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Abstract

Nicastrin is an obligatory component of the y-secretase; the enzyme complex that leads to the production of Ap fragments
critically central to the pathogenesis of Alzheimer’s disease (AD). Analyses of the effects of common variation in this gene on
risk for late onset AD have been inconclusive. We investigated the effect of rare variation in the coding regions of the
Nicastrin gene in a cohort of AD patients and matched controls using an innovative pooling approach and next generation
sequencing. Five SNPs were identified and validated by individual genotyping from 311 cases and 360 controls. Association
analysis identified a non-synonymous rare SNP (N417Y) with a statistically higher frequency in cases compared to controls in
the Greek population (OR 3.994, Cl 1.105-14.439, p =0.035). This finding warrants further investigation in a larger cohort and
adds weight to the hypothesis that rare variation explains some of genetic heritability still to be identified in Alzheimer’s
disease.
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Introduction

Alzheimer’s disease (AD) is the commonest neurodegenerative
disease of the elderly and with an increasingly aging population in
many countries the burden of disease will continue to rise
inexorably. Until recently, the €4 allele of the APOE gene was the
only well established genetic risk factor for the typical late-onset
form of the disease. However, recent results from two of the largest
genome wide association studies have identified and replicated
several novel loci with high significance [1,2]. These loci include
clusterin (CLU) and complement receptor 1 (CR1). In contrast to
the APOE locus, the effect size and attributable risk for these
variants are more modest. For example the CR1 locus has odds
ratios of 1.11 and attributable fractions of 3.8% compared to 25.5%
for APOE [2]. It is clear from these studies that in common with
other complex disorders such as Type II diabetes or physiological
traits such as height that susceptibility genes detected by whole
genome association studies for AD are common (MAF>0.1) and of
modest effect (RR<1.3, with APOE being a notable exception).
Cumulatively these variants only explain a small proportion of the
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genetic risk; additional risk will undoubtedly be explained by more
common variants of small effect. However, it is increasingly
recognised that rare variants have a role in complex disease. An
example in neurodegenerative disease is the glucocerebrosidase
gene (GBA) in Parkinson’s disease, individuals homozygous for
mutations in this gene present with the Mendelian disorder Gaucher
disease, while individuals heterozygous for the same mutations have
an increased risk for Parkinson disease [3,4] The cumulative
frequency of GBA mutations in Parkinson disease cases can be as
high as 9.0% compared to less than 0.5% in controls. Such variants
are not included on commercial genotyping arrays but are only
detected through re-sequencing approaches.

While genome wide association studies are appropriately
powered to detect common variants of modest effect, linkage
studies are more effective in detecting rare variants of larger effect
even in the presence of allelic heterogeneity. Linkage studies in AD
may therefore indicate loci harbouring rare variants and nominate
candidate genes for re-sequencing. In a meta-analysis of AD
linkage studies by Butler et al, 2009 [5], although there were no
genome wide significant findings, three regions showed genome
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wide suggestive evidence for linkage. The gene for Nicastrin, one
of the components of the 7y-secretase is underneath one of the
suggestive linkage peaks on chromosome 1.

Intramembranous y-secretase cleavage of the amyloid precursor
protein (APP) is the final step in the production of the amyloid-f
peptide (AP); the main constituent of amyloid plaques found in the
brains of patients with Alzheimer’s disease [6]. The length of the
AP peptide is dependent on the y-secretase cleavage site, with
AB42 being the most amyloidogenic peptide. Mutations in another
component of the y-secretase, presenilin 1 (PS1) are found in the
early onset autosomal dominant form of Alzheimer’s disease [7,8].
Nicastrin was first identified by immunoprecipitation of PSI
followed by analysis by mass spectrometry and it acts as the
substrate binding component of the y-secretase complex [9].

Several studies have investigated the role of common SNPs in the
Nicastrin gene on risk of AD. Haplotype studies have identified a
haplotype (HapB) associated with early onset AD in people who lack
the APOE &4 risk variant in a Dutch population based sample [10].
This association was replicated in a Sardinian study containing both
familial and sporadic AD cases, but failed to be significantly
replicated in others [11,12]. A study looking at normative cognitive
aging found an effect of HapB on life long stable cognitive ability,
but not on age related cognitive change [13]. There have also been
investigations of the effect of Nicastrin promoter SNPs but again
with varying results in different populations [13-16].

Systematic screens for rare variants that may have an effect on
protein function have been carried out using small sample sizes
comprising mostly familial AD cases. Dermaut et al (2002) [10]
screened 78 familial and 38 sporadic cases using DHPLC indentifying
4 SNPs in the coding regions. One of which caused an amino acid
substitution (N to Y at codon 417). Confalaoni et al (2003) [17] also
identified this as the only missense mutation, present in 1 of 104
familial cases, 2 of 174 sporadic cases and one of 191 controls (although
a young control). These studies use a combination of familial and
sporadic AD cases which may have a heterogeneous genetic actiology.

In addition non-sense and truncating mutations in the genes of
the y-secretase complex, including Nicastrin have recently been
implicated in Familial Acne Inversa and haploinsufficency was
inferred to be causal. None of the mutations have previously been
shown to cause early onset AD, but it may be that these could
contribute to risk of late onset AD [18].

To investigate the effect of rare variation in a larger sample size of
sporadic AD patients we have re-sequenced the coding regions of the
Nicastrin gene in a cohort of AD patients and matched controls using
an innovative pooling approach and next generation sequencing.

Results

Genomic DNA from 311 Alzheimer’s patients and 360 controls
were combined to create case and control pools. Nicastrin exon
regions were amplified using 16 exon-specific PCR reactions, and
then PCR products were pooled in equimolar amounts and
subjected to deep sequencing.

The sequencing of the case and control pools generated 307005
and 302171 reads respectively. For the case and control pools
87.1% and 87.0% of reads respectively mapped to the reference
sequence. This resulted in a mean coverage of 228 reads per
position for each individual in the case pool (114 per allele) and
197 reads per position for each individual in the control pool (98
reads per allele). Fig. 1A shows the distribution of read coverage.
Using the cut off for variant calling described in the methods we
were able to identify SNPs at a frequency of 3-8 variants in the
pool, depending on the transition type. For example in the case
pool the error distribution allowed the identification of a G-A
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transversion with a frequency of 3 variants, but for a A-C
transition the error distribution was higher only allowing the
identification of variants with a frequency as low as 7.

Table 1 shows the identified variants and those which were
individually genotyped using Sequenom genotyping, for the
purpose of validation. These included all common SNPs, all
non-synonymous SNPs and a selection of the remaining rare SNPs
identified. The SNPs at positions 158585487 and 158594972 had
a frequency below the cut off for variant calling, but these were
investigated in addition to the called SNPs (SNP 158585487 if
validated would cause a non-synonymous change that would be
potentially damaging, and SNP 158594972 is at a very high
frequency only in one read direction). The common SNP at
position 158587689 was not genotyped as it is known to be in
perfect LD with the genotyped SNP at position 158588123 [17].

Five SNPs identified in the sequencing were validated by
individual genotyping. In addition the two SNPs that did not pass
the acceptable threshold that were genotyped were not validated.
These are likely to be due to sequencing or alignment errors. Most
of the SNPs with a minor allele frequency below 0.01 were false
positive although two rare variants were validated at a low
frequency. Of the common variants identified only the SNP at
position 158588123 was validated, which also validates the SNP at
position 158587689. Three SNPs that had relatively high MAF
(0.03-0.1) were not validated in the single genotyping. On closer
inspection it can be seen that these SNPs have an extremely high
forward to reverse read ratio, being overly represented in the
forward reads possibly indicative of a sequencing artefact. The
level of discrepancy between forward and reverse reads was
represented using a score which was calculated from the absolute
difference between the frequencies in the forward and reverse
reads divided by the mean frequency (table 1).

The allele frequencies for validated SNPs were compared
between SNPs with a F:R read ratio score of 1 or lower (fig. 2).
The correlation between the Sequencing in pools and the individual
genotyping is 0.82 and 0.95 for case and control respectively. If the
outlier (SNP at position 158592193 which is in 32 bp from the start
of the PCR product and in a relatively low depth region) is excluded
the correlation becomes stronger, 0.98 for cases and 1 for controls.

Association analysis was carried out on the variants validated by
individual genotyping (table 2). No association with AD was
identified for the common SNP at position 158588123. This is
located in exon 10 and results in a synonymous change. Of the
rare variants identified, two resulted in non-synonymous amino
acid changes. Both were predicted to be possibly damaging using
POLYPHEN [19] and have a higher frequency in cases compared
to controls, with the association of the SNP at position 158590601
reaching statistical significance (OR =4.475, CI=1.24-16.12,
Chi®=6.28, p=0.012). No association was found with age of
onset (data not shown). This significantly associated rare SNP was
genotyped in additional samples by individual genotyping. In total
2016 samples were genotyped comprising AD and control
individuals as shown in table 3. There is a much smaller effect
size in the UK population which had a lower MAF, where the
association would not reach statistical significance alone. There
was no association identified in the remaining samples from other
Western European populations. Overall there was a weakly
significant effect in a Meta-analysis of all the samples studied
(table 3, using random effects model z=1.98, p =0.048).

Discussion

We demonstrate along with other recent publications [20—22]
that it is possible to use pooled samples to screen for rare SNPs in
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Figure 1. Depth of coverage. A: The depth of coverage at each position where the X axis shows the genomic position on chromosome 1 (hg18,
Mar. 2006). B: Locations of the PCR products aligned to the X axis. C: Locations of the Exons of Nicastrin aligned to the X axis.

doi:10.1371/journal.pone.0017298.9001

large pools and after quality control obtain reliable allele
frequency data. Although the cost of next-generation sequencing
is reducing, it is still expensive and time consuming to resequence
large numbers of individuals. This technique makes the large
sample sizes required to have enough power to detect association
more affordable.

In studies with a high depth of coverage it is the sequencing
error rate (both sequencing and PCR errors) that is the limiting
factor in the identification of very rare variants. An inadequacy in
this study is that a single heterozygote SNP in one individual in the
pool would have an allele frequency below that of some
sequencing errors. We were able to identify variants as low as
one individual in the pool, but we cannot rule out that some true
variants have not been identified. A reduction in pool size could
insure that the lowest frequency SNP would have an allele
frequency above that of the distribution of sequencing error.

Limitations to the pooling approach are difficulties in ensuring
equimolar representations of samples. In this study careful
quantification of individual DNA samples and accurate combin-
ing has provided accurate allele calling, as shown by the strong
correlation of allele frequencies obtained with pooled sequencing
compared to individual genotyping. Increased accuracy in sample
representation, and allele frequency estimation may have been
achieved by performing separate PCR reactions in each
individual and pooling of PCR products [22], although this
would have resulted in increased costs and DNA use. A limitation
of the use of pools is the loss of individual genotype data. For
example one cannot test for an association under different
models, or look at gene-gene or gene-environment interactions.
An alternative approach gaining popularity is the use indexed
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libraries [3,23,24] and combinational pooling strategies [25,26].
Although at present there are limitations to the number of
samples that can feasibly be pooled, taking into account the cost
and time constraints of preparing a library for each sample. We
have shown that pooling before library generation without
indexing is a viable alternative, saving cost and time and allowing
the pooling of many more individuals, which is an especially
useful way of screening large numbers of samples in a relatively
small region. With recent improvements in read length, and
sequence output as well as improving allele calling algorithms
especially designed for pooled analysis the capacity of this
technique is growing [27-30].

Out of 16 SNPs identified from pooled sequencing 11 were
genotyped in individual samples and of these six were validated.
There was an excellent correlation between the sequencing and
individual genotyping results, but only for samples that had a
forward to reverse read ratio score of less that 1. This indicates
that the DNA pooling step was very accurate, but because of bias
introduced in the sequencing (most likely at the PCR amplifica-
tion stages) single genotyping validation is required for all but
allele frequencies passing the most stringent quality control
thresholds.

There are no common SNPs previously identified in Caucasian
individuals in the regions sequenced as listed in dbSNP (build 130).
The regions were investigated in the publically available SNP
call data from the pilot 1000 genomes project data (www.
1000genomes.org). Pilot 1 contains low depth whole genome
sequencing of 60 individuals. Pilot 3 contains high depth
sequencing of around 1000 gene regions in which the regions
studied here are represented. The only SNPs that were identified
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in both the 1000 genomes data and our data are the SNPs at
positions 158588123 and 158587689 which both have a minor
allele frequency of 0.035 in the case pool and 0.048 in the control
pool. In both pilot 1 and pilot 3 these SNPs have an allele
frequency of 0.04. No other SNP above a frequency of 0.01 was
identified in the 1000 genome data which were not identified in
our sample. This is encouraging as it suggests that any SNP of a
reasonable frequency had been detected. It is as expected that very
rare SNPs identified are likely to be population specific.
Association analysis was carried out on the identified variants.
There was no significant effect of the more common variants (at
positions 158588123 and 158587689). The rare variants were also
tested for association although in this sample size there is limited
power to detect an association of variants with low MAF. The two
nonsynonomous SNPs were found to be over represented in the case
pool compared to the control pool with the N417Y variant reaching a
level of statistical significance. The N417Y residue is located in the
ectodomain of the protein. Examination of residues 261-502 reveal
sequence similarity to the peptidase family [31]. The region has been
shown to act as a recognition site for y-secretase with the major
substrate recognition site consisting of Glu333 and its nearby residues.
Although it is conceivable that sequences outside residues 312-340
may contribute to substrate binding [31]. Deep alignment of
mammalian species shows little conservation at this residue, but this
particular amino acid change is not seen in any other species
suggesting it may not be well tolerated. The substitution remains as a
non-charged polar amino acid, but the change results in a large size
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Table 1. Identified variants indicating the frequency in the pool and the individual genotyping results where carried out.
Position Amino
(hg18, Mar. Reference Base Acid Individual Genotyping
2006) Base Change Change Sequencing Results Results
Case Control
Case Pool Control Pool Freq (N) Freq (N)
F:R ratio F:R ratio

Freq Depth score* Freq Depth score*
158579744 T G 0.011 43865 0.06 0.012 53337 035 0.000 (290) 0.000 (343)
158579822 A G 4A>A 0.008 29914 0.75 0 37900  Not present
158579842 A G 11D>G 0.034 32766 1.09 0.033 40522 1.05 0.000 (290) 0.000 (342)
158585459 G A 79E>E 0.015 49008 0.41 0 77896  Not present
158585487 G T** 89G>C 0.009 62187 0.10 0.009 96747 0.10 0.000 (290) 0.000 (345)
158587689 A G 212L>L  0.038 68900 0.10 0.054 72522 0.19
158588079 G A 0.006 24984 0.54 0 59781 Not present
158588123 C T 249D>D 0.033 28255 0.32 0.054 67365  0.40 0.035 (276) 0.048 (344)
158588214 A T 280T>S  0.006 23823 1.68 0.006 54929 0.14 0.000 (282) 0.000 (339)
158588214 A C 280T>P  0.093 23823 1.68 0.100 54929 0.14 0.002 (280) 0.000 (341)
158590601 A T 417N>Y  0.012 33904 0.77 0 41705 Not present  0.019 (287) 0.004 (345)
158592193 T G 0.016 49363 0.14 0.017 91556  0.22 0.002 (288) 0.000 (345)
158592559 T C 0.013 61645 0.44 0.014 119627 0.42 0.000 (290) 0.000 (343)
158593669 T G 0.009 51485 0.37 0 66754 Not present
158594855 G C 0 61686 Not present  0.005 72880 0.42
158594885 A C 0.014 51872 0.95 0 60335 Not present  0.000 (290) 0.000 (343)
158594972 G T** 0.042 49352 1.56 0.051 58461 1.62 0.000 (288) 0.001 (345)
158594975 A C 0.026 47088 0.81 0.027 55505 0.83
158594975 A T 0 47088 Not present 0.012 55505 1.29198185
*The forward to reverse ratio score is the absolute difference between the frequencies in the forward and reverse reads divided by the mean frequency.
**indicates SNPs that did not pass the threshold for SNP calling but were still tested for validation.
doi:10.1371/journal.pone.0017298.t001

difference. It is also a putative glycosylation site, suggesting there is
still potential for an effect on the protein function. This variant has
been previously identified in two genetic screens. Dermaut et al [10]
identified the substitution in one individual from a screen of 78 Dutch
Familial early onset AD cases (FAD). A follow up in a larger number
of 354 FAD and 475 controls of Italian origin found an equal
frequency in both. Additionally Confaloni et al [17] screened 174
sporadic AD patients and found two individuals carrying this
mutation. It was also identified in one out of 191 controls (although
a relatively young control), therefore showing a similar allele
frequency as in our case and control groups. Functional analysis
has been carried out on the substitution N417Y [10]. AB40 and AB42
levels were measured in conditioned media of HEK-293 cells
transfected with the mutant and wild-type Nicastrin cDNA. Results
were compared with known clinical mutations that cause FAD.
Unlike the effects of the causal FAD mutations AB40 and AB42 levels
were similar for N417Y and wild type NCSTN. These results do not
disprove a functional effect of the substitution as it may be that the
effect is modest or only apparent in vivo. The SNP was genotyped in
a larger sample size of sporadic AD and control individuals (table 3).
No significant effect was seen in these populations, but in a meta
analysis including the Greek samples there is a significant association.
As with many rare variants there is likely to be population
heterogeneity, in terms of different allele frequencies, and different
genetic background between populations.

In conclusion we have screened the coding regions of the
Nicastrin gene and identified rare variation. We did not

February 2011 | Volume 6 | Issue 2 | 17298



Nicastrin Risk Variants for Alzheimer’s Disease

¢ Case
¢ Control

0.04

0.03

0.02

Genotyping Frequency

0.01

0.00 — .

0.00 0.01 0.02 0.03 0.04

Sequencing Frequency

0.05

Figure 2. Comparison of allele frequencies for SNPs identified by sequencing and validated by individual genotyping. Only SNPs

with a ratio score of 1 or lower were considered (see text for details).
doi:10.1371/journal.pone.0017298.g002

identify any novel rare variants that are likely to have an effect
on the protein function. But we did find a modest association
with a previously identified non-synonymous SNP, although
this effect was not replicated in a larger sample size comprising
other European populations. The present study validates
the use of pooled DNA in the sequencing of small regions
of interest as a screening method for the identification of rare

SNPs.

Materials and Methods

Ethics Statement
Ethical approval for the main sample was obtained the Ethics
Committee of “George Papanicolaou” Hospital, Exohi Thessalo-

For the follow-up genotyping ethical approval was obtained
from the local ethics committee at each site. For the AddNeur-
omed project: Poland; the Ethics Committee of the Medical
University of Lodz, Finland; The Ethical Committee of Kuopio
University Hospital, Italy; Comitato Etico Aziende Sanitarie —
Umbria, and France; CPP Midi Pyrennees (Comite Protection des
Personnes). For the Medical Research Council Genetic Resource
for Late-onset AD samples ethical approval was obtained from
REC (Research Ethics Committee) for Wales. Informed consent
was obtained from all participants in writing. For Alzheimer’s
patients this consent was given by their next of kin or carer.

DNA Samples, Pooling and PCR

A cohort of Greek blood samples was collected from clinics at

niki. Thessaloniki hospital (Aristotle University, Thessaloniki, Greece)
Table 2. Association analysis for validated SNPs.
Position Amino Acid chi square P value
(hg18, Mar. 2006) Change Case Control (1 df)
Homozygous for homozygous for
N Minor Allele heterozygous N Minor allele heterozygous
158588123 D249D 276 0 20 344 1 31 0.31
158588214 T280P 280 O 1 341 0 0 0.97
158590601 N417Y 287 0 1 345 0 3 0.012
158592193 288 0 1 345 0 0 0.96
158594972 288 0 0 345 0 1 0.84
doi:10.1371/journal.pone.0017298.t002
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Table 3. Genotyping information for the meta-analysis of the effect of the SNP at position 158590601 (N417Y) in all cohorts.

N417Y Frequency

N417Y Frequency

Study* N AD cases N controls Case Control OR 95% Cl % Weight
Greece 347 369 0.016 0.004 3.994 1.105-14.439 42.14

UK 421 593 0.007 0.004 1.700 0.515-5.608 48.86
Other Western Europeans 145 141 0.003 0.004 0.979 0.061-15.807 9.00

D+L pooled OR 2319 1.007-5.340 100.00

doi:10.1371/journal.pone.0017298.t003

from Caucasian patients and their carer (if unrelated i.e. husband/
wife for age matched control). Subjects were assessed using the
Mental State Examination (MMSE) [32] and diagnosed according
to the criteria of the National Institute of Neurological and
Communication Disorders and Stroke and the Alzheimer’s
Disease and Related Disorders Associations (NINCDS-ADRDA)
[33]. Controls were also recruited from the Greek blood donation
service. Local hospital ethical approval was obtained for all
samples collected.

Genomic DNA was extracted from whole blood using a
method based on an organic deproteinization reagent. Pools of
case and control DNA were constructed with quantification of
each sample using fluorometry in triplicate (using Quant-iT
PicoGreen® dsDNA kit (Invitrogen) and the fluroskan Ascent FL
fluorometer). All pipetting steps were carried out by hand with a
volume of 5 pl or greater to ensure accuracy. The two closest of
the three readings were selected and an average taken. The
concentration was only accepted if the difference between the two
readings was less than 5% of the average concentration. 311 AD
cases (with age of onset greater than 60 years) and 360 controls
were used to produce the pools. 16 oligonucleotides primer pairs
were designed to cover the 17 exons of the gene and the regions
amplified from the pooled DNA using standard PCR procedures
(table S1 contains the primer sequences). Reactions were carried
out in 50 pl volumes using 25 ng of pooled DNA for both cases
and controls. 2 ul of each PCR product was electrophoresed and
visualised using SYBR green (Roche). PCR product concentra-
tion was estimated by comparison of the level of fluorescence to a
serial dilution of Generuler DNA ladder (Fermentas Life
Sciences) using image J software [34]. The PCR products were
then combined in 2 case and control pools. The volume added
was adjusted according to the size of the PCR product ensuring
equal molar concentration.

Replication genotyping was performed using samples obtained
though AddNeuromed, a cross European, public/private consor-
tium developed for AD biomarker discovery [35] and a UK cohort
from the Medical Research Council Genetic Resource for Late-
onset AD [36].

Library preparation and sequencing

The PCR products were extracted using the QIAquick PCR
Purification Kit (Qiagen) as per manufactures’ instructions. End
repair was carried out using End-it DNA Kit (Cambio) to convert
the DNA ends to 5'-phosphorylated blunt-end DNA. Extraction
was again carried out using the QIAquick PCR Purification Kit
and concatermerisation of the repaired PCR products was carried
out using the Quick Ligation kit (NEB). The samples were
fragmented by nebulisation from which a library was prepared
according to the Illumina protocol. The libraries were run on the

@ PLoS ONE | www.plosone.org

*The Greek samples comprise of the pooled sample individual genotyping results, with some additional individuals recruited in the same cohort. The UK and “Other
Western European samples” are from the MRC cohort, and the Addneuromed study. The UK samples comprise of individuals recruited from centres in London and
Cardiff, and the “Other Western Europeans” from centres in Italy, Poland, France and Finland (see methods and references for more details).

Illumina Genome Analyzer II for 36 cycles. The reference genome
used for sequence alignment was the Human Build 36.1 finished
human genome assembly (hgl8, Mar. 2006). The images were
analyzed with the pipeline software (version 1.0, Illumina software)
to undertake base calling and sequence alignment to the reference
genome. The ELAND algorithm was used with the ‘ELAND
extended’ option.

Data Analysis

MAQ [37] was used to align the short read sequence data
obtained to a reference sequence using the default parameter of
only considering positions that have two or fewer mismatches in
the first 28 bp. For mismatches the maximum sum of mismatch-
ing bases quality score of 70 is used as a cut off for alignment.
The sequence alignment outputs were converted to a “pileup”
format from which allele frequencies were elucidated. After
excluding the primer sequences the frequency of each substitution
was plotted as a histogram to access the distribution of errors. We
assumed an error model similar to that of Out et al, [22] where
errors occur at a constant proportion estimated by a Poisson
distribution and took the same conservative value of the error
rate. The 97.5% percentile of the observed distributions for each
base change was therefore taken as the cut off for variant calling.
Forward and reverse strands were considered separately and
variants were only considered if identified in both above the
threshold.

Statistical analysis was carried out using STATA.

Genotyping

Single nucleotide polymorphisms (SNPs) were genotyped using
the Sequenom® MassARRAY technology (Sequenom®; San
Diego, CA, USA). Additionally one SNP was genotyped in a
larger sample size using TagMan Single Nucleotide Polymorphism
(SNP) Genotyping Assay (Applied Bio systems). SNP-specific
primers and probes were designed and assays were performed
according to the manufacturer’s instructions.

Supporting Information

Table S1 Region-specific primers for amplification of 16 exons
in the Nicastrin gene.
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