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Abstract We have previously reported strong linkage on
chromosome 10q in pedigrees transmitting Alzheimer's
disease through the mother, overlapping with many
significant linkage reports including the largest reported
study. Here, we report the most comprehensive fine
mapping of this region to date. In a sample of 638 late-
onset Alzheimer's disease (LOAD) cases and controls
including 104 maternal LOAD cases, we genotyped 3,884
single nucleotide polymorphisms (SNPs) covering
15.2 Mb. We then used imputations and publicly available
data to generate an extended dataset including 4,329 SNPs
for 1,209 AD cases and 839 controls in the same region.
Further, we screened eight genes in this region for rare
alleles in 283 individuals by nucleotide sequencing, and we
tested for possible monoallelic expression as it might
underlie our maternal parent of origin linkage. We excluded
the possibility of multiple rare coding risk variants for these

genes and monoallelic expression when we could test for it.
One SNP, rs10824310 in the PRKG1 gene, showed study-
wide significant association without a parent of origin
effect, but the effect size estimate is not of sufficient
magnitude to explain the linkage, and no association is
observed in an independent genome-wide association
studies (GWAS) report. Further, no causative variants were
identified though sequencing. Analysis of cases with
maternal disease origin pointed to a few regions of interest
that included the genes PRKG1 and PCDH15 and an
intergenic interval of 200 Kb. It is likely that non-
transcribed rare variants or other mechanisms involving
these genomic regions underlie the observed linkage and
parent of origin effect. Acquiring additional support and
clarifying the mechanisms of such involvement is important
for AD and other complex disorder genetics research.
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Introduction

Alzheimer's disease (AD) is a complex neurodegenerative
disorder of acquired impairment of intellect and memory.
Late-onset AD (LOAD), the more common form of disease,
affects an estimated 4.5 million people in the USA
currently, with a projected increase in prevalence of up to
16 million in the next 40 to 50 years. Risk factors for
LOAD include increased age and a family history of
disease. Although aggregation of disease is observed within
families and heritability of LOAD is estimated between
60% and 80%, studies in families with LOAD have not
demonstrated a Mendelian mode of inheritance, and linkage
and association studies in these families have not identified
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a particular sufficient causal variant. The APOE gene,
encoding apolipoprotein E, is the first and strongest
established susceptibility gene for LOAD, while several
other promising candidates have been associated in multiple
studies and populations [1], and new ones are emerging
from genome-wide association studies (GWAS) [2–13].
Those however have small or at best moderate effects,
never close to that of the APOE locus. This suggests that
most of the disease heritability likely comes from either rare
alleles or alleles with small effect sizes.

The small effect sizes that are typically observed might
in part reflect the heterogeneity of the disease. Selection of
affected individuals or families based on phenotypic or
other characteristics that reflect the presence of specific
genetic risk variants can increase the observed effect size
and power. We and others have attempted to reduce
heterogeneity by stratifying families based on features such
as clinical presentation and parent of origin [14–17],
borrowing a theme from successful linkage studies for
early onset AD that identified amyloid precursor protein
after accommodating genetic heterogeneity based on age of
onset [18]. Recent linkage studies of LOAD have impli-
cated at least three regions of the genome, including
chromosome 10q, which has shown linkage to a LOAD
locus in multiple independent studies [19, 20] and with
varying methodologies [21, 22].

Our previous genome-wide linkage study showed evi-
dence of linkage in this region, particularly when consid-
ering heterogeneity by parent of origin (43.7–61 Mb on
National Center for Biotechnology Information (NCBI)
Build 36.1) [14, 15]. Families with an affected mother
showed peak logarithm of odds ratio (LOD) score of 3.7 at
D10S1221 (chromosome 10 at ∼57.2 Mbp), compared to a
LOD score of 1.1 when parental affection status was not
considered. Functional magnetic resonance imaging further
supports evidence of heterogeneity, with offspring of cases
from maternal families linked to chromosome 10 having
markedly different brain activation patterns in response to
word recall tasks compared to non-linked families [23].
Recently, a pooled linkage analyses that assembled the
largest linkage collection of AD families to date strength-
ened the evidence for linkage on chromosome 10 [17]. Our
samples were part of that study, but our maternal families
only represented 10% of the total. The improvement of the
score compared to previous smaller overlapping studies
[16] and the shift of the peak toward our region (the peaks
now overlap by two thirds) might indicate that our
stratification strategy achieved similar increase in power
with the larger sample size.

We report here single nucleotide polymorphism (SNP)
fine mapping of this region using a case–control approach
with the most comprehensive SNP coverage reported to
date.

Materials and methods

Sample

(a) Genotyped sample: Our cases include 255 unrelated
LOAD patients from the three-site NIMH Genetics
Initiative families and 94 additional AD patients from
the National Cell Repository for AD (NCRAD),
housed at Indiana University Medical Center (total=
349 cases, 104 with known maternal affection).
Ascertainment criteria, sample procurement, and data
gathering for the NIMH samples are further described
in [24] and [14]. All cases met NINCDS/ADRDA
criteria for diagnosis of probable or possible AD or
had a definite diagnosis after autopsy confirmation.
Controls included 197 unaffected individuals from the
NCRAD and 92 unaffected individuals (spouses) from
our ongoing longitudinal study of AD offspring [23].
All controls were screened to be cognitively healthy
and were unrelated to each other in any of the cases.
All participants included in the analysis reported
European Caucasian ethnicity. Table 1 provides infor-
mation on the sample demographics.

(b) Extended dataset: In order to increase our sample size,
we obtained data from the GWAS reported by Reiman
et al. [13] on 1,410 cases and controls. These data are
available at the Translational Genomics Research
Institute (TGEN) website (http://www.tgen.org/
research/) and include 312,316 SNPs across the
genome with 1,943 SNPs in our region, for 860 cases
and 550 controls. Of these, 643 cases and 404 controls
were neuropathologically confirmed, while the remain-
ing was clinically evaluated. The sample includes 41%
males and is described in detail in the corresponding
publication [13] and the TGEN website. Through data
imputations using our dataset, the TGEN dataset, and
the HapMap CEU data, we achieved an extended
dataset that contained 2,048 individuals with complete
data on 4,329 SNPs within our region of interest.
Parent of origin information was not available for the
extended dataset; thus, all such analyses as well as run

Table 1 Genotyped sample demographics

N Agea Male Female

AD cases 349 73.5 150 199

Maternal cases 104 71.4 42 62

Controls 289 73.2 150 139

Total 638 73.4 300 338

a Estimated age of onset for cases and age at screening for controls
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of homozygosity (ROH) analyses were performed
only in our genotyped dataset.

SNP selection

SNPs for genotyping were chosen and genotyped in two steps,
starting with selection of 3,072 SNPs in step 1, followed by an
additional 1,499 in step 2. For step 1, HapMap (phase I)-
validated SNPs were chosen based on location (chromosome
10: 43.7–61.0 Mb), linkage disequilibrium (LD; all phase I
HapMap SNPs were included unless another SNP with r2≥
0.8 was present), residence in coding sequence (all validated
coding SNPs known to dbSNP were included), and
conservation (based on University of California, Santa Cruz
(UCSC) genome browser PhastCons >0.9), and Illumina
design score >0.6 (reduced to 0.4 for irreplaceable tagging
SNPs). In step 2, 1,499 SNPs were chosen to supplement
step 1, based on newly available HapMap phase II
genotyping data. All HapMap phase II SNPs with minor
allele frequency (MAF) ≥5% were included unless another
SNP with r2≥0.8 (based on phase II genotypes) was present
in step 1 or was already selected.

We included five SNPs on chromosome X for quality
control (QC) and assessment purposes, and another 152
SNPs outside our region for ancestry estimation. A portion
of these were included in step 1 genotyping, chosen to be
approximately equally spaced across the genome (one SNP
per 3 Mb), of which, 64 passed design phase and were
attempted. The remaining portion of QC SNPs was
genotyped in step 2. These were chosen based on
European-African divergence, from the online Table B of
Smith et al. [25]. In total, after data cleaning, we retained
137 of these markers for QC analysis.

Genotyping methods

Genotyping was performed at the Broad/NCRR Center for
Genotyping and Analysis using the Illumina Golden Gate
custom array platform. We supplied 5 μg of DNA at
100 ng/μl including two blinded QC samples replicated on
every 96-well microtiter plate sent to the BROAD for
genotyping. The BROAD provided raw data (.idat intensity
files) as well as initial genotype calls for analysis.

Raw intensity data for all 4571 SNPs were analyzed locally
using the Illumina BeadStudio software to allow inspection
and manual modification of clustering if necessary and the use
of intensity-level information. We then considered particular
genotypes missing if the Illumina quality score (GenCall
score) was <0.6. We removed SNPs from final analyses if the
proportion of missing genotypes per SNP exceeded 10%, if
the MAF<0.01, or if Hardy–Weinberg equilibrium (HWE) in
controls was rejected at p<10−4.

Statistical methods

Data cleaning, descriptive statistics, tests of departures from
Hardy–Weinberg proportions, and genetic association anal-
yses were performed in R version 2.6. Estimates and plots
of LD were also carried out in Haploview (www.broad.mit.
edu/mpg/haploview). To assess potential genetic outliers
among our genotyped set of self-reported Caucasian
samples, we performed STRUCTURE analyses [26] using
the 137 markers genotyped for this purpose that were not in
our candidate region. Assuming one, two, and three
ancestral populations, we did not see evidence for popula-
tion substructure nor did we detect individual outliers
among our samples.

Similar ancestry analyses have been performed on the
TGEN dataset [13] that we included in our extended dataset
(see below), also with no evidence of substructure. We
therefore did not further correct for ancestry in subsequent
analyses, yet we did include a “dataset” covariate in the
analyses of the extended dataset to account both for sample
and platform differences.

Logistic regression models were used to estimate odds
ratios (OR) per SNP assuming an additive genetic model,
adjusting for age of onset or age at cognitive screen for
controls. Nominal p values were estimated via 5,000
permutations of case–control status as the number of
permutations with likelihood ratio test (LRT) values are
greater than or equal to the observed LRT value per SNP.
Given the stronger linkage signal in this region among
maternally affected families, we also performed case–
control analyses as above restricting cases to only those
with known maternal affection. Our empirical p values
were highly correlated with asymptotic results. Reported p
values are SNP specific and not corrected for the testing of
multiple SNPs in the region.

In order to explore the presence of disease predisposing
deletions or long homozygous segments that might suggest
the involvement of recessive alleles on long haplotypes, we
used PLINK [27] (http://pngu.mgh.harvard.edu/purcell/
plink/), with an ROH defined as 300 Kb of homozygous
SNPs, allowing heterozygosity of ≤1 SNP within that
distance, to allow for genotyping errors. None of the
identified ROH provided evidence of a deletion after
inspection of the signal intensity data in the BeadStudio
software. We then plotted the frequency of homozygosity
runs per case and controls by location (Fig. 1) to identify
any disease-specific ROH.

Extended dataset

We created a combined data set including genotypes from
our case–control sample and GWAS genotypes available
from the TGEN case–control data generated on the
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Affymetrix 500 K GeneChip platform. The TGEN data
included 1,943 SNPs with genotypes in our region, of
which, 424 overlapped with our genotyped SNPs. In order
to accurately impute the largest possible set of SNPs in the
combined dataset, we used the imputation platform Beagle
v.3.0.4 [28] (http://www.stat.auckland.ac.nz/∼bbrowning/
beagle/beagle.html) and added the HapMap I and II CEU
data which included 5,258 SNPs in common with either our
or the TGEN sample. This provides probabilities for each
of the three possible genotypes for an SNP when no
observed genotype is available. The allele identities and
strands (plus or minus) when ambiguous were matched
using Chi-square tests between allele counts in the two
samples. We required that the selected match is at least
1,000 times more likely than the alternative based on p
values. When this level of confidence was not achieved, for
example, in SNPs with complementary alleles (C/G or A/T)
and with frequencies close to 50%, we used information
from neighboring SNPs that were in complete (D′=1) but
not perfect (r2<0.8) LD and, therefore, formed only three
observed haplotypes with the SNP of interest.

After acquiring the imputed genotype probabilities, we
removed SNPs that had an imputation r2<0.5 reflecting
insufficient information for imputation, and SNPs that were
not in HWE (p<0.001) in our sample, the TGEN sample, or
the two combined.

Association tests in this extended dataset were per-
formed via logistic regression analogous to those in our
primary data analysis, using the genotype probabilities
calculated by Beagle and the analytic package PLINK. We

included a “dataset” covariate to correct for possible
systematic differences between our and the TGEN datasets.
In Supplementary Table 1, we show the statistical power of
our extended dataset, the genotyped set, and the maternal
subset.

Finally, we compared our strongest signals with those
from the study of Li et al. [4]. Those results are publicly
available on the GlaxoSmithKline Clinical Trials Registry
(http://www.GSK.com).

Nucleotide sequencing

Sequencing by the Sanger method [29] was performed via
standard protocols either in our laboratory or commercially
by Polymorphic DNA technologies Inc. (Alameda, CA,
USA). Primers were designed to allow high quality
sequence of each exon as well as at least 10 bp of flanking
sequence, including the 5′ and 3′ untranslated regions.
Putative promoter sequences were not included. We
sequenced the following genes selected because they
showed evidence of association and improvement in the
maternal stratum: PCDH15, CXCL12, ZNF488, ARH-
GAP22, CHAT, SLC18A3, PRKG1, MBL2, and GDF10.
The PCDH15 gene was sequenced in our laboratory on 14
cases with maternal disease origin and ten unrelated
controls. The remaining eight genes were sequenced by
Polymorphic DNA technologies on 103 maternal cases and
37 additional cases from families showing linkage to this
region. Additional two cases were included because they
had available brain tissue for our imprinting analyses. We
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chose 143 of the oldest controls for comparison. Chromato-
graphs were aligned using CodonCode Aligner (CodonCode
Corporation, Dedham, MA, USA), and variations were
visually inspected and annotated when they appeared valid
and were observed on both strands. All variations were
mapped in the genome and were characterized as coding
synonymous, non-synonymous, nonsense, non-coding with
potential functionality, and non-coding with no evidence of
functionality. The latter two categories were assigned based
on phylogenetic conservation and the bioinformatics tool
RegRNA (http://regrna.mbc.nctu.edu.tw/).

Allele-specific expression

We investigated the possibility of monoallelic expression
by genotyping transcribed SNPs on genomic DNA and then
temporal lobe cDNA from heterozygous individuals.
Polymerase chain reaction (PCR) amplifications specific
for genomic DNA or cDNA were performed by use of
primers within introns or spanning across exons. The
corresponding PCR products were used for genotyping by
nucleotide sequencing. We first genotyped genomic DNA
from all samples with available brain tissue, 52 brains
without gross pathology and 55 brains with AD pathology.
We then followed up by genotyping the cDNA of any
observed heterozygotes, expecting to fail to observe only
one of the two alleles in the event of allele-specific
expression.

DNA and RNA extractions and reverse transcription
methods are described in detail in Szymanski et al. 2009
[30]. Briefly, our sample included 21 male cases, 34 female
cases, 28 male controls, and 24 female controls. The
average age for the cases was 79, and the average
postmortem delay to brain harvest was 12.4 h. These were
74 years and 15.1 h, respectively, in controls. DNA was
extracted using a Puregene kit (Gentra systems–Qiagen®),
RNA was extracted using TRIzol (Invitrogen®), and first
strand complementary DNA was generated using the
TaqMan reverse transcription kit by Applied Biosystems
(cat#N8080234) using random primers and the
manufacturer-suggested protocols. The tissue samples have
been used extensively in our laboratory and show no
evidence of significant degradation.

Genotyping and analysis of rs5984894 in PCDH11X

For reasons explained in the discussion, we genotyped
rs5984894 in our samples using TaqMan® to test for
interactions with SNPs in the PCDH15 gene. We observed
a 96.4% call rate, all males were hemizygotes as expected
for an X linked marker, and the genotypes of females were
in HW equilibrium. Interaction with SNPs showing a parent
of origin effect was tested by using the rs5984894

genotypes as a covariate in the regression model alone or
together with sex and by testing associations of pseudoha-
plotypes between rs5984894 and each chromosome 10
marker of interest using Haploview.

Results

Descriptive analyses

(a) Genotyped sample: After missing data filters, 3,997
SNPs remained, of which, 101 had a MAF<1%, and
an additional 12 had significant departure from HWE
proportions among controls at p<10−4, resulting in
3,884 SNPs for our primary association analyses
(Supplementary Table 2). Of the 152 ancestry infor-
mative SNPs, 16 were removed due to missing data,
but we kept those with MAF<0.01, since they were
chosen to have extreme MAF differences between
populations, resulting in 136 for ancestry analyses.
Four of the five X chromosome SNPs clustered well,
and the data were consistent with the subjects' reported
sex. Our region of interest lies between 43.7 and
61 Mb on chromosome 10, and after subtracting
2.1 Mb that are within segmental duplications and
could not be covered with SNPs, we have an effective
region size of 15.2 Mb covered by 3,884 SNPs or a
density of one SNP/3.9 Kb for our genotyped dataset.
The same region is covered by 3,018 and 2,788 on the
Illumina 550 and the Affymetrix v 5.0 arrays,
respectively. Our SNP coverage of this region is
therefore about 30% greater than either of these
platforms that have been commonly used for GWAS.

(b) Extended dataset: We were able to match the alleles of
5,258 SNPs that had data in HapMap and in at least
one of the two case–control samples and used them for
imputations. We removed 803 SNPs that had an
imputation r2<0.5 and 126 SNPs for deviations from
HWE, leaving 4,329 SNPs with genotype probability
calls on all individuals.

The publicly available result files from the Li et al. study
[4] included p values for 3,018 SNPs in our region: 98% of
the TGEN SNPs, 16% of our genotyped SNPs, and 39% of
SNPs in the extended dataset.

Case–control analyses

p values for our case–control analyses of each SNP across
the region are shown in Fig. 2, along with analogous results
when considering only maternal cases. Of 3,884 SNPs, 143
(3.7%) had nominal p values <0.05, and 29 (0.75%) had p
values <0.01 for the case–control analysis. The SNPs in the
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top 1% of p values from case–control analyses are provided
in Table 2, along with results for stratified analyses based
on maternal affection status. The appropriate significance
threshold based on p values is unclear for a set of correlated
SNPs such as these, but the threshold likely to protect
family-wise type 1 error can be estimated based on the
correlation structure of SNPs in this region. We calculated
all pairwise r2 values across SNPs and subtracted the
maximum r2 for each SNP to any other from the total count
of SNPs, without replacement. This provides an estimate of
the independent association tests in our analysis (1,673.5).
Bonferroni correction for the effective number of tests
suggests a threshold of p<3×10−5 to consider study-wide
significance. None of our SNPs achieved this level of
significance.

From our genotyped dataset results, two areas across
our fine-mapping region (gray shading in Fig. 2) are
worth noting for an observed clustering of nominally
significant SNPs: a large intergenic region near position
48.2 Mb and a second region, at 56.4 Mb, containing the
gene for protocadherin 15 (PCDH15). The first area,
between 48.1 and 48.3 Mb on chromosome 10 (UCSC
March 2006), contains 1.7% of all tested SNPs, but 18%
(7/39) of the top 1% most significantly associated SNPs
(Fig. 3a and Table 2). These SNPs are not strongly

correlated with each other (only one pair has an r2 of 1, all
others are below 0.6 with an average r2=0.2 for all seven).
All seven SNPs show stronger association in the maternal
subset, and 20% (8/39) of the top 1% in the maternal
stratum is found in this small region. This region is devoid
of known genes, harboring only two gene predictions that
show no homologies with known proteins and no RNA
evidence. It is flanked on the telomeric side by a “non-
SNPable” segmental duplication which contains one of
two almost identical copies of the gene PTPN20, the other
copy located at ∼46 Mb also within our region of interest.
On the centromeric side, the region is flanked by the gene
GDF10.

The second area showing an enrichment of nominally
significant SNPs among the maternal cases was observed
between 55.4 and 56.8 Mb, which overlaps with the
PCDH15 gene locus. Thirteen percent (5/39) of our top
1% most significantly associated SNPs is located in this
gene, which includes 11.6% of all tested SNPs, and is thus
not greater than expected. However, 13 of 19 nominally
significant SNPs in this gene improve association (and
ORs) when restricting cases to only those with maternal
affection (see Fig. 3b and Table 2). If one considers the
distribution of p values among the maternal subset analyses
across the entire fine-mapping region, 36% of the top 1%
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most significantly associated SNPs is located in this gene,
more than threefold higher than the expected 11.6%.

Of additional interest among the top results of the
maternal subset was an area which corresponds to the cyclic
GMP-dependent protein kinase gene (PRKG1), spanning
positions 52.4 to 53.7 Mb (11.8% of all SNPs in our fine-
mapping panels). This gene includes the strongest associ-
ation in the overall sample, while seven (18%) of the SNPs
in the top 1% of the maternal subset analysis also mapped
to this gene region. p values among those SNPs ranged
from of 0.001 to 0.014.

Neither haplotype analyses nor stratification by APOE
status or sex revealed additional areas of the fine-mapping
region with significance levels above those expected by
chance. These results are therefore not presented in detail.
Finally, although at least one notable ROH was identified
located at around 58 Mb, no significant differences were
observed between cases and controls (Fig. 1).

Results for analyses of the extended dataset are shown in
Fig. 4 and Table 3. One SNP, rs10824310, showed
statistical significance p ¼ 1:5� 10�6ð Þ that can withstand
correction for multiple testing. This significance was due
entirely to the TGEN dataset which alone provided a
p ¼ 1:0� 10�6, while our genotyped dataset showed the
same direction but no support alone (p=0.24). SNP
rs10824310 was genotyped by TGEN and imputed in our
dataset; therefore, imputation errors would not generate a
spurious association. This SNP is located in the PRKG1
gene, the same as rs1326251, which was the best signal in
our genotyped sample. The TGEN sample showed only
weak excess of risk alleles for the latter SNP (p=0.33 in
TGEN alone, p=0.005 in the extended dataset). We
examined the results of Li et al. [4] and found that
rs10824310 was present but did not show evidence of
association (p=0.9), while rs1326251 was not reported.

The PCDH15 locus remained of interest in the extended
dataset despite the lack of parent of origin information.
Although the set of SNPs toward the middle of the gene
that had been previously identified for a parent of origin
effect did not show significance, another set of six SNPs
toward the 5′ (telomeric) end of the gene showed p values
between 6.2×10−5 and 3.5×10−3. The strongest signal was
for rs2441760, which was also nominally significant in the
genotyped sample alone (p=0.03).

The intergenic region at 48.2 Mb showed no evidence of
association in the extended dataset. Since that region was
highlighted mainly because of the parent of origin effect, its
importance cannot be assessed in the extended dataset due
to the lack of parental data.

Finally, the extended dataset analysis highlighted a new
region toward the telomeric end of our linkage at 60.18 to
60.39 Mb on chromosome 10 containing the gene BICC1.
In this region, the extended dataset showed ten SNPs with pT
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values between 4×10−4 and 9×10−3. Four of these SNPs
(rs11006267, rs7098555, rs6481440, and rs1838539) were
nominally significant in both our genotype and TGEN
dataset. One SNP, rs7089764, showed the strongest
significance in the stratum of patients not carrying any
APOE e4 alleles (p=7×10−5 compared to p=6×10−3; OR
1.55 compared to 1.23), a trend that was in the same

direction when examining the genotyped sample alone (p=
0.044 from 0.07; OR 1.5 from 1.3).

Sequencing

We followed up our association analysis for common
variation contributing to disease with a nucleotide sequenc-

Fig. 3 Regions with enrichment
for nominally significant single
nucleotide polymorphisms. Full
case–control comparisons in
blue, maternal case–control
comparisons in red. Genes and
conservation information from
University of California, Santa
Cruz shown at bottom of each
panel
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ing analysis to test the hypothesis that multiple individually
rare alleles in one or many genes contribute to risk. We
selected what we considered the most likely candidate
genes for sequence analysis weighing strongly toward
genes that fit our primary hypothesis showing a possible
parent of origin effect, but including our strongest result
overall in the PRKG1 gene. Our rational was that the
observed relatively weak associations might be the result of
concentrations of such rare alleles on a haplotype or that the
same gene might include both common and rare risk
variants. PCDH15 was sequenced in 14 cases with maternal
disease origin and ten unrelated controls. We identified 13
common previously known variants and six previously
unknown variants; however, allele distributions were
similar cases and controls. Eight additional genes
(CXCL12, ZNF488, ARHGAP, CHAT, SLC18A3, PRKG1,
MBL2, and GDF10) were then sequenced in 283 individ-
uals (140 cases and 143 controls). These genes were
selected because SNPs located in their vicinity showed
significance, which improved in the maternal subset. A
total of 134 DNA variants were identified within or close to
exons including 74 previously unknown variants (NCBI
submission numbers ss124987499 through ss124987572).
We examined all common variants for frequency differ-
ences between cases and controls. One novel variant
(ss124987507 genome coordinates chr10:49,333,190, build
March 2006) showed a significant allele frequency differ-
ence between cases and controls (p=0.0035) and no strong
LD with any genotyped SNP. This difference however was
no longer observed when additional cases and controls were
genotyped. We then grouped variants together and globally
compared frequency of the alternative (non-reference) allele

between cases and controls in the following nested
categories: (1) coding non-synonymous SNPs, (2) all
coding SNPs, (3) the previous SNPs plus any SNPs in
conserved regions and with functional potential based on
RegRNA predictions, and finally, (4) the previous SNPs
plus any with functional potential even in non-conserved
regions. In all cases, we further sub-grouped SNPs with
MAF<0.01, MAF<0.05, and all MAF. None of these
comparisons provided any evidence of difference between
cases and controls for any one gene or all genes combined,
failing to support the multiple rare allele hypothesis for the
genes in question.

Allele-specific expression

We were able to find heterozygotes with available tissue for
RNA extraction for six genes. The list of genes follows
with the number of controls and cases that were informative
for monoallelic expression in parenthesis: ARHGAP22 (3,
4), GDF10 (6, 1), PCDH15 (3, 2), PRKG1 (0, 1), SLC16A9
(0, 3), and ZNF488 (2, 5). In all instances, sequencing
detected both allelic variants on the transcript ruling out the
possibility of exclusively monoallelic expression unless it is
tissue specific, splice variant specific, temporally variant, or
polymorphic. Our results suggest no consistent genomic
imprinting in the temporal lobe for the tested genes.

Discussion

We have performed a dense association study of the
chromosome 10 region implicated in AD by many groups.

PRKG1

Mb Position on Chr 10

PCDH15

BICC1

-L
og

(P
 v

al
ue

):
 E

xt
en

de
d 

da
ta

se
t

Fig. 4 p values for single nu-
cleotide polymorphism associa-
tions across the linkage region
in the extended dataset. The
shaded areas are the same as in
Fig. 2
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We have covered the one-LOD interval of our linkage peak,
which largely coincides with the region identified in a
recent combined linkage analysis [17]. The peak marker
(D10S464 at 60.9 Mb) in that report is less than 4 Mb from

our peak linkage marker, D10S1221, and our fine-mapping
region includes two thirds (12 Mb) of their one-LOD
interval [17]. Our study of 3,884 SNPs and the extended
dataset of 4,329 markers on 2,048 samples represents the

Table 3 Top 1% associated single nucleotide polymorphisms in the extended dataset

Name Position Region Minor allele (+ strand) MAF OR Cl_low Cl_up Pval

rs10824310 53,698,470 PRKG1 T 0.07 0.52 0.25 0.79 1.5E-06

rs2441760 56,747,641 R2/PCDH15 C 0.27 1.40 1.23 1.57 6.2E-05

rs7089764 60,382,682 C 0.17 0.35 1.18 1.52 0.00042

rs1838539 60,269,468 BICC1 G 0.07 0.63 0.36 0.90 0.0007

rs6481440 60,262,929 BICC1 C 0.06 0.64 0.37 0.91 0.00092

rs11006267 60,233,640 BICC1 G 0.06 0.65 0.36 0.93 0.00198

rs7085810 60,263,748 BICC1 C 0.09 0.67 0.41 0.93 0.00231

rs7098555 60,262,814 BICC1 A 0.08 0.67 0.41 0.93 0.00234

rs1900493 56,783,626 R2/PCDH15 T 0.48 1.22 1.09 1.35 0.00255

rs10825499 56,779,323 R2/PCDH15 A 0.48 1.22 1.09 1.35 0.00257

rs1935927 54,282,884 C 0.23 1.27 1.11 1.43 0.00264

rs10824815 54,269,972 G 0.22 1.26 1.10 1.41 0.00304

rs1900472 56,765,259 R2/PCDH15 C 0.48 1.21 1.08 1.35 0.00313

rs6480524 53,297,004 PRKG1 G 0.26 0.80 0.65 0.95 0.00321

rs2218582 56,773,366 R2/PCDH15 A 0.48 1.21 1.08 1.34 0.00345

rs1900482 56,778,201 R2/PCDH15 C 0.49 1.21 1.08 1.34 0.00355

rs11819131 54,253,439 T 0.23 1.25 1.09 1.40 0.00378

rs4098805 54,256,054 C 0.23 1.24 1.09 1.40 0.00428

rs10508965 53,639,284 PRKG1 A 0.03 1.83 1.40 2.26 0.00505

rs1326251 52,918,572 PRKG1 T 0.12 1.36 1.14 1.58 0.00522

rs7902899 54,280,438 G 0.42 1.19 1.06 1.32 0.00587

rs7094271 60,185,028 BICC1 T 0.46 0.82 0.67 0.96 0.00594

rs11003193 54,260,405 C 0.42 1.19 1.06 1.32 0.00611

rs17009540 49,149,175 T 0.05 0.67 0.38 0.96 0.00633

rs11819277 54,248,264 T 0.21 1.24 1.08 1.40 0.00656

rs1937663 53,330,084 PRKG1 A 0.29 0.83 0.68 0.97 0.00674

rs7899656 54,219,374 T 0.29 0.82 0.66 0.97 0.00694

rs4098804 54,256,334 A 0.22 1.24 1.08 1.40 0.00694

rs915085 44,323,185 A 0.08 0.73 0.50 0.96 0.00702

rs7917334 54,240,857 G 0.37 1.19 1.06 1.32 0.00705

rs1935924 54,258,086 G 0.42 1.18 1.06 1.31 0.00842

rs2114561 59,895,941 A 0.22 1.23 1.07 1.39 0.00868

rs4385797 54,291,036 A 0.34 0.83 0.70 0.97 0.00868

rs11812365 50,139,287 C 0.16 1.27 1.09 1.45 0.0087

rs10857452 50,139,698 C 0.07 1.43 1.16 1.71 0.0087

rs11003238 54,309,106 C 0.33 0.83 0.69 0.97 0.00883

rs11006325 60,390,246 T 0.16 1.26 1.08 1.44 0.00897

rs1343043 54,306,825 A 0.34 0.84 0.70 0.97 0.00903

rs11815410 60,186,341 BICC1 T 0.44 1.19 1.05 1.32 0.00927

rs11003831 55,208,481 A 0.43 0.84 0.71 0.98 0.01032

rs1125139 59,889,658 G 0.20 1.23 1.07 1.39 0.01075

rs10763591 60,375,162 A 0.16 1.25 1.07 1.42 0.01092

rs11003138 54,217,179 C 0.46 1.18 1.05 1.31 0.011
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mostcomplete coverage of this genomic region to date. One
SNP in the PRKG1 gene achieved study-wide statistical
significance; however, the same SNP shows no trend for
association in the independent dataset of Li et al. [4]. Other
interesting regions emerged with over-representation of
nominally significant SNPs and support from both the
genotyped and the extended dataset, or from strong parent
of origin effects. These include the genes BICC1 and
PCDH15, as well as an intergenic region of 240 kb. Signals
in these regions often improve when we restrict analysis to
maternal cases, consistent with our linkage findings.

The cyclic GMP-dependent protein kinase gene (PRKG1)
product, protein kinase G (PKG), is a serine/threonine-
specific protein kinase that is activated by cyclic GMP. This
gene showed the strongest signal in the genotyped sample, a
high concentration of other strong signals in maternal cases,
and the strongest, albeit not the same, signal in the extended
dataset. PKG is known to be involved in the regulation of
smooth muscle relaxation and platelet function but, most
importantly, in neural cell survival [31]. Due to its function,
it has been proposed as a therapeutic target for neurodegen-
erative disorders including AD [31]. Its involvement in
neuroprotection makes PRKG1 an exceptional candidate for
AD as any perturbation of this function would presumably
make the brain vulnerable to increased loss of neurons and
lower the biological liability threshold for developing
dementia. The lack of consistency in the results from
different datasets, the lack of significance in the results of
Li et al., and the lack of candidate rare coding variants
reduce the enthusiasm; however, these results could reflect
multiple non-coding variants with unequal representation in
different haplotypes and in different datasets. This is a
difficult hypothesis to test, although recent high throughput
sequencing methods might make it possible.

Protocadherin15 (PCDH15) is a member of the cadherin
superfamily, which codes for integral membrane proteins
that mediate calcium-dependent cell–cell adhesion. The
high concentration of association signals in the maternal
case analysis, especially in the absence of signals before the
stratification, is reminiscent of our linkage results, and it
makes this gene region particularly interesting. Adding to
this, another protocadherin, PCDH11X, was recently
reported to be strongly associated with AD [6]. Adhesion
molecules such as PCDH15 and PCDH11X regulate
cellular adhesion through specific interactions on the
opposing cell or surface. Beyond its role as a cell adherence
protein, the PCDH15 gene has been identified as essential
to the maintenance of normal retinal and cochlear function.
PCDH15 is best known for its role in the development and
maintenance of hairlike projections called stereocilia in the
inner ear and in the development and maintenance of retinal
photoreceptors. Mutations in the PCDH15 gene are
associated with deafness and hearing loss as well as vision

problems [32]. PCDH15 is located exactly under the peak
of our linkage signal. Since protocadherins are by definition
involved in interactions, we hypothesized that PCDH15–
PCDH11X interactions might underlie AD risk. The sexual
dimorphism that has been observed for PCDH11X which is
located on chromosome X but escapes X-inactivation [33]
and the dose-dependent risk observed for the risk allele of
PCDH11X [6] provides an interesting possibility that might
explain the maternal origin effect that we observe around
PCDH15. However, after genotyping the AD-associated
variant in PCDH11X (rs5984894), we found no association
with AD and no evidence of interaction with any of the
SNPs in PCDH15 that showed association in the maternal
cases (PCDH11X-rs5984894 allele counts are provided in
Supplementary Table 3).

We also noted a cluster of nominally significant
associations in the genotyped dataset within a gene devoid
region at 48.1–48.3 Mb. This region contains only 1.7% of
all tested SNPs but concentrates 18% (7/39) of the top 1%
signals in the analysis of all genotyped cases and 20% (8/
39, a 15-fold enrichment) of the top 1% signals in maternal
cases including the best maternal signal (p<0.001, see
Supplementary Table 4). The associations were not ob-
served in the extended dataset and might be specific to the
maternal cases. Intergenic regions have been shown to often
contain regulatory sequences that may act from a distance
to control the expression of neighboring genes [34–36]. The
genes which flank this region are GDF10 (growth differ-
entiation factor 10) upstream and protein tyrosine phospha-
tase (PTP), non-receptor type 20B (PTPN20B) downstream.
GDF10 codes for a protein in the transforming growth
factor beta superfamily that is closely related to bone
morphogenetic protein family. Proteins in this family
regulate cell growth and differentiation in both embryonic
and adult tissues. The PTPN20B gene product is PTPs.
These proteins are a group of enzymes that remove
phosphate groups from phosphorylated tyrosine residues
on proteins. Together with tyrosine kinases, PTPs regulate
the phosphorylation state of many important signaling
molecules, such as the MAP kinase family. PTPs are
associated with the regulation of several fundamental
cellular processes which may include cell growth and
differentiation, mitotic cycles, and oncogenic transforma-
tion. Of note, the PTPN20B gene is the result of a
segmental duplication on chromosome 10 and is the near
identical copy of PTPN20A. A third copy is only partially
duplicated and contains a pseudogene, designated as
PTPN20C. As a result of the duplication, the PTPN20A
gene is in the non-SNPable part of our region.

The BICC1 gene located at 60.2 Mb attracted our
attention only in the extended dataset due to a concentration
of association signals, which we also found to be present
but weaker in the genotyped dataset. The gene encodes for
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the bicaudal C homolog 1, a protein that was originally
recognized to be important in Drosophila oogenesis [37,
38] and later found to control cilia orientation [39], to cause
polycystic kidney disease in mouse models [40] and to be a
substrate for caspases and essential for cell survival [41].
The gene has been previously explored for association with
AD in a relatively small sample with negative results [42].

Our previous expression studies on genes in the
chromosome 10 linkage region revealed a novel gene at
10q11.23, ASAH2L [43]. This partial paralog of the alkaline
ceramidase gene displayed reduced expression with in-
creasing age, reduced expression in females across ages,
and further reduction in LOAD patients. In concordance
with the observed parent of origin effect on the linkage, this
reduction was more pronounced in patients with an affected
mother. In the present study, only nominally significant
associations were observed near this gene region which,
however, is not adequately tested due to the segmental
duplication it lies within. Stratification by maternal parent
of origin marginally improved significance.

Additional candidate genes have been investigated for
association with development of AD in the chromosome 10
linkage region by other research groups. These genes
include RASSF4 (Ras association (RalGDS/AF-6) domain
family 4), ALOX5 (arachidonate 5-lipoxygenase), ANXA8
(annexin A8), SLC18A3 (solute carrier family 18 (vesicular
acetylcholine), member 3), ACF (apobec-1 complementa-
tion factor), DKK1 (dickkopf homolog 1), and ZWINT
(human ZW10 interacting protein-1). Our analysis did not
provide significant support for any of these genes.

Our fine-mapping effort provides the greatest density of
coverage for this region to date. Nevertheless, we remain
underpowered to detect associations of alleles with very small
effects (i.e., ORs at or below ∼1.3, see Supplementary Table 1).
While prior linkage results argue for a relatively strong effect,
that signal may be divided across multiple alleles and/or genes
with smaller individual effects in this region, leading to the
lack of region-wide statistical significance among our associ-
ation results. Our efforts to identify such alleles by sequencing
the coding regions of selected genes did not provide a positive
result. We also did not detect genomic imprinting in the
temporal lobe. Our results provide a few interesting candidate
regions that often show the same parent of origin effect
observed by linkage, yet we cannot conclusively point to the
AD risk variants underlying the reported linkage signals. It is
likely that as more genome-wide association data become
available for AD, perhaps some with parent of origin
information, our data, together with new knowledge about
the disease, will contribute to the identification of the elusive
chromosome 10 gene(s).
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