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Rare variants in APP, PSEN1 and PSEN2 increase risk for AD in late-onset Alzheimer’s Disease families
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METHODS
DNA sequencing and genotyping

We used the next-generation, pooled-DNA method described by Druley et al.,1[]
 and Vallania et al.2[]
 to identify sequence variants in APP, PSEN1, PSEN2, MAPT and GRN, and estimate variant frequency in the pooled DNA.  An advantage of this approach is that it combines the pooled DNA approach with next-generation sequencing technology allowing accurate identification of sequence variants in several genes and hundreds of samples. 

Genomic DNA was isolated using standard techniques and individually quantified by PicoGreen1[]
. Four different pools with 100 ng of DNA from 110 individuals were made. The coding exons and flanking regions were individually PCR amplified using specific primers and Pfu Ultra high-fidelity polymerase (Stratagene). An average of 20 diploid genomes (approximately 0.14 ng DNA) per individual were used as input into a total of 69 PCR reactions that covered 46,319 bases from the 5 genes. The PCR products were pooled in two different sets in equimolar ratios of PCR products, ligated and randomly fragmented. The first set of PCR products contained the amplicons for the APP, PSEN1 and GRN genes. The second set of PCR products contained the amplicons for the MAPT, and PSEN2 genes. The fragmented PCR products were prepared for sequencing in the Illumina Genome Analyzer II following the Illumina Genomic Library sample preparation protocol. 

pCMV6 control DNA amplicon (1908 base pairs) was included in the reaction as a negative control. We used the first 900bp of the pCMV6 amplicon to model the errors across the 36-bp Illumina reads and to create an error model for each sequencing run. We also included, as positive controls ten different constructs with known mutations at a relative frequency of one mutated copy for 250 normal copies. This ratio was chosen because it is similar to the relative frequency expected for a single mutation in one pool (1 chromosome mutated in 110 samples= 1/220). The SPLINTER algorithm, including the specific error model for each run, was used to call and estimate the frequency of the sequence variants.2[]

The fold coverage necessary to identify a singleton mutation in the pools was estimated by using the positive controls. We calculated that it was necessary to have 30 fold coverage or higher per nucleotide and sample to identify the singletons. The necessary number of lanes to obtain a minimum of 30 fold coverage per base and sample were run.

Statistical Analysis

Two-tailed t-tests and the Mann-Whitney U test were used to compare the age at onset (AAO) and the number of affected individuals between the different groups. The effect of variants on AAO was analyzed, using a Cox proportional hazards model (proc PHREG, SAS), including gender, and APOE genotype in the model and family as an aggregation term.
 ADDIN EN.CITE 
[3-9]
 Fisher’s exact test was used to compare the frequency of sequence variants identified in the sequenced LOAD samples to those found in the 14,196 non-selected individuals, and in the 1,000 genome project.

We used a logistic regression model to identify the variables that could predict the presence of a sequence variant in this series. All variants were included in the model independently of their pathogenicity. The variables that were included in the model were APOE genotype, gender, age at onset and the number of affected individuals in each family. In addition a stepwise option was included in order to identify the important variables. A ROC curve was also generated for the model including the significant variables.

GSK study

Ethics Statement

GlaxoSmithKline (GSK) collected human blood in collaborative research trials with investigators during 2002-2010 for other studies.  All study participants in the component studies provided written informed consent for the use of their DNA in genetic studies and this was recorded via electronic case report.

Study sample 

A description of the subjects included in this study is provided in detail below.  The primary selection criteria applied to each study was the availability of at least 10ug of DNA with a concentration at least 195 ng/ul from a primary blood sample.  

Study descriptions

CoLaus Study: A population-based study of 6,188 European white subjects age 35-75 years drawn from Lausanne Switzerland, through the CHUV University Hospital.
 ADDIN EN.CITE 
[10]
 Subjects included in the current study include 1,774 participants in the follow-on study of psychiatric traits (PsyCoLaus)
 ADDIN EN.CITE 
[11]
 and 772 extremes of several selected cardiovascular disease-associated traits.  There was an overlap of 460 subjects between these two selections.

LOLIPOP Study: A population-based study of 21,915 subjects primarily of Indian Asians and Northwestern Europeans aged 35–75 years, identified from the lists of 58 general practitioners in West London.
 ADDIN EN.CITE 
[12]
 Subjects included in the current study include a random selection of 499 Indian Asians, 400 European whites selected for overlap with previous genome-wide genotyping studies, 149 European whites selected as extremes from several cardiovascular disease-related traits and 285 subjects of other non-European ancestry. 

Metabolic Syndrome GEMS Study: The GEMS Study of Metabolic Syndrome and related traits included two types of samples; families and a set of unrelated cases and controls.  Families (3384 individuals from 535 families) were recruited from six study sites located in Australia, Canada, Finland, Switzerland, Turkey and the United States. Eligible families consisted of a minimum of two siblings (an affected sib-pair) with atherogenic dyslipidemia (ADL). In the case-control arm, a set of approximately 1,000 cases with ADL and 1,000 normolipidemic controls were recruited from the same GEMS sites. Details of the recruitment procedures, subject characteristics, and inclusion/exclusion criteria for both the family and case control studies have been previously described.
 ADDIN EN.CITE 
[13,14]
 The current study includes 1,570 unrelated cases and controls and 30 parent-offspring trios for assessing sequence data quality.

Coronary Artery Disease (CAD) MedStar Study: A premature CAD collection designed to investigate the genetics of plaque stability in acute coronary syndrome (ACS).  The full study is comprised of 452 ACS CAD cases, 491 non-ACS CAD cases, and 483 non-CAD controls.
 ADDIN EN.CITE 
[15]
 Subjects were identified prospectively from the patient population of the Cardiovascular Research Institute (MedStar/Washington Hospital Center).  Standard criteria were used to identify cases with myocardial infarction and cases diagnosed with clinically significant coronary atherosclerosis without myocardial infarction.  Subjects included in the current study include a selection of 609 ACS and non-ACS CAD cases.

Irritable Bowel Syndrome Study: A population-based study of 678 cases and 539 controls from 3 recruitment sites in Canada and the United States.  Cases were deeply phenotyped with a history of irritable bowel syndrome (IBS)  for at least 6 months confirmed by a physician and according to the Rome II criteria and either a colonoscopy/barium enema with normal results supporting IBS diagnosis. Controls were matched to IBS cases and had no previous IBS diagnosis. The current study includes 317 cases.

Genetics of Rheumatoid Arthritis (GORA) Study: Patients with rheumatoid arthritis were recruited from six centers (Manchester, Sheffield, Leeds, Aberdeen, Oxford and London) across the United Kingdom as described previously.
 ADDIN EN.CITE 
[16]
 Cases (~1,000) were of Northern European descent and all fulfilled the 1987 American College of Rheumatology classification criteria.  A similar number of healthy controls were recruited from five of the six centers. The current study includes 615 cases.

Multiple Sclerosis genMSA Study:  A study of 1005 thoroughly phenotyped multiple sclerosis (MS) cases and 1,012 matched controls primarily of European ancestry from three sites in the United States, the Netherlands and Switzerland.
 ADDIN EN.CITE 
[17]
 The current study includes 673 cases.

Multiple Sclerosis African American Study: A study of African American cases and controls with subjects recruited from 39 states.
 ADDIN EN.CITE 
[18,19]
 Cases were characterized through a systematic medical record review.  Controls were invited to participate in the study by the probands and constitute primarily non-consanguinous spouses or friends of MS patients.  All study participants were self-reported African-Americans and ancestry was documented based on genotyping results of 186 informative SNPs.
 ADDIN EN.CITE 
[20]
 The current study included 340 cases and 260 controls.

Epilepsy HitDIP Study: A study of 719 cases and 687 controls recruited from Norway and Finland. All patients had a definite diagnosis of epilepsy according to International League Against Epilepsy (ILAE) definitions. Controls had no neuropsychiatric condition.
 ADDIN EN.CITE 
[21]
 The current study includes 185 Finnish cases.

Epilepsy GenEpa Study:  A study of 318 cases and 348 controls from Swiss Epilepsy Centre, Zurich
 ADDIN EN.CITE 
[21,22]
. All patients had a definite diagnosis of epilepsy according to ILAE definitions. Controls had no neuropsychiatric condition.  The current study includes 125 cases.
Unipolar Depression Study:  A study of 1,000 cases recruited from three ascertainment sites in Southern Germany (Munich, Augsburg and Ingolstadt) and 1,029 controls ascertained by the  Max Plank Institute of Psychiatry in Munich. Cases were diagnosed with recurrent major depressive disorder and controls were age and gender-matched non-affected controls 
 ADDIN EN.CITE 
[23]
.  The current study includes 775 cases.

Schizophrenia Study: A study of approximately 1,600 cases and 850 controls collected from four sites in Aberdeen, UK, Greenock, UK, Munich, Germany and Quebec City, Canada.  Cases were diagnosed with schizophrenia according to DSM-IV or ICD-10 criteria and healthy volunteers were randomly selected from the general population.
 ADDIN EN.CITE 
[24]
 The current study includes 1,109 cases.

Bipolar Disorder Study:  A study of 965 bipolar cases and 933 controls of European ancestry from a multicenter study from the Centre for Addiction and Mental Health in Toronto, Canada, the Institute of Psychiatry in London, UK and the University of Dundee, UK.  Each case was assessed when euthymic and had to have been diagnosed (lifetime) with the DSM-IV/ICD-10 bipolar I or bipolar II disorder.
 ADDIN EN.CITE 
[24]
 The current study includes 786 cases.

Chronic Obstructive Pulmonary Disease ECLIPSE Study: ECLIPSE (Evaluation of COPD Longitudinally to Identify Predictive Surrogate End-points) is a three-year non-interventional longitudinal prospective study being conducted at 46 centers in 12 countries and is comprised of clinically relevant COPD individuals with Global Initiative for Chronic Obstructive Lung Disease (GOLD) stage 11_IV COPD with a number of smoking and non-smoking and non-disease controls.
 ADDIN EN.CITE 
[25]
 The current study includes 1,002 cases from ten countries.

COPD HitDIP Study:  A study of approximately 1,000 cases and 1,000 controls from Bergen, Norway. Cases consist of (1-antitrypsin deficiency-negative individuals with moderate to severe COPD according to GOLD criteria.
 ADDIN EN.CITE 
[26]
 The current study includes 782 cases.

Of the above subjects, we sent the data for 12,481 subjects, passing QC, to UCLA for generation of an allele frequency table. Of these subjects, there were 594 African Americans, 566 South Asians, 29 Hispanic, 84 Ashkenazi Jews, 241 of mixed ethnicity and 10967 white Caucasians.

Age and Sex

See table S5 for demographic statistics for the different studies

Sequencing methods Genotype calling 

The high-depth sequence data were generated by BGI (Shenzhen, China) by sequencing the exons plus 50 bp of flanking sequence for 202 genes resulting in approximately 850 kb of coding and 323 kb of noncoding (untranslated) exons.  Candidate variants were identified for each sample where a genotype was called with a minimum sequencing depth of four, a minimum consensus quality of 20 with no other variants within four base pairs.  Genotypes were called in all samples for all variant positions identified by aggregating all sequenced samples.  Consensus genotypes were called at these position bases for each sample with a minimum depth of seven and minimum consensus quality of 20.  The median sequence depth per sample was 27x.  Samples were excluded from the data if 1) their average sequencing depth was less than 10, 2) sequence-based genotypes were more than 15% discordant with genome-wide panel genotypes or 3) the sample was sequenced multiple times and had lower average sequencing depth.  Analysis of 133 sample duplicates resulted in a discordance rate among heterozygous genotype calls of 0.90% with lower rates in more common variants.  An overall heterozygote genotype error rate was estimated to be 0.50%.  These quality settings resulted in median genotype missingness of 0.0069, 0.011, 0.014, and 0.021 for variants with MAF<0.001, 0.001<MAF<0.005, 0.005<MAF<0.05, MAF>0.05.  SNVs were considered deleterious if they were predicted to be damaging by SIFT27[]
, PolyPhen28[]
 or at a position with a phyloP conservation score ≥ 2.

1,000 genome project

We used the 1,000 genome project (release Oct. 2010) to compare the frequency of rare (MAF<0.05) non-synonymous and splice-site sequence variants in our study with unselected populations from the 1,000 genome project. In the 1,000 genome project samples for at least 3 different populations were included, therefore it is expected that there would be more rare variants due to ethnicity. We included these populations in the analyses because the AD study population also includes samples of different ethnicities. APP, PSEN2 and GRN were sequenced only in pilots 1 and 2 of the 1,000 genome project. PSEN1 and MAPT were also sequenced in pilot 3. Pilot 1 includes sequencing data from 60 Utah residents with Northern and Western European ancestry from the CEPH collection (CEU), 60 Japanese in Tokyo, Japan and Han Chinese in Beijing, China (CHBJPT) and 60 Yorubans in Ibadan, Nigeria (YRI). Pilot 2 includes sequencing data from a CEU trio and a YRI trio. Finally pilot 3 includes sequencing data from 90 CEU, 66 Tuscans in Italy (TSI), 109 CHB, 107 Chinese in Metropolitan Denver, Colorado (CHD), 105 JPT, 108 Luhya in Webuye, Kenya (LWK) and 112 YRI.
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