (Applied Biosystems). Primer and probe sequences for these SNPs are available from the
manufacturer. For dense-typing, 76 SNPs from the 120.7- 121.1 Mb region of chromosome
11 covering the SORL1 gene were available from the 550K array of the Illumina Infinium
whole-genome genotyping assay for the Rotterdam Study. For the ERF study, a subset of
the 76 SNPs (43 SNPs), was available in the same genomic region from the 318K array of
the lllumina Infinium whole-genome genotyping assay (HumanHap300-2). This array was
genotyped in a subset of 861 ERF individuals. Microarray-based genotyping according to the
manufacturer’s instructions was performed at the Leiden Genome Technology Center of the
Leiden University Medical Center.

Statistical Analysis

To test the association with incident AD in the Rotterdam Study, we estimated the hazard
ratios (HRs), adjusted for age and sex, using Cox Proportional-Hazards models. In the Cox
model, those homozygous for the rare alleles and heterozygous were compared with those
homozygous for the common alleles.

For the meta-analyses we searched PubMed (www.ncbi.nlm.nih.gov), Huge Navigator*
and AlzGene database (www.alzgene.org) for genetic case-control association studies on
the SORLT gene and AD published before the 1 of September 2008 using the keywords
“Alzheimer”and “SORL1". Twelve genetic association studies were found'”?2 We excluded the
study of AD in adults with Down syndrome? and the studies of Webster® and Meng?* which
both used the same TGEN data set as described in Reiman’s study?. Because the Rotterdam
Study and the ERF studies are of Caucasian origin, we excluded a study based on the Chinese
population? and considered only the Caucasian subgroups from the selected papers'3¢7.
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Per-allele ORs were derived for all included data sets, using the common allele as reference.
Summary ORs were calculated using random effects meta-analyses with 95% confidence
intervals as outlined by DerSimonian and Laird®. The degree of heterogeneity between
the study results was assessed using the I? statistic?*. For the SNPs out of Hardy-Weinberg
Equilibrium (HWE) in individual studies, we calculated the ORs including and excluding the
populations not in HWE. The meta-analyses were conducted in R (www.r-project.org), using
the R library rmeta version 2.14.

To test the association between each SNP and cognitive function, we used a general linear
model adjusted for age and sex, where the SNP genotype was coded as 0, 1, or 2, repre-
senting the number of the minor alleles. For the ERF study, phase information was derived
based on known genealogic relationships. Haplotypes consisting of all 7 selected SNPs were
inferred using the software package SimWalk2%. To reduce computational time, extended
ERF pedigrees were split into 20-bit pedigrees using PedCut version 1.18° prior to haplotype
analysis. Mendelian errors and ambiguous haplotypes were removed. Inferred haplotypes
were considered as a fixed factor in a general linear model. We used the genomic control
method??” to adjust for family relationships between ERF participants and to adjust for
population substructure in the Rotterdam Study. The inflation factor, lambda, was estimated
separately for each trait based on the Illumina Infinium Assay (318K in the ERF and 550K in
the Rotterdam Study).

To adjust for the multiple testing of correlated markers in the selected region, we derived
the empirical distribution of the test statistic after 10,000 region-wide permutations. As-
sociation tests, permutation, and genomic control analysis were performed using functions

implemented in the R library GenABEL version 1.3-5%2

RESULTS

The study population characteristics are illustrated in Figure 1. Among the 6741 participants
(mean age 69.5+9.1, 40.6% men) of the Rotterdam Study, 490 (mean age 68.9+8.7, 31.9%
men) developed AD. ERF participants were on average younger (mean age 48.7+14.5, 40.0%
men).

There was no significant evidence for association between SORLT SNPs and incident AD in
the Rotterdam Study. Genotypic HRs ranged from 0.91 to 1.16 (Table 1). When pooling our
data with that from previous published studies'>%7, six out of seven SNPs remained border-
line significantly associated with AD (Figure 2). The six SNPs were rs668387 (OR | = 0.93,
95% Cl: 0.88-0.99), rs689021 (OR , . . = 0.93,95% Cl:0.87-1.00), rs1699102 (OR ;= 1.07,95%
Cl: 1.00-1.14), rs3824968 (OR,_, = 1.11, 95% Cl: 1.01-1.23), rs2282649 (OR . _ . = 1.09, 95%
Cl: 1.02-1.17), and rs1010159 (OR =1.06, 95% Cl: 1.00-1.12). One SNP, rs3824968, showed
significant heterogeneity (1> = 29.4, df = 11, P = 0.01). After excluding the North European

Cvs. T
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Alzheimer's disease

Studies
Rogaeva 2007 (Northern Europe)
Rogaeva2007 (US- Rochester)
Rogaeva 2007 (US- Jacksonville)
Rogaeva 2007 (US- Autopsy)
Reiman 2007 (US)
Lee 2007 (US)
Lee 2008 (US- Autopsy)
LiY2008 (UK-1)
LiY 2008 (UK-2)
LiY 2008 (US)
LiH 2008 (Canada)
Bettens 2008 (Belgium)
Minster 2008 (US)
Liu2008 (Netherlands)

Summary OR
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LiY 2008 (US-Washington)
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rs668387 (T vs. C)
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Odds Ratio
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Odds Ratio

2.00

rs641120 (T vs. C)
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Figure 2. Forest plot of meta analysis of 7 SNPs in the SORL1 gene in association with Alzheimer’s disease

sample from the original study', no significant heterogeneity was detected (I>=15.7, df = 10,

P =0.11), resulting in non-significant summary ORs for all seven SNPs. Excluding the studies

in which the genotype was out of HWE, did not alter these results.

Table 1. Association of SORL1 SNPs with Alzheimer’s disease in the Rotterdam Study

95% Cl Homozygous 95% Cl
SNP Reference  Heterozygous HR  Lower Upper minor allele HR Lower Upper
rs668387 cC T 0.95 0.75 1.20 1T 1.03 0.81 132
rs689021 GG AG 0.93 0.76 1.14 AA 0.95 0.75 1.22
rs641120 cC T 091 0.74 1 T 0.97 0.75 1.24
rs1699102 T T 0.97 0.80 117 cC 1.00 0.72 1.36
153824968 AA AT 0.96 0.80 1.16 T 1.16 0.85 1.57
152282649 cC T 0.95 0.78 1.15 T 1.01 0.74 1.38
151010159 T cT 0.98 0.81 1.19 CC 1.12 0.85 1.49

Reference genotype consists of homozygous major alleles
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Next, we tested the association between the 7 SNPs and cognitive function in both Dutch
populations. SNPs rs668387, rs689021, and rs641120 were borderline significantly associ-
ated with memory compound scores in both the Rotterdam Study and the ERF study (Table

2). However, the allelic effect was in an opposite direction: the minor alleles of rs668387,

Table 2. Association of SORL1 SNPs with cognitive function in two Dutch populations

Rotterdam Study (N = 2583)

Erasmus Rucphen Family Study (N = 2883)

Memory Executive Global Memory Executive Global
SNP MA MAF beta P beta P beta P MA MAF beta P beta P beta P
rs668387 T 046 -0050.04 -001 063 -003 016 T 041 0.04 0.02 0.03 0.08 0.03 0.03
rs689021 A 047 -005 0.03 -0.01 0.53 -003 012 A 041 0.04 0.02 0.03 0.08 0.03 0.03
rs641120 T 047 -005 0.04 -0.01 067 -003 016 T 041 0.04 0.02 0.02 0.16 0.03 0.04
rs1699102 C 032 000 089 0.02 031 001 054 C 035 -0.02 034 0.03 0.06 0.00 0.83
153824968 T 032 003 031 0.02 0.25 003 017 T 034 -002 044 0.04 0.02 0.01 0.57
152282649 T 032 001 069 0.03 0.25 002 037 T 032 -001 067 0.05 0.003 0.02 0.28
rs1010159 C 035 003 022 0.02 0.27 003 013 C 037 -001 047 0.04 0.03 0.01 061

MA, minor allele; MAF, minor allele frequency; P values smaller than 0.05 are indicated in bold.
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Table 3. Haplotype association with cognitive function in ERF population

Memory Executive Global

Haplotype N % Mean sD Mean SD Mean SD
CGCTTCT 1420 29.35 0.00 0.87 -0.04 0.75 -0.01 0.72
TATTTCT 1068 22.08 0.04 0.82 0.00 0.70 0.02 0.68
CGCCATC 789 16.31 -0.04 0.90 0.01 0.72 -0.02 0.73
TATCATC 435 8.99 0.04 0.83 0.05 0.68 0.05 0.68
CGCTTCC 140 2.89 -0.08 0.79 -0.05 0.63 -0.06 0.62
TATCTCT 87 1.80 -0.01 0.80 -0.08 0.66 -0.06 0.64
Others 899 18.58 0.00 0.77 -0.05 0.67 -0.03 0.62

P value 0.15 0.13 0.18

Ambiguous haplotypes were eliminated; All haplotypes with less than 1% frequency were pooled.

rs689021, and rs641120 (T, A, T) were associated with lower scores on memory tests in
the Rotterdam Study, but with higher scores in the ERF Study (Table 2). Three other SNPs
rs3824968, rs2282649, and rs1010159 were significantly associated with executive function
compound scores in the ERF Study. This association is, however, inconsistent with the find-
ings of the meta-analysis on AD, because the alleles associated with better executive function
(T for rs3824968, T, for rs2282649, and C for rs1010159) were found to be the risk alleles of
AD in the meta-analysis. In addition, we did not observe a significant association between
haplotypes and any cognitive trait (Table 3).

Finally, we analyzed the dense SNP series covering the SORLT region (figure 3). Although
there is some marginal evidence for association, none of the tested SNPs was significantly

associated with neither AD, nor with cognitive function after adjusting for multiple testing.

DISCUSSION

In this study we failed to replicate previous findings on the association between SORL1
gene and AD. Our meta-analysis showed that removing the data of the first published study
resulted in non-significant summary ORs for all SNPs. The association for rs668387, rs689021,
and rs641120 with memory was in an opposite direction in two Dutch populations. The as-
sociation for rs3824968, rs2282649, and rs1010159 with executive function observed in the
ERF study was contradictive with the results from the meta-analysis of AD. When adjusting
for multiple testing no other tested SNPs within or flanking the SORL1 gene were significantly
associated with AD, or with cognitive function.

Our results are in line with recent large studies with similar sample sizes*¢” and a recent
study of SORLT using genome wide association data yielded weak evidence for association of
SORL to AD for four SNPs (rs2101756, rs11218313, rs626885, and rs7131432) that is far from
genome wide significant®. The current study by itself may have limited power to detect an OR
below 1.24 (alpha = 0.05; power = 0.80). However, also the findings of our meta-analysis are
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Figure 3. Dense SNPs flanking the SORL1 gene in association with AD and cognitive function. The minus
base-10 logarithm transformed P-values (Y-axis) are plotted against the physical positions of each SNP
(X-axis). Dashed vertical lines indicate the 7 studied SNPs, from left to right are rs668387, rs689021,
rs641120, rs1699102, rs3824968, rs2282649, rs1010159. Haplotype blocks according to HapMap
Europeans and known genes in the region are aligned below.

far from convincing. When adding our data to the previous ones in Caucasian populations,

the ORs became less significant and move towards the null hypothesis of no association. The
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evidence of association was mainly driven by the first three studies from the same research
group'3, where the odds ratios exceeded the genetic effect estimated by meta-analysis of
the remaining studies. Removing the original study from the meta-analysis, results in non-
significant ORs for all SNPs. Notably, even after excluding the original study, the remaining
6,000 cases and 11,000 controls will still have over 95% power to detect a small OR of 1.1 at a
5% false positive rate. Thus, the association of seven SORLT with AD when meta-analyzing all
data available on Caucasians is most likely partly explained by the ‘winner’s curse’ phenom-
enon, i.e., remarkably strong effects the initial study of Rogaeva et al.’28%.

In addition to AD, we also considered cognitive function as an alternative outcome. Using
a cognitive compound score that is based on a z-score transformation of a number of well-
validated tests, we previously detected the association with APOE in non-demented elderlys,
providing empirical support for this method in finding genetic associations with AD. In the
current study, the findings on cognitive function were, however, inconsistent in two Dutch
populations and contradictive to the findings of our meta-analysis. Thus, also these analysis
do not support a role of SORLT in AD.

The reported association of SORLT with AD may also be explained by causal SNPs that are
in linkage disequilibrium with the 7 SNPs targeted initially reported. To evaluate this pos-
sibility we further studied a dense set of SNPs within a 400 kb region covering the SORL1
gene. These SNPs capture all haplotype blocks within or overlapping the gene. Although
there is some marginal evidence for association, when adjusted for multiple testing no SNP
was significantly associated. Other studies also have genotyped a dense series of SNPs to
evaluate additional genetic variants in the SORLT gene'**¢, None of these studies could show
significant evidence of association with AD when adjusted for multiple testing.

In conclusion, we did not find a significant effect of SORLT on the risk of AD when adjusting
for multiple testing. Clearly, the marginal evidence for association may be interpreted as sug-
gestive evidence for association. However, the recent successes in genome wide association
studies have shown that adjusting for multiple testing and consistent replication of findings
are the keys to success. So far, the findings on SORL are far from genome wide significant.
Deep sequencing of the SORLT gene may reveal rare variants that explain the two clusters of
SNPs associated to AD observed in some populations.

Web resources

R library GenABEL for SNP association analysis and PedCut for breaking large pedigrees, http://mga.
bionet.nsc.ru/soft/index.html

Simwalk2 for haplotype inference, http://watson.hgen.pitt.edu/register.

The AlzGene Database for the meta-analysis of the SORLT gene, http://www.alzgene.org.

Online Mendelian Inheritance in Man (OMIM), http://www.ncbi.nlm.nih.gov/Omim/.

Alzgene database, http://www.alzgene.org

Huge navigator, http://www.hugenavigator.net
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ABSTRACT

In a recent genome-wide association study, the GAB2-gene has been suggested to modify
the risk of late-onset Alzheimer’s disease (AD) among APOE E4 carriers. However, replication
data are scarce and inconsistent. In a population-based cohort study (N = 5507; age>55) with
443 incident AD cases we sought to replicate the association between rs4945261 and AD.
Because we used high-density genotyping of GAB2, we also investigated several other poly-
morphisms within and around this gene. Furthermore, we performed a meta-analysis with all
previously published studies. We found that rs4945261 was associated with AD among APOE
E4 carriers (P = 0.02), but not among non-carriers (P = 0.26). Fifteen of the 20 remaining poly-
morphisms within GAB2 and several polymorphisms in the 250 kbp region surrounding GAB2
were also associated with AD among APOE E4 carriers and only one among non-carriers. For
rs2373115 meta-analysis with published studies yielded an odds-ratio of 1.58 (1.17-2.14) with
P = 3.0x10° among APOEg4-carriers and 1.09 (0.97-1.23) with P = 0.16 among non-carriers.
For rs4945261 the pooled odds-ratio was 1.75 (1.21-2.55) with P = 3.0x10° among APOEe4-
carriers and 1.20 (1.01-1.41) with P = 0.03 among non-carriers. We found the GAB2 gene to
be associated with AD. When taken together with published data, our data suggest GAB2 to
modify the risk of AD in APOE E4-carriers.
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INTRODUCTION

The quest for finding genes that are related to Alzheimer’s disease (AD) has turned towards
using high throughput genotyping analysis, in which thousands of polymorphisms can be
studied concomitantly. Several genome-wide association studies have been conducted for
AD so far and most found a consistent and strong hit in or around the Apolipoprotein E (APOE)
gene, confirming earlier linkage and candidate gene studies'3. Reiman et al. carried out a
genome-wide association analysis after stratification by the APOEe4-allele*. They showed that
the gene encoding GRB-associated binding protein 2 (GAB2) was associated with AD in APOE
E4-carriers, but not in non-carriers. Replication data are scarce and inconsistent: Chapuis et
al® failed to find an association between GAB2 with AD in three independent study samples,
either in APOEe4-carriers or non-carriers. Li et al.? also did not confirm this finding in their
genome-wide association study, but did not stratify by APOE E4 status. However, in a Belgian
sample Sleegers et al.° did find an association, and finally Miyashita et al.” could not replicate
this association in a Japanese population.

In the population-based Rotterdam Study, we sought to replicate the association between
GAB2 and AD. We investigated rs4945261, which was one of the SNPs in the original report.
Moreover, because we used high-density genotyping, we also investigated other SNPs within
GAB2 and within a 250 kbp region surrounding the gene. Finally, we conducted a meta-analy-
sis using random-effects pooling for rs4945261 and rs2373115 based on data from previously
published studies*¢. We searched PubMed using the key-words GAB2, Alzheimer’s disease,
and dementia. We also sought through reference lists of previous papers and queried the
AlzGene database (www.alzgene.org). We did not find any other studies and restricted our

current meta-analysis to Caucasian populations.

METHODS

Study population

The Rotterdam Study is a prospective population-based cohort study of 7,983 Caucasian
participants (aged 55 years and over) living in Ommoord, a district of Rotterdam, The Neth-
erlands®. The study investigates determinants of chronic diseases in the elderly, including
AD. Persons gave written informed consent to participate and the study was approved by
the institutional medical-ethics committee. At baseline (1990-1993) participants were in-
terviewed and underwent physical examination and blood sampling. For the present study,
only persons who were non-demented at baseline were eligible (n=7,046). No overlap exists

between our study population and the Dutch sample reported on in the original report*.
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Genotyping
Only participants with proper quality DNA-samples (n=6,449) were considered for genotyping
using the version 3 lllumina-Infinium-Il HumanHap550SNP chip-array as part of a large project
on genetics of complex diseases. Genotyping procedures were followed according to manufac-
turer’s protocol®. After quality control 5,974 persons remained with proper genotyped data. No
population stratification was present in this sample®. For the current report we extracted data on
rs4945261. We also extracted other SNPs that were located in GAB2 (total of 20 SNPs) or within a
250-kbp region surrounding the gene (94 SNPs), and were in Hardy-Weinberg equilibrium (P >
0.001). In order to pool our data with all previous studies we imputed allelic data for rs2373115
based on the local linkage disequilibrium structure using the MACH-imputation software
(http://www.sph.umich.edu/csg/abecasis/MACH). The quality of imputation was 99.8%.

APOE genotyping was performed on coded samples without knowledge of the other
measurements as described elsewhere'?, and was unavailable in 467 persons mostly due to
technical reasons leaving a total of 5,507 persons available in the current analysis.

Ascertainment of incident AD

The diagnosis of incident AD was made following a three-step protocol''. At baseline (1990-
1993) and during three follow-up visits (1993-1994, 1997-1999, 2002-2004) two brief tests
of cognition (MMSE and Geriatric Mental State schedule (GMS)) were used to screen all sub-
jects. Screen-positives (MMSE score<26 or GMS>0) underwent the Cambridge examination
for mental disorders of the elderly (Camdex). Persons suspected of having dementia were
examined by a neuropsychologist if additional neuropsychological testing was required
for diagnosis. When available, imaging data were used. In addition, the total cohort was
continuously monitored for incident AD through computerized linkage between the study
database and digitalized medical records from general practitioners and the Regional Insti-
tute for Outpatient Mental Health Care. The diagnosis of AD was made in accordance with
internationally accepted criteria by a panel of a neurologist, neuropsychologist and research
physician. Follow-up was complete until January 1%, 2005.

Statistical analysis

We used the allelic x?-test with one degree-of-freedom to investigate the association between
rs4945261 and AD, before and after stratification by APOE E4 status. We used a threshold of
p=0.05 for statistical significance, because our aim was to replicate previous genome-wide
findings. A similar approach was used when investigating the remaining 20 SNPs within GAB2.
However, in this instance we also assessed multiple testing by calculating false-discovery
rates'? and by permutation testing. Subsequently, we analyzed the 94 SNPs in the region sur-
rounding GAB2. We further explored these associations by using Cox'-proportional hazards
models and adjusting for age, sex, and time-to-event. Finally, we tested for interaction by
adding an interaction term SNP*E4 status to the models.
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RESULTS

Table 1 shows the characteristics of the study population. APOE E4 carriers were younger

than non-carriers and as expected had a shorter follow-up time with a larger percentage of

incident AD cases. Table 2 shows the association of SNPs in GAB2 with AD. Rs4945261, the
only SNP similar to the discovery report, showed a significant association with AD (p=0.02).

Stratification by the APOE E4 allele showed that the association was particularly marked in

carriers of the APOE E4 allele. In non-carriers no significant association with AD was seen.

Table 1. Characteristics of the study population

Total E4 non-carriers E4 carriers p-value
N 5,507 3,958 1,549
Age 68.9(8.7) 69.1(8.8) 684 (84) 0.01*
Women 3,215 (58%) 2,322 (59%) 893 (58%) 0.67**
Mean follow-up 9.24(3.21) 9.31(3.17) 9.07 (3.32) <0.01t
Incident AD cases 443 (8%) 249 (6%) 194 (13%) <0.01t

Values are numbers (percentages) or means (standard deviation). The p-values are for the difference
between APOE E4 carriers and non-carriers; * sex-adjusted; ** age-adjusted; T age and sex-adjusted.

Table 2. Association between polymorphisms in GAB2 and Alzheimer’s disease

SNP Position MA MAF RA Overall E4 non-carriers E4 carriers
p-value OR (95% Cl) p-value OR (95% CI) p-value  OR(95% Cl)
152450135 77605643 A 003 G 0.06 0.73(0.52-1.02) 0.16 0.73(0.47-1.13) 0.17 0.69(0.41-1.17)
151318241 77608440 A 014 G 0.02 1.28 (1.04-1.59) 0.27 1.16 (0.89-1.53) 0.02 1.51(1.08-2.11)
52450129 77618033 G 015 A 0.02 1.29(1.04-1.59) 0.27 1.17(0.89-1.53) 0.01 1.52(1.09-2.13)
15731600 77640781 G 015 A 0.02 1.28(1.04-1.58) 0.27 1.17 (0.89-1.53) 002  1.50(1.07-2.08)
151893447 77650830 G 015 A 0.02 1.29(1.05-1.59) 0.24 1.18(0.90-1.54) 0.01 1.52(1.09-2.12)
152511175 77652729 G 015 A 0.02 1.28 (1.04-1.58) 0.26 1.17 (0.89-1.54) 0.02 1.49 (1.07-2.07)
51981405 77653856 A 011 G 0.04 1.29(1.01-1.64) 0.22 1.22(0.89-1.67) 0.06 1.44(0.99-2.09)
157927923 77657062 G 019 A 041 1.08 (0.90-1.29) 0.97 1.00 (0.80-1.26) 018  1.21(0.92-161)
rs4945261 77667908 A 0.15 G 0.02  1.28(1.04-1.58) 026 1.17(0.89-1.54) 0.02 1.49(1.07-2.07)
157107174 77675584 A 014 G 0.02 1.28(1.03-1.58) 0.26 1.17 (0.89-1.54) 0.02 1.48 (1.06-2.07)
4944196 77686379 A 015 G 0.02 1.29(1.04-1.59) 0.19 1.20(0.91-1.58) 0.03 1.45(1.05-2.02)
156592772 77693211 C 015 A 0.02 1.29 (1.05-1.60) 0.20 1.19(0.91-1.57) 002  149(1.07-2.08)
rs10899469 77695961 G 015 A 0.02 1.29(1.04-1.59) 0.23 1.18(0.90-1.55) 0.02 1.50(1.08-2.09)
1511237451 77703107 G 019 A 0.29 1.10(0.92-1.32) 0.65 1.06 (0.84-1.34) 022 1.19(0.90-1.57)
152292572 77730512 A 015 C 0.01 1.32(1.07-1.63) 0.13 1.23(0.94-1.62) 0.01 1.51(1.09-2.09)
1s10501426 77734770 A 015 G 0.01 1.31(1.07-1.62) 0.13 1.23(0.94-1.62) 0.02 1.48 (1.07-2.05)
1511601726 77745687 G 012 A 0.95 1.01(0.82-1.24) 0.80 0.96 (0.73-1.27) 0.72 1.06 (0.76-1.48)
1s11603112 77751139 A 015 G 0.01 1.34(1.08-1.65) 0.14 1.23(0.94-1.62) 0.01 1.55(1.11-2.16)
rs2373115 77768798 A 0.15 C 0.01 1.32(1.07-1.63) 0.10 1.26 (0.96-1.65) 0.02 1.46(1.06-2.01)
157112234 77780118 A 015 G 0.01 1.33(1.08-1.64) 0.10 1.26 (0.96-1.66) 0.02 1.47 (1.07-2.04)
s7941639 77794607 A 014 G 0.03 1.26 (1.02-1.57) 0.42 1.12(0.85-1.48) 0.02 1.53(1.08-2.17)
1510899496 77801479 G 015 A 0.01 1.34(1.09-1.65) 0.08 1.28(0.97-1.68) 002  148(1.07-2.05)

Odds ratios are unadjusted and calculated using the allelic 2 test; MA, Minor allele; MAF, Minor allele
frequency; RA, Risk allele; OR, odds ratio; Cl, Confidence interval; SNPs in bold were also genotyped by

Reiman et al.; The SNP in italic was imputed.
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Table 3. Statistics for the association between polymorphisms in GAB2 and incident Alzheimer’s disease,
stratified by APOE E4 status

A. APOE E4 carriers

SNP Unadjusted FDR* Adjusted FDR** Empirical P ***
rs11603112 0.0109 0.0290 0.0050 0.0672
rs1893447 0.0134 0.0290 0.0050 0.0787
152450129 0.0141 0.0290 0.0050 0.0821
1s2292572 0.0147 0.0290 0.0050 0.0866
151318241 0.0162 0.0290 0.0050 0.0918
1510899469 0.0164 0.0290 0.0050 0.0922
rs7941639 0.0176 0.0290 0.0050 0.0941
15731600 0.0177 0.0290 0.0050 0.0963
rs10501426 0.0184 0.0290 0.0050 0.0978
1510899496 0.0184 0.0290 0.0050 0.0978
156592772 0.0185 0.0290 0.0050 0.0986
rs2511175 0.0194 0.0290 0.0050 0.1036
154945261 0.0194 0.0290 0.0050 0.1036
rs7112234 0.0199 0.0290 0.0050 0.1042
157107174 0.0207 0.0290 0.0050 0.1160
154944196 0.0257 0.0337 0.0058 0.1374
rs1981405 0.0574 0.0709 0.0121 0.2652
152450135 0.1710 0.1976 0.0341 0.6026
rs7927923 0.1788 0.1976 0.0356 0.6276
rs11237451 0.2231 0.2343 0.0440 0.6833
1511601726 0.7215 0.7215 0.1295 0.9992

GAB2 region
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Figure 1. The association between polymorphisms surrounding the GAB2 gene and Alzheimer’s disease.
P-values are for the allelic x2 test. Blue triangles indicate p-values for APOE E4 carriers. Red circles indicate
P values for APOE E4 non-carriers. Purple triangles indicate P values for the meta-analysis in APOE E4
carriers. Pink dot-dashed line indicates the threshold for P value = 0.05. Light blue line indicates the
estimated recombination rates reflecting the local linkage disequilibirum (LD) structure. Known genes are
aligned along their genomic position.
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Table 3 (continued)

B. APOE E4 non-carriers

SNP Unadjusted FDR* Adjusted FDR ** Empirical P***
1510899496 0.0824 0.3365 0.0995 0.3366
157112234 0.0954 0.3365 0.0995 0.3750
rs10501426 0.1303 0.3365 0.0995 04728
152292572 0.1337 0.3365 0.0995 04817
1s11603112 0.1382 0.3365 0.0995 0.4883
152450135 0.1568 0.3365 0.0995 0.5417
154944196 0.1916 0.3365 0.0995 0.6258
156592772 0.2060 0.3365 0.0995 0.6435
151981405 0.2151 0.3365 0.0995 0.6605
1510899469 0.2370 0.3365 0.0995 0.6921
151893447 0.2426 0.3365 0.0995 0.6965
157107174 0.2569 0.3365 0.0995 0.7329
154945261 0.2574 0.3365 0.0995 0.7330
52511175 0.2597 0.3365 0.0995 0.7337
15731600 0.2664 0.3365 0.0995 0.7416
152450129 0.2665 0.3365 0.0995 0.7423
151318241 0.2724 0.3365 0.0995 0.7642
157941639 0.4175 0.4870 0.1448 0.9150
1511237451 0.6476 0.7157 0.2080 0.9937
1511601726 0.8011 0.8412 0.2452 0.9999
157927923 0.9743 0.9743 0.2832 1.0000

Statistics are based on the 21 genotyped SNPs in GAB2. SNPs are ordered by the unadjusted p-value; * Using the
method described by Benjamini and Hochberg'? ** calculated using the R-package ‘fdrtool"’, which additionally
adjusts for the estimated proportion of true null associations; *** obtained after 10,000 permutations

Of the 20 remaining SNPs in GAB2 15 also showed a significant (P < 0.05) association as well
as the imputed SNP rs2373115 (Table2). Table 3 shows that although the P values would
not survive multiple-testing correction for 21 SNPs, the probability that these findings are
false-discoveries is very small. In the Figure 1 P values for all SNPs within 250 kbp of the GAB2
gene are plotted against their respective genomic position and stratified by APOE E4-allele.
Among APOE E4-carriers various SNPs that were in high linkage disequilibrium (LD) with SNPs
within GAB2 had a p value < 0.05. Non-significant SNPs were located further away from GAB2
across recombination sites and in other LD-blocks (Figure 1). In contrast, in non-carriers only
one SNP in the whole region located outside GAB2 had a P value < 0.05.

Table 4 shows hazard-ratios, adjusted for age, sex and time-to-event. The associations
among non-carriers hardly changed, but among APOE E4 carriers the associations attenuated
slightly. Nevertheless, eleven of the 22 SNPs were still significant among APOE E4 carriers,
whereas several others SNPs were borderline significant. Finally, the interaction term for
SNP*E4 was not significant for any SNP.

Meta-analysis with published studies showed a pooled random-effects odds ratio for
rs2373115 among APOE E4 carriers of 1.58 (95%CI 1.17-2.14) with P = 3.0x107. For rs4945261
the meta-analysis showed among APOEg4-carriers a random-effects odds ratio of 1.75 (1.21-
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Table 4. Association between polymorphisms in GAB2 and Alzheimer’s disease using Cox’-proportional
hazards models

SNP Position Hazard ratios (95% Cl)
E4 non-carriers E4 carriers

152450135 77605643 0.74(0.50-1.11) 0.76 (0.48-1.20)
rs1318241 77608440 1.16 (0.90-1.51) 1.38(1.00-1.90)
rs2450129 77618033 1.17(0.90-1.52) 1.38(1.00-1.90)
15731600 77640781 1.17(0.90-1.51) 1.36 (0.99-1.87)
151893447 77650830 1.17(0.90-1.51) 1.37 (1.00-1.88)
152511175 77652729 1.17(0.90-1.52) 1.36 (0.99-1.87)
rs1981405 77653856 1.22(0.90-1.64) 1.32(0.92-1.88)
157927923 77657062 0.99(0.79-1.23) 1.11(0.86-1.44)
rs4945261 77667908 1.17(0.90-1.52) 1.36 (0.99-1.87)
157107174 77675584 1.17 (0.90-1.53) 1.35(0.99-1.85)
154944196 77686379 1.20(0.92-1.55) 1.32(0.97-1.80)
156592772 77693211 1.20(0.92-1.55) 1.37(0.99-1.88)
rs10899469 77695961 1.18(0.91-1.54) 1.38(1.00-1.89)
rs11237451 77703107 1.03 (0.82-1.29) 1.10(0.85-1.42)
152292572 77730512 1.21(0.93-1.57) 1.38(1.02-1.88)
rs10501426 77734770 1.21(0.93-1.57) 1.36 (1.01-1.85)
1511601726 77745687 0.97 (0.74-1.26) 1.14(0.84-1.55)
rs11603112 77751139 1.19(0.92-1.55) 1.41(1.03-1.92)
rs2373115 77768798 1.23(0.95-1.61) 1.36(1.00-1.85)
157112234 77780118 1.23(0.95-1.61) 1.36(1.01-1.85)
157941639 77794607 1.12(0.86-1.45) 1.44 (1.04-2.00)
1510899496 77801479 1.24(0.95-1.61) 1.37(1.01-1.86)

Adjusted for age, sex, and time to event; SNPs in bold were also genotyped by Reiman et al.%; The SNP in
italic was imputed.

2.55) with P =3.0x103. Among non-carriers the odds ratios were 1.09 (0.97-1.23) with P=0.16
forrs2373115 and 1.20 (1.01-1.41) with P = 0.03 for rs4945261 (Figure 2).

DISCUSSION

In this population-based cohort study we found that rs4945261 was associated with AD in
persons carrying the APOE E4 allele. In non-carriers no significant association was found.
Furthermore, we also found that several other SNPs within and around GAB2 were associ-
ated with AD in APOE E4-allele carriers but not in non-carriers, though these would not
survive multiple-testing correction. To our knowledge this is the first study to longitudinally
investigate the association between GAB2 and AD. The population-based design limits the
possibility of selection biases often seen in case-control studies. A possible limitation is that
in some cases the diagnosis of AD might have been misclassified. However, such misclas-
sification is likely to be random and would therefore lead to an underestimation of the true
effect. Another consideration is that apart from rs4945261 the other SNPs were different from
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Figure 2. Meta-analysis of published studies on the association between polymorphisms in GAB2 and
Alzheimer’s disease, stratified by the APOE E4 allele

previous reports. However, additional genotyping is unlikely to change our results given the
density of SNPs we studied and the low recombination rate in GAB2 (Figure 1). Moreover,
genotyping different SNPs can be regarded as contributing to fine-mapping the GAB2-gene
and its association with AD. Our associations would not have survived stringent multiple
testing correction for 21 SNPs. However, given the strong LD between SNPs and the low
prior probability of these findings being false-positive, standard multiple testing could be
considered overly conservative. More importantly, the meta-analysis also points towards a
positive association. Thus far, three studies have failed to replicate the initial findings**” and
only one confirmed the association®. In line with the initial study, we found that GAB2 alleles
were associated with AD only among APOE E4 carriers, and not in non-carriers. Pooling our
data with previously published data showed highly significant associations with odds ratios
of 1.58 and 1.75.

GAB2 is a protein involved in various pathways, some of which involve AD-related tau
processing'°. Indeed, Reiman et al. also found that GAB2 expression was associated with
protection from neurofibrillary tangle formation''>. Moreover, GAB2 is expressed together
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with other potential AD-related genes'®. However, the exact mechanism of interaction with
the APOE gene is still unknown. Future research should focus on disentangling the exact
interactive mechanism as well as high-density sequencing of GAB2 to find the possible
causative variant.

In conclusion, we found GAB2 to be associated with AD. Together with previous data, this
suggests GAB2 as a novel gene modifying the risk of AD in APOE E4 carriers.
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General Discussion

Alzheimer’s disease is (AD) a heterogeneous and complex disorder and finding genes involved in
its pathophysiology has been proven to be a challenge. Four genes are known to be implicated
in the onset of AD, the amyloid precursor protein gene (APP)', presenilin-1 (PSEN-1)*¢ and pre-
senilin-2 (PSEN-2)"#, and the apolipoprotein E gene (APOE)*'2, After decades of genetic research,
numerous genes have been studied as potential AD susceptibility genes. A large meta-analysis
from the AlzGene database representing 1055 polymorphisms and 355 genes reported in the
literature as at August 2006 revealed the following 13 additional potential AD-susceptibility
genes: angiotensin | converting enzyme (ACE); cholinergic receptor nicotinic beta 2 (CHRNB2);
cystatin C (CST3); estrogen receptor 1 (ESR7); glyceraldehyde-3-phosphate dehydrogenase
spermatogenic (GAPDHS); insulin-degrading enzyme (IDE); 5,10-methylenetetrahydrofolate re-
ductase (MTHFR); nicastrin (NCSTN); prion protein (PRNP); PSEN-1; transferrin (TF); mitochondrial
transcription factor A (TFAM); and tumor necrosis factor (TNF)'3. All of these genes are associated
with relevant biological mechanisms and pathways but whether they are significant markers for
AD still needs to be further elucidated. It is important to note that in the meta analysis, none of
the P-values approaches the level of genome-wide significance as required from genome-wide
association studies. Recent reports from individual studies reveal significant associations with
the sortilin-related receptor (SORLT)' and glycine-rich protein 2-associated binding protein
2 (GAB2)'> on chromosome 11, death-associated protein kinase 1 (DAPKT1)'® and adenosine
triphosphate-binding cassette transporter 1 subfamily A (ABCAT) on chromosome 9", and
low-density lipoprotein receptor-related protein 6 (LRP6) on chromosome 12, All of these pu-
tative variants still lack of replication in large representative populations but have relevance to
neuropathlogical mechanisms and pathways that may be associated with AD pathogenesis™. A
summary of these listed genes is given in Table 1. It becomes clearer that a number of genes are
no longer significant in the updated meta-analysis, such as ESR1, IDE, NCSTN, TNF.

This thesis describes an investigation of genetic susceptibility to AD and cognitive function.
We discuss solutions for several theoretical and practical challenges which we encountered
during the investigation. Further, we conducted our research in a genetically isolated popu-
lation. We started with a whole genome screen and then zoomed into regions of interest. We
further performed three candidate gene studies. Below the main findings presented in the
chapters of this thesis are discussed briefly, and put into perspective of each other and of
previous findings.

METHODOLIGICAL ISSUES

Linkage analysis in a genetic isolate population

Most studies described in this thesis were conducted in a recently genetically isolated popu-
lation studied in the Genetic Research in Isolated Populations (GRIP) program. Advantages of
this population for finding genes for complex disorders include (1) increased linkage disequi-
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Table 1. Meta analysis of candidate genes associated with Alzheimer’s disease in previous case-control
studies

Nbr. Frequency Allelic

Gene SNP studies Allele AD CTR OR 95% Cl

APOE 38 E4 0.38 0.14 3.68 [331, 411]
ACE 151799752 41 insertion 048 047 1.08 [1.00, 1.17]
CHRNB2 154845378 4 T 0.07 0.10 0.67 [0.50, 0.90]
CST3 1s5030707 4 C 0.19 0.16 1.23 [1.03, 147]
ESR1 152234693 16 P 043 045 1.10 [097, 1.24]
GAPDHS 154806173 4 G 0.36 0.39 0.87 [0.75, 1.00]
IDE 152251101 13 C 0.26 0.27 0.98 [0.89, 1.07]
MTHFR rs1801133 24 T 041 042 1 [1.02, 1.21]
NCSTN 1512239747 5 G 0.04 0.04 0.99 [0.74, 1.34]
PRNP 151799990 13 G 0.22 0.26 091 [0.83, 0.99]
PSENT 15165932 41 G 041 042 0.92 [0.86, 1.00]
TF 151049296 14 Q2 0.20 0.18 1.18 [1.04, 133]
TFAM 152306604 5 G 041 0.46 0.82 [072, 094]
TNF 151800629 8 A 0.16 0.15 1.07 [085 1.34]
SORL1 15668387 15 T 043 0.44 092 [0.84, 1.00]
GAB2 152373115 7 T 0.15 0.18 0.79 [067, 0.94]
DAPK1 154878104 7 T 035 0.38 0.88 [0.82, 0.95]
ABCA1 152230806 13 A 0.28 0.28 1.00 [090, 1.12]

librium (LD) % and (2) reduced genetic complexity ?'. Another merit of this population is the
availability of extensive genealogic information, which has been systematically collected and
computerized. The latest release of the GRIP genealogic database holds information on more
than 110,000 individuals across 23 generations (oldest birth year 1300 and youngest birth
year 2006). All the individuals can be connected to a single, large, and complex pedigree that
is characterized by multiple distant consanguineous loops. The complexity of this pedigree
is illustrated in Figure 1.

For late onset or sporadic AD, it is not easy to find clusters of closely related patients even
in genetically isolated populations, which is likely explained by disease alleles with incom-
plete penetrance. However, with profound genealogic information available, it is possible to
identify clusters of distantly related patients. Because overall haplotype sharing between dis-
tantly related individuals is rare, any observed sharing becomes valuable. An example of the
power of large pedigrees consisting of distantly related patients was provided by a linkage
analysis of pituitary adenoma predisposition in northern Finland. Significant linkage signals
were obtained with a one nine-generation pedigree containing only six patients?. Another
successful example is the identification of a novel locus for autosomal recessive early-onset
parkinsonism using 4 distantly related patients®. Therefore, known relationships between
individuals over many generations might provide a solid base for linkage analysis, even of

complex disorders, such as late onset AD.
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Figure 1. A pedigree consisting of subjects from the GRIP population

Analysis of large and complex pedigrees in linkage analysis is computationally complex.
Currently, there are two algorithms used for computing exact multipoint likelihoods de-
scribed by Elston-Stewart* and Lander-Green-Kruglyak®2¢. The key computational challenge
is the determination of the inheritance vector for all meiosis, whether a grandmaternal or
grandpaternal allele is transmitted from parent to offspring. For analysis of large pedigrees,
the Lander-Green-Kruglyak algorithm, which enumerates the probabilities of all possible
states of the inheritance vector, becomes intractable because the number of possible states
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increases exponentially with pedigree size. The computational complexity of the Lander-
Green-Kruglyak algorithm increases linearly with the number of markers, thus making it
ideal for analyzing data from a genome-wide scan in small to medium sized pedigrees. The
Elston-Stewart algorithm uses the technique of ‘peeling’to traverse the pedigree one nuclear
family at a time and ‘clipping’ to trim off each nuclear family by computing the conditional
probability of one of its members, based on all the information of the other members of
the family. Peeling and clipping reduce the basic unit of computation in a pedigree to the
nuclear family, and thus, accelerate the overall likelihood computation for a single marker.
However, the ‘peeling’ fails in the presence of multiple consanguineous loops, as in the case
of large and complex pedigrees ascertained from genetically isolated populations (Figure
1). Further, the complexity of the Elston-Stewart algorithm is exponential for the number of
markers. Thus, this method is most suited for studying a region of interest on a chromosome
containing a limited number of markers in pedigrees without loops.

Efforts have been made to extend the computational boundaries of both algorithms,
such as the algorithmic improvements taking advantage of symmetries in the Lander-Green
algorithm?%, and the technique of set-recoding and fuzzy inheritance in the Elston-Stewart
algorithm?3°, Still, there are no exact solutions for analysis of large and complex pedigrees
with large numbers of markers. For linkage analysis of larger pedigrees, approximate Markov
chain Monte Carlo (MCMC) sampling is generally used*'*3. The MCMC algorithm converges
nearly to the exact solution with sufficiently sampling. However, the time required to obtain
an accurate solution can be very long for MCMC samplers, and some user experience is re-
quired to determine when an MCMC run has converged. Furthermore, the recently available
dense sets of SNP markers also increase the sampling time to observe sufficient number of
recombination events. In addition, with dense marker sets, it is critical to consider linkage
disequilibrium (LD) between nearby markers. Only one Lander-Green-Kruglyak based pro-
gram, MERLIN, can handle LD between markers. The MCMC algorithm has been extended to
allow for LD but this is still experimental®’. The two most commonly used MCMC programs,
MORGAN and SIMWALK?2, cannot yet handle LD.

A common approach to reduce the computational complexity is to split large pedigrees
into smaller, and thus computable units**3¢. The existing pedigree-cutting methods do
not specifically consider the pedigree bit-size as a parameter and thus often result in sub-
pedigrees that are still too complex for the Lander-Green-Kruglyak algorithm based linkage
analysis. In chapter 3, we present a recursive pedigree-splitting method that, within a user
supplied bit-size limit, identifies sub-pedigrees having the maximal number of patients who
share a common ancestor. Fast grouping is achieved by prioritizing relatives using kinship.
Compared to the current existing pedigree cutting methods, this algorithm guarantees that
the derived sub-pedigrees can be directly and efficiently analyzed by software implementing
the Lander-Green-Kruglyak algorithm.
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Another approach to reduce the computational complexity of linkage analysis is to break
all consanguineous loops in large pedigrees, and thus enable Elston-Stewart algorithm based
linkage analysis®’. Due to ignoring loops, this method results in a loss of genetic informa-
tion and thus inflates type-I error rate as well as decreases the power to detect linkage. To
minimize this loss, an optimal set of loop breakers has to be selected. For pedigrees in which
any person married no more than one other person, the problem of selecting loop breakers
with a minimum lost of information was solved. For pedigrees with multiple marriages
for which this algorithm is not applicable, several heuristical algorithms for the selection
of loop breakers has been proposed®*, These algorithms, however, do not guarantee the
optimal selection of loop breakers. We developed an algorithm for the automatic selection
of loop breakers and guarantee the minimal loss of the total relationship between measured
individuals*'. Our loop-breaking algorithm provides another option for linkage analysis of
large complex pedigrees with multiple loops and incomplete genotypic and phenotypic
information. This approach is particularly useful for studying a region of interest while taking
into account the inheritance information provided by the whole pedigree.

A drawback of any pedigree-splitting or loop-breaking method is that it unavoidably
underestimates the likelihood of haplotype sharing under the null hypothesis of no linkage,
and, thus, increases the probability of false positive linkage signals*. This is actually a more
general problem for all parametric linkage analyses conducted in genetically isolated popula-
tions. In chapter 2, we illustrated this problem using homozygosity mapping as an example.
With the extensive genealogic information available in the GRIP population, we were able
to show that the degree of consanguinity may be seriously underestimated when only the
shortest consanguineous loops were considered in the analysis. Although the contribution
of each distant loop to inbreeding may be very small, hundreds, and even thousands, of such
distant loops may exist, and they together may contribute substantially to the inbreeding. We
quantified the effect of underestimation of inbreeding on the false positive rate, and showed
that the frequency of false positive conclusions may be seriously inflated. We then proposed
a simple solution by constructing hypothetical loops based on patients’ true inbreeding val-
ues. However, this solution may not work for other types of parametric linkage analysis using
sub-pedigrees derived from the pedigree splitting algorithm. When more than two patients
are related with each other, the hypothetical relationships between patients may not fitin a
pedigree. Therefore we proposed estimating type-I error rate empirically by means of simula-
tion as a general guild line for linkage analysis conducted in genetically isolated populations.
As described in chapter 2 and chapter 4, marker inheritance should be simulated using the
large pedigree, and following linkage analysis should be conducted using the sub-pedigrees

or zero loop pedigrees.
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Association analysis in genetically isolated populations

We discussed the risk of inflation of type-I error rates in linkage analysis due to ignoring or
breaking pedigrees. This is also true for association analysis without taking into account
individual relationships. Many statistical methods for family based association analysis
have been developed. The most popular of these family-based tests of association is the
transmission/disequilibrium test (TDT), which is a test of linkage in the presence of allelic
association®. The TDT method has been further developed to allow more general form of
pedigrees* and improved statistical power by taking into account sibling controls*, and
allow analysis of genetic imprinting or dominance®. Methods for family-based association
tests of quantitative traits were also developed*# and improved?#9%°, There are also other
methods for family-based association analysis®'*8. Due to the availability of dense genome-
wide single nucleotide polymorphisms (SNPs), increasing interests goes to methods that do
not require the knowledge of pedigree structure, such as the methods of genomic control*®,
STRUCTURE®® and EIGENSTRAT®!, which are based on population data rather than pedigree
data. These methods were initially developed to correct for population stratification and later
proven to be very useful for genome-wide association (GWA) analysis in related individuals.
Recently, our group developed a fast powerful method for GWA analysis of quantitative traits
in samples of related individuals, which does not require precise knowledge of pedigree
structure®?. The methods testing for association and correcting for population stratification
are in general more powerful compared to TDT based methods and less computationally
complex compared with linkage analysis.

EMPIRICAL STUDIES

Genome wide linkage analysis of AD

In Chapter 4 we aimed to conduct a genome-wide linkage analysis for late onset AD in the
GRIP population. We applied the pedigree splitting algorithm described in chapter 3 to splita
large pedigree including 4,645 people from whom 112 were late onset AD patients. We could
assign 103 patients to 35 pedigrees using bit-size limit of 35 in about 11 minutes. Empirical
LOD score threshold for 5% genome-wide significance was estimated to be 3.64 by means
of simulation. Using 402 microsatellite markers over the genome, we detected evidence for
linkage for previously established loci on chromosomes 1q21-25 %% and 10g22-24 70, We
also identified a novel locus at chromosome 3q23 that was significantly linked to AD. We fol-
lowed up these regions by association test of dense SNPs with cognitive function and found
region-wide significant association.

In the region of chromosome 1 there are two obvious candidate genes for AD, the C-reactive
protein (CRP) gene” and the nicastrin (NCSTN) gene’2. We sequenced these genes for exons
and exon-intron boundaries but did not find any mutation. For the region on chromosome
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3, we found that one SNP ( rs952797) was significantly associated with cognitive function
in 197 unrelated subjects from GRIP population. This SNP is 126 kb downstream of the spell
out the name (NMNAT3) gene and 131 kb upstream of the spell out the name (CLSTN2) gene.
It has been reported recently that SNP rs6439886, which is a common T — C substitution
within the first intron of CLSTN2, was significantly associated with memory performance’. We
sequenced all exons of this gene in 18 patients but the result so far is not conclusive. We are
currently sequencing more patients for this gene.

We also found suggestive evidence for linkage to chromosome 11g25. This linkage peak is
about 23 cM downstream to the spell out (SORL1) gene, which was recently reported to be
significantly associated with AD'™. We specifically tested the association between polymor-
phisms flanking SORLT gene and cognitive function in 197 unrelated subjects but failed to
detect a significant association, suggesting that other gene(s) may explain our linkage peak
(chapter 4). Furthermore, we conducted a replication study including more subjects from
Erasmus Rouphen Family (ERF) study and Rotterdam and failed to replicate the initial findings
of SORL1 gene being associated with late onset AD (chapter 6).

Candidate gene studies

APOE gene is so far the most important gene for AD. In chapter 5, we studied the age-specific
effects of the APOE E4 allele on cognitive function and vascular pathology in a series of 2208
related individuals from a family-based study conducted in ERF. We found a significant as-
sociation between the APOE E4 allele and reduced memory performance in persons aged
50 years and older. This effect was independent of the effect of APOE gene on cardiovascular
factors. In our analyses of cognitive function there was significant evidence for interaction
between APOE E4 allele and age. The effect of APOE E4 allele increases significantly with
age, particularly in terms of learning ability. As expected APOE E4 allele was strongly related
to lipid levels and atherosclerosis, while serum levels of triglycerides, blood pressure and
atherosclerosis were significantly associated to cognitive function. Additional adjustment for
APOE gene status had little influence on the relationship between vascular risk factors and
cognitive function.

In chapter 6 we studied extensively the association of genetic variants in SORLT gene with
AD and cognitive function. Although our study was carefully designed and well powered, we
could not replicate the association. Nor did we find a consistent and significant association
between SORL1T gene and cognitive function. When adding our data to the previous ones
in Caucasian populations, the ORs became less significant and move towards the null hy-
pothesis of no association. The evidence of association was mainly driven by the first three
studies from the same research group 1-3, where the odds ratios exceeded the genetic effect
estimated by meta-analysis of the remaining studies. Removing the original study from the
meta-analysis, results in non-significant ORs for all SNPs. Notably, even after excluding the
original study, the remaining 6,000 cases and 11,000 controls will still have over 95% power
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to detect a small OR of 1.1 at a 5% false positive rate. Thus, the association of seven SORL1
with AD when meta-analyzing all data available on Caucasians is most likely partly explained
by the ‘winner’s curse’ phenomenon’,

In the first genome wide association in AD, Reiman et al. reported that a haplotype en-
compassing 6 polymorphisms of the GAB2 gene was associated with the risk of developing
AD in 527 case and 117control APOE E4 carriers™. In chapter 7, we tried to replicate this
finding using high-density genotyping surrounding the GAB2 gene in subjects from the
Rotterdam Study. Eighteen of 22 polymorphisms in GAB2 were significantly associated with
AD among APOE E4 carriers, yet none among non-carriers. Of the 50 polymorphisms in the
100kbp-region surrounding GAB2 gene, 26 polymorphisms were associated with AD among
APOE E4 carriers and only one among non-carriers. A point of concern is that all SNPs had
similar P values and the genome wide significance was not reached, even when pooling with
previous studies. However, since this study is targeted replication, threshold of significance
may be less stringent. This study is the first replication of polymorphisms in GAB2 gene in
relation with AD. GAB2 gene is a protein involved in various signaling pathways including
AD -related tau processing. Indeed, Reiman et al. also found that GAB2 gene expression was
associated with protection from neurofibrillary tangle formation. Future research may focus
on disentangling the exact interactive mechanism between GAB2 gene and APOE gene as

well as finding the possible causative mutation.

SUGGESTIONS FOR FUTURE RESEARCH

Although most previous studies of AD were using disease status as the phenotype, testing
for association or linkage with other traits such as cognitive function, biomarkers including
neuroimaging, and neuropathological features may have considerable merit. Because of the
need for standardization across different studies, considerable effort goes into unifying the
method for clinical diagnosis of AD. However, establishing an appropriate control continues
to be a challenge due to the late-onset nature of the disease and lack of pathology confirma-
tion. Furthermore, most genetic defects may be more directly involved in neurobiological
and biochemical processes, which ultimately lead to clinical AD. Therefore, strategies to use
endophenotypes as the research targets may minimize the effects of misclassification of
disease status.

Until recently, most studies have been based on linkage analyses and candidate gene
analysis. The completion of the Human Genome Project”, along with the advances in high-
throughput, high-density genotyping technology have led to a quick increase in the number
of studies examining a large number of SNPs simultaneously in hypothesis-independent
designs. Genome wide association (GWA) studies have emerged as an effective tool for
identifying genetic contributions to complex diseases. In contrast to linkage analysis this
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approach is less susceptible to diagnostic misclassification. There have been a number of
success stories for diseases such as macular degeneration’®’® and diabetes mellitus”. GWA
studies of AD have been disappointing. A GWA study of neuropathologically confirmed AD
cases and control subjects showed a SNP rs4420638 in LD to the APOE gene reached genome
wide significance but no other variants or genes were identified®. Given the fact that a large
proportion (~55%) of the disease must be explained by genetic effects other than that of
APOE®, this implicates that multiple unidentified genetic variants must have small effects
and large sample sizes are needed to identify them.

So far the putative variants of AD show very modest effect sizes, most of which with odds
ratios less than 1.5 and lack of solid replication in large cohorts (Table 1). It therefore typically
requires sufficiently a large sample size over 5,000 cases and the same amount of controls
that allows novel gene discovery®?, and even larger for replication. Huge efforts have been
made to achieve this, such as those funded through the Genetic Association Information
Network (http://www.fnih.org/GAIN2/home_new.shtml) and the Wellcome Trust Case Con-
trol Consortium (http://www.wtccc.org.uk/), that have collected 2000 to more than 10 000
patients and controls. Such efforts are on the way for AD.

Another way to acquire powerful studies is to conduct genome wide meta-analysis. World-
wide collaborations on data sharing policies are going on. Efficient programs for genome
wide meta-analysis were developed. A recently genome-wide meta-analysis of type 2 diabe-
tes successfully identified novel loci associated with the disease®, which highlight the future
of genetic research of complex diseases.

An alternative development that maybe very important for AD research is that of deep
sequencing. There are a large number of genes and regions for which the causal variant has
remained unknown. These include the SORL1, GAB2, and LRP6 genes and genomic regions
have been significantly linked to AD, including chromosome 1p36, 1q23-25, 2q11, 4p16,
5p14, 6416, 9922, 10921-24, 12p13, 14922, 19913, 21922, and Xp22 (www.alzgene.org). By
deep sequencing technology in future we may be able to sequence these regions including
the regions we have identified at chromosome 3q22-24 fully including all exons and introns.
In this way we may identify new variants both common and rare ones. that explain the AD

pathology.
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SUMMARY

Alzheimer’s disease (AD) is the primary cause of dementia in Western societies, affecting
approximately 30% of the population aged 85 years or over. Despite the huge effort in the
scientific community to identify the genes involved in AD, the genetic origin of late onset AD
and cognitive function is largely unknown. In this thesis | aimed to develop new approach to
identify genetic determinants of AD and cognitive function.

In chapter 1, a brief introduction to AD is given; the aims and general outline of the re-
search described in this thesis are presented.

In chapter 2, the effect of ignoring distant genealogic loops on false-positives in ho-
mozygosity mapping was examined. Distant consanguineous loops are often unknown or
ignored during homozygosity mapping analysis. This may potentially lead to an increased
rate of false-positive linkage findings. We show that failure to take into account the distant
loops may lead to a serious underestimation of the degree of consanguinity, especially for
people from genetically isolated populations. We also show that converting multiple loops
to a hypothetical loop capturing all inbreeding may be a convenient solution to avoid false
positive results.

In chapter 3, we present an efficient pedigree splitting algorithm. Utilizing large pedigrees
in linkage analysis is a computationally challenging task. A common solution is to split large
pedigrees into smaller computable sub-units. We present a pedigree-splitting method that,
within a user supplied bit-size limit, identifies sub-pedigrees having the maximal number
of subjects of interest who share a common ancestor. We show that using a bit-size limit
our method can assign more patients to sub-pedigrees than the clique partitioning method,
particularly when splitting deep pedigrees where the subjects of interest are scattered in
recent generations and are relatively distantly related via multiple genealogic connections.
Our pedigree-splitting algorithm and associated software can facilitate genome-wide link-
age scans searching for rare mutations in large pedigrees.

In chapter 4, we conducted a genome screen for late onset AD in a young genetically
isolated Dutch population. We confirmed two previously well described linkage regions for
late onset AD on chromosomes 1g21-25 and 10g22-24. We suggest the RGSL2, RALGPS2, and
Clorf49 genes at 1925 and HTR7, MPHOSPH1, and CYP2C cluster on chromosome 10g22-24
may explain the linage to these regions. We identified a new locus that showed significant
linkage to chromosome 323 markers. For this region we suggest NMNAT3 and CLSTN2
genes may be relevant. Our findings also confirm linkage to chromosome 11g25. We could
not confirm SORLT, instead, our analysis points to OPCML and HNT genes.

In chapter 5, we studied the age specific effects of APOE on vascular pathology and cogni-
tive function. We found a significant association between the APOE E4 allele and reduced
memory performance in persons aged 50 years and older. The effect of APOE E4 is most
pronounced on learning ability, starting as early 40 years. The APOE E4 allele is also strongly
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associated to cholesterol levels and atherosclerosis. This association did not explain the effect
of APOE on cognitive function. Our study suggests that APOE E4 is an important determinant
of vascular and neurological pathology at late age.

In chapter 6, we performed a extensive genomic study for SORLT in relation to AD and
cognitive function. The SORLT gene is one of the most recent genes associated with AD. We
failed to replicate previous findings on SORLT gene being associated AD. Nor did we find
a consistent or significant association between SORLT and cognitive function. When meta-
analyzing our and previously published data we found that the odds ratios reported by the
initial study exceeded the genetic effect estimated by meta-analysis of the remaining studies.
Removing the original study from the meta-analysis, results in non-significant ORs for all
SNPs. The exact causal variant explaining the previously observed association remained to
be identified by deep sequencing.

In chapter 7, we performed a replication study for the GAB2 gene, which was identified to
be associated with AD in APOE E4 carriers through a genome wide association study (Reiman
et al. 2007). We could successfully replicate this finding. Our results were consistent with that
of Reiman et al. and convincing in that multiple SNPs in the GAB2 gene showed significant
association with AD in APOE E4 carriers, calling further investigations to disentangle the exact
interactive mechanism between GAB2 and APOE.

Finally, in chapter 8, we discuss the findings of our studies in the context of those of oth-

ers.
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De ziekte van Alzheimer (AD) is de voornaamste oorzaak van dementie in Westerse samen-
levingen, die ongeveer 30% van de bevolking boven de 85 jaar treft. Ondanks de enorme
inspanningen in de wetenschappelijke gemeenschap om de bij AD betrokken genen te iden-
tificeren, is de genetische basis van AD en cognitief verval op latere leeftijd (late onset AD)
grotendeels nog onbekend. Dit proefschrift heeft als doelstelling methoden te ontwilkkelen
om genetische factoren van AD te identificeren.

In hoofdstuk 1 wordt een korte inleiding tot AD gegeven; de doelen en algemene hoofd-
lijnen van het in dit proefschrift beschreven onderzoek worden gepresenteerd.

In hoofdstuk 2 wordt het effect bestudeerd van het negeren van ververwijderde genealogi-
sche loops op vals-positieven bij het in kaart brengen van de homozygositeit (“homozygosity
mapping”). Verre familieverwantschappen zijn vaak onbekend of worden genegeerd tijdens
homozygosity mapping analyses. Dit zou in potentie kunnen leiden tot een verhoogde mate
van vals-positieve linkage bevindingen. We tonen aan dat het nalaten om rekening te hou-
den met de ververwijderde loops, zou kunnen leiden tot een ernstige onderschatting van
de mate van verwantschap, met name voor individuen uit genetisch geisoleerde populaties.
We laten ook zien dat het omzetten van meervoudige loops in een hypothetische loop die
alle inteelt omvat, een passende oplossing zou kunnen zijn om vals-positieve resultaten te
vermijden.

In hoofdstuk 3 presenteren we een efficient algoritme om stamboom te splitsen. Het
gebruik van grote stambomen in linkage analyses is computationeel veeleisend. Een gang-
bare oplossing is het opsplitsen van grote stambomen in rekenkundig beter hanteerbare
eenheden. We presenteren een stamboom-splitsingsmethode die, binnen een door de ge-
bruiker gedefinieerde bitgrootte, deelstambomen identificeert met het maximale aantal
relevante individuen dat een gemeenschappelijke voorouder deelt. We laten zien dat onze
methode, door gebruik van een begrensde bitgrootte, meer patienten kan toewijzen aan
deelstambomen dan de clique partitioning methode, in het bijzonder bij het splitsen van
ver terugvoerende stambomen waar de relevante individuen zijn verspreid over recente
generaties en die relatief ver verwant zijn via meervoudige genealogische connecties. Ons
algoritme en bijbehorende software kan genoomwijde linkage scans mogelijk maken die
zoeken naar zeldzame mutaties in grote stambomen verkregen aan de hand van genetisch
geisoleerde populaties.

In hoofdstuk 4 hebben we een genoom-screen uitgevoerd voor late onset AD in een jong
genetisch geisoleerde Nederlandse populatie. We bevestigen twee eerder veel beschreven
linkage regio’s voor late onset AD op chromosomen 1g21-25 en 10q22-24. We opperen dat
de RGSL2, RALGPS2 en C10orf49 genen op 1925 en HTR7, MPHOSPH1 en het CYP2C cluster op
chromosoom 10q22-24, de linkage met deze regio’s zou kunnen verklaren. We hebben een

nieuwe locus geidentificeerd die significante linkage vertoond met markers op chromosoom
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3q23.Voor deze regio opperen we dat de NMNAT3 en CLSTN2 genen relevant zouden kunnen
zijn. Onze bevindingen bevestigen ook linkage met chromosoom 11q25. We konden SORL1T
niet bevestigen; in plaats daarvan duidt onze analyse op de OPCML en HNT genen.

In hoofdstuk 5 hebben we de leeftijd-specifieke effecten van APOE op vasculaire patholo-
gie en cognitieve functie bestudeerd. We vonden een significant verband tussen het APOE E4
allel en verminderde werking van het geheugen in personen van 50 jaar en ouder. Het effect
van APOE E4 is het sterkst op het leervermogen, reeds beginnend bij 40 jaar. Het APOE E4 allel
is ook sterk gerelateerd aan cholesterolspiegels en atherosclerose. Deze associatie verklaarde
niet het effect van APOE op cognitieve functie. Onze studie suggereert dat APOE E4 een be-
langrijke determinant is voor vasculaire en neurologische pathologie op latere leeftijd.

In hoofdstuk 6 hebben we een studie uitgevoerd voor SORLT in relatie tot AD en cogni-
tieve functie. Het SORLT gen is een van de meest recente genen dat in verband is gebracht
met AD. We zijn er niet in geslaagd om eerdere bevindingen met betrekking tot het verband
tussen SORLT en AD te repliceren. Noch hebben we een consistent of significant verband
gevonden tussen SORLT en cognitieve functie. Toen we onze bevindingen samenvoegden
met eerder gepubliceerde data vonden we een significant maar klein effect. Weglating van
de oorspronkelijke studie uit de meta-analyse resulteert in niet-significante odds ratio’s (ORs)
voor alle SNPs. De exacte causale variant die de eerder geobserveerde associatie verklaart,
moet nog geidentificeerd worden door deep-sequencen.

In hoofdstuk 7 hebben we een replicatiestudie uitgevoerd voor het GAB2 gen, waarvoor
een verband was aangetoond met AD in APOE E4 dragers door middel van een genoomwijde
associatie studie (Reiman et al. 2007). We zijn erin geslaagd deze bevinding met succes te
repliceren. Onze resultaten waren in overeenstemming met die van Reiman et al. En ze waren
overtuigend gezien het feit dat verscheidene SNPs in het GAB2 gen significante associatie
vertoonden met AD in APOE dragers. Deze resultaten vragen om verder onderzoek wat kan
leiden tot het ontrafelen van het precieze interactieve mechanisme tussen GAB2 en APOE.

Tenslotte bespreken we in hoofdstuk 8 de bevindingen van onze studies in de context van
de bevindingen van anderen.
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