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Supporting results

Robustness of the AGES-discovery TM2D3 result

In the AGES-discovery sample we observed a score test p-value of 5.9x10® in a
sample of 143 cases and 2374 controls. A p-value used to declare statistical
significance was 9.6x10” (based on 52026 tests) and the control:case ratio is =
16.6. Under these circumstances: a small number of cases, an unbalanced
sample (unequal numbers of cases and controls), and p-value that is less than
an order of magnitude smaller than the significance cut-off, the score test could
be anticonservative and the effect sizes could be over-estimated [1,2]. Before
proceeding with further analysis, we therefore evaluated the robustness of the
finding (1) by permutation testing (p=6x10" based on 10° replicates), (2) applying
the Fisher’s Exact test (p=5.6x10"), and 3) applying bias-correction (bias-
corrected OR is 4.5 [95% CI 2.4-9.0]) [2]. We concluded that the finding was
robust, albeit possibly suffering from “winner’s curse”, and proceeded with the
follow-up analysis.

TM2D3 haplotypes with rare variant

We used PHASE [3-5] (version 2.1) to estimate the haplotypes around the
P155L variant. GWAS genotypes are available on the AGES-discovery cohort
only, therefore the haplotype analysis applies to that cohort. The estimated
haplotype of all individuals carrying the rare allele at P155L is TAAACG-A-GCCC
for SNPs ranging from rs8043084 to rs716984. The probability of the estimated
haplotype pair of each individual with the rare allele at P155L ranges from 0.998-
1.000.

SNP bp (build 38) Location relative to TM2D3' Allele

rs8043084 101601323 41kb 3’ (intergenic) T
rs7169834 101602444 39kb 3’ (intergenic) A
rs4965905 101606908 35kb 3’ (intergenic) A
rs12324658 101611170 31kb 3’ (intergenic) A
rs7168948 101617451 24kb 3’ (intergenic) C
rs477421 101622450 19kb 3’ (intergenic) G
rs139709573 (P155L) 101646763 Exon of TM2D3 A
rs516667 101663828 Intron of TARSL2 G
rs2053701 101665206 Intron of TARSL2 C
rs12440512 101692267 Intron of TARSL2 C
rs8038261 101695258 Intron of TARSL2 C

'Relative to RefSeq as retrieved from Haploreg v4.1.



Effect of relatedness and substructure on TM2D3 association

Adjusting for known kinship (pedigree structure is partially available for the AGES
participants) using a mixed-model suggests that cryptic relatedness does not
affect the significance of the association (Padiscovery= 8.4x107, Prollowup= 0.0019,
Ppooled=1.3x1 0'8). The results were similarly robust to adjustment for kinship
estimated empirically from GWAS genotypes, available on the discovery cohort,
the significance is not affected (pdiscovery=8.4x10'7).

Competing risk due to death

To check whether there is evidence for bias due to competing risk of death, we
used Cox regression to test whether TM2D3 P155L was associated with
mortality. This analysis did not yield evidence for association of TM2D3 P155L
with mortality (HR=1.4, 95% CI 0.9-2.1, p=0.1).

Supporting methods

Details on the score test, one-step approximation to estimation of effect size,
and seqMeta implementation

In the discovery phase of our analysis (results in Tables S2, S3, S4) we used the
meta-analysis implementation of a score test and set-based tests from the
seqMeta R package. The seqMeta R package, like many other packages for
meta-analysis of rare-variant associations, uses a one-step approximation to
estimate effect sizes. The steps in seqMeta are as follows:

Single-variant analysis:

1) Each cohort fits a null model: phenotype ~ covariates

2) Each cohort calculates the residuals from the null model: residualsO

3) Each cohort calculates the score for each SNP: score_study =

sum[residuals0 * genotype]

4) Each cohort calculates the score variance of the genotypes: var_study =
sum(genotype-mean(genotype))2
Each cohort shares: score_study, var_study, and MAF
The meta-analysis mscore = sum(score_study)
The meta-analysis score variance is mvar = sum(var_study)
The score test statistic is calculated as mscore”2/mvar which is compared
to a X2 distribution with 1 degree of freedom to get a p-value

9) Approximate effect size is estimated as beta = mscore/mvar

10)Standard error of beta is estimated as SE = 1/sqrt(mvar)
The effect sizes estimated this way are one-step approximation because we only
fit the null regression model once without the genotypes.

N RS

Set-based (SKAT) analysis:
1) Each cohort fits a null model: Y ~ covariates



) Each cohort calculate the residuals from the null model: residualsO

Each cohort calculates the score for each SNP: score_study =
sum[residualsO * genotype]

Each cohort calculates the covariance of the genotypes: cov_study

Each cohort shares the score_study, cov_study, and MAF

The meta-analysis mscore = sum(score_study)

The meta-analysis covariance is mcov = sum(cov_study)

The meta-analysis SKAT statistic is calculated as

Q =sum_{j=1...m} [ w_j * beta_j / SE_beta_j"2, where, m=number of
snps, p_j allele-frequence of SNP j based on the whole sample (aggregate
allele frequency), w_j = 25*(1-p_j)*24, which is the “Wu weight”
recommended to be used in SKAT for SNP j, beta_j and SE_beta_j are the
meta-analysis beta and SE_beta for SNP j.

10)Q has an approximate distribution that is a linear combination of X?, with
the linear combination estimated from the genotype covariance matrix.

QL
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For both the single-variant and SKAT analysis steps 1-4 are done with the
prepScores function of the seqMeta package. Then in the single-variant meta-
analysis the singlesnpMeta function is used and in the SKAT analysis the
skatMeta function is used to achieve steps 6-10.

Statistical analysis

Population and pedigree substructure

While logistic regression-based score tests can appropriately model dependence
among observations (i.e. analysis of relatedness), similar methods have not yet
been developed for multivariate tests such as SKAT. Meta-analyzing p-values
would be possible but is typically much less powerful than meta-analysis of
scores and respective variances (Cupples et al., 2012. Meta-analysis of a rare-
variant association test. Unpublished technical report). Therefore, for the family-
based cohort, FHS, we generated an unrelated subset of individuals to include in
the analysis. This resulted in a loss of 7 cases and 590 controls. Because only 7
cases were lost and the control:case ratio was > 5 this step is unlikely to
dramatically affect power of association analyses.

Each of the three randomly-ascertained population-based studies also
investigated the degree of substructure and relatedness in their sample and
made appropriate adjustments by: 1) removing one individual (preferably by case
status) from a pair of individuals who appear closely related as empirically
estimated from GWAS data and/or 2) testing for association of at least the top
three principal components for population substructure (as estimated from GWAS
data) with AD and adjusting for the ones that were associated with AD. We chose
against adjustment for a pre-specified number of PCs in the discovery analysis
because 1) the confounding due to rare and comment variants can be very
different in structured populations and 2) methods that correct for population
substructure in analysis of common variants (e.g. linear combination of PC



covariates), may not effectively control inflation in rare variant studies and can
reduce power [6].

Statistical methods in follow-up analysis of TM2D3 in AGES

Survival and age-at-onset analysis in AGES — We performed survival analysis for
the assocation of TM2D3 P155L with age-at-onset for LOAD. Prevalent events as
diagnosed at AGES-1 baseline visit were excluded so only at-risk individuals
were included in the analysis, but 0.w. the survival analysis included the same
individuals as the previous association analysis. Left-truncation (i.e. follow-up
begins after 65 years) and right-censoring (i.e. censoring that happens if a
participant is lost to follow-up before having an event) were taken into account in
the survival analysis. For the AGES-discovery cohort follow-up was set to the
date of their AGES-2 visit (mean 5 years, range 3 to 8 years) or for those who did
not attend AGES-2 visit follow-up was until the date of death or 6 years from the
participant’s AGES-1 exam date, whichever came first. For the AGES-followup
cohort additional follow-up among individuals in nursing homes had become
available. Therefore, for this sample, the follow-up time was set until last
cognitive assessment (in nursing home or AGES-2), death, or until March 18
2014 (the date nursing home data were retrieved). The Kaplan-Meier estimator
was used to estimate the survival function. Survival analysis stratified by sex and
cohort and adjusted for APOE-g£4 was performed. The statistical significance for
age at onset was assessed with a Wald test based on a Cox proportional hazard
model, after assessing the proportional hazard assumption. Two-sided tests were
implemented. The R package survival (version 2.36-14) was used.

Drosophila experiments

Stocks
The following stocks were obtained from Bloomington Drosophila Stock Center
(BDSC) and used in this study:

amx' 122 V'/C(1)DX, y', f (BDSC #10) [7]

Df(1)Exel9049 w1118/Binsinscy (BDSC #7770) [8]

y' M{vas-int.Dm}ZH-2A w*; PBac{y[+]-attP-3B}VK00037 (BDSC #24872) [9]
All stocks were maintained on standard fly food at room temperature. All crosses
were performed at 25 °C.

Generation of amx/hTM2D3 genomic rescue constructs and transgenic flies

For the amx genomic rescue construct, a 3,325 bp fragment corresponding to
location X:9,245,044..9,248,369 [Drosophila melanogaster genome release 6
(Flybase: FB2015_03)] was cloned from P[acman] clone ch322-146A15 [10]
using Xho | and Xba | restriction sites incorporated into the primers. The genomic
DNA was PCR amplified via primers



ctctctCTCGAGGTTATGTTGCCTACATTTTGGTGCTCAC (Forward) and
cttctTCTAGAGCGTCGCATCGTCAGTGAGGC (reverse) and cloned into the
pattB vector [11]. For the human TM2D3 knock-in rescue construct, the coding
sequence of Amx within the amx genomic rescue construct was replaced
precisely with the TM2D3 variant 1 coding sequence cloned from the cDNA clone
NM_078474 (Origene) flanked by Bsal restriction sites using primers
gcggcGCTAGCGGTCTCtCAAAatggcgggaggggtgcetecce (forward) and
AGAGAGTCTAGAAGAGAGGTCTCGTAAACTAAATGTACAAAGAGCCATCTGC
TGG (reverse) and assembled with the upstream region (ending prior to ATG)
and the downstream region (beginning after the stop codon) from the amx
genomic rescue construct using golden gate cloning [12,13]. For the hTM2D3
P155L variant rescue construct, a single nucleotide change was introduced into
the hTM2D3 rescue construct via site directed mutagenesis by PCR using the
TM2D3 Knock-In genomic rescue plasmid as a template with primers
cctgtcctcggeagegctaccttgccaactgcacggtgeggg and
CCCGCACCGTGCAGTTGGCAAGGTAGCGCTGCCGAGGACAGG followed by
Dpnl (New England Biolabs) digestion. All constructs were verified using Sanger
sequencing. Rescue construct containing the wild-type amx (amx[+]), wild-type
hTM2D3 (hTM2D3[+]) and P155L hTM2D3 (hTM2D3[P155L]) coding sequence
and attB site was injected into the 2"* chromosome attP docking site (VK37) via
¢C31 transgenesis [9,11]. Transgenic events were selected based on eye color
(w") and the chromosomes were balanced over SM6a. These transgenes were
crossed to 15-2" chromosome double balanced amx’ I29 v’ flies to obtain the
strains necessary for the rescue experiments.

Embryo Immunofluorescence staining and imaging

Fly crosses and egg collection: amx’ 1% v' males with or without the rescue
transgene on the 2" chromosome ( - ; amx[+]; hTM2D3([+];: hTM2D3[P155L])
were crossed with Df(1)Exel4049/Binsinscy virgin females. In the next generation,
amx’ 1% v'/Df(1)Exel4049; (Rescue Transgene)/+ virgin females were collected
and crossed to amx’ I v/ males. Fly crosses were allowed to lay eggs overnight
(~16 hours) on a grape juice plate. Eggs/embryos laid on the plate were collected
using standard procedures. Embryos were fixed and stained using standard
procedures. In brief, embryos were washed in water, dechorionaed in 66%
bleach solution for 4 minutes, and fixed in 3.7% formaldehyde/PBS/n-Heptane
solution for 20 minutes. The fixed embryos were preserved in 100% methanol in -
20°C till use. Embryos were rehydrated/permeabilized in 0.05% Triton-X in
Phosphate Buffered Saline (PBST), and incubated with primary antibodies
overnight. Antibodies used are anti-Hrp (1:1000, Rabbit polyclonal [14]), and anti-
ELAV (Embryonic Lethal Abnormal Vision, 1:100, rat monoclonal (7E8A10) [15]).
After additional washes, the embryos were incubated with secondary antibodies
(anti-rat IgG Alexa Fluor 647, 1:200 anti-Rabbit IgG Alexa Fluor 488, 1:200
(Jackson ImmunoResearch)) and DAPI (1:100) for 1 hour at room temperature.



Following the final washes with PBST, Embryos were mounted with Vectashield
onto a glass slide.

Microscopy: Stained Embryos were Imaged using LSM710, LSM880 or
Apotome.2 system (Zeiss). Images were processed using ZEN software (Zeiss).

Egg Hatching Assay

Crosses (amx’ 129 v!/Df(1)Exel4049; {Rescue Transgene} virgin females x amx’
I2% v males; {Rescue Transgene)) were set in plastic bottles and flies were
allowed to lay eggs on grape juice plate with some yeast paste for 5 hours. All
embryos from this cross will be homozygous for the Rescue Transgene (amx[+];
hTM2D3[+]; hTM2D3[P155L]). Embryos laid between this period were collected
using a fine brush, washed in water, and dechorinated with 66% bleach for 4
minutes. Dechorinated embryos were washed again, and put into a 24-well cell
culture plate (BD Falcon) well that contains 500 uL of 1x PBS. Embryos will float
at the top, and a photograph of each well was taken at the beginning and at the
end of a 24 hour incubation period at 25°C. The number of larva that hatched
was counted and the egg hatching rate (%) was calculated by dividing this
number by the number of eggs being laid. The process was continued for 5 days.

Sequence Alignment of TM2D3 homologs

Protein sequence alignment of TM2D3 homologs were performed using Clustal X
(2.1) using the standard parameters (http://www.clustal.org/clustal2/). Homologs
of TM2D3 in human, mouse (Mus musculus), zebrafish (Danio rerio), fly
(Drosophila melanogaster), and worm (Caenorhabditis elegans) were identified
via HCOP (http://www.genenames.org/cgi-bin/hcop). The respective gene symbol
in each species are: TM2D3 (human), Tm2d3 (mouse), tm2d3 (zebrafish), amx
(fly), and C41D11.9 (worm).

CHARGE: Cohorts, LOAD diagnosis, and genotyping

Age Gene/Environment Susceptibility — Reykjavik study (AGES)

The AGES study has been described previously [16].The study was initiated in
2002 to examine genetic susceptibility and gene/environment interactions related
to disease and disability in old age. The AGES study is comprised of 5764
individuals drawn from the Reykjavik Study, a population-based cohort comprised
of individuals born between 1907 and 1935 and followed since 1967 by the
Icelandic Heart Association. 3219 individuals chosen randomly among 5307
AGES individuals with ‘mid-life’ data available from the Reykjavik Study were
genotyped on a genome-wide association (GWA) array. 2983 were further
genotyped for the EC.



AGES-discovery cohort — Individuals genotyped for the EC represent the
discovery sample (‘AGES-discovery’) in the analysis (Table 1). None of the top 3
principal components (PCs) as derived from GWA data were found associated
with LOAD and thus no PCs were used as covariates and only age and sex were
included as covariates. Age was coded in years where the age of cases was the
age at the visit where LOAD was first diagnosed and the age of controls was the
age at the last visit individual was still free of LOAD pathology.

AGES-followup cohort — After discovery phase AGES participates who were not
genotyped for the EC (‘AGES-followup’) were genotyped for the TM2D3 variant
(Table 2). GWA data were not available. Age was coded the same way as in the
AGES-discovery cohort

Diagnosis of LOAD in AGES cohorts — Individuals from both cohorts were
assessed at two visits (AGES-1 and AGES-2) to the study center with
approximately 5 years between them. The Folstein Mini Mental State
Examination (MMSE) and the Digit Symbol Substitution Test (DSST) were
administered to all participants and persons who scored below a pre-determined
threshold on these tests (=23 on the MMSE or <17 on the DSST) were
administered a second, diagnostic test battery. Based on performance on the
Trails B and the Rey Auditory Verbal Learning test (RAVLT), a subset of these
individuals with a RAVLT score <18 or Trails B score =8 (ratio of time taken for
Trails B/Trails A corrected for the number correct) went on to a third step, which
included a neurological examination and a structured informant interview about
medical history and social, cognitive, and daily functioning. MRI was acquired as
a part of the core study protocol. A panel that included a geriatrician, neurologist,
neuropsychologist, and neuroradiologist reached a consensus diagnosis of
dementia based on the Diagnostic and Statistical Manual of Mental Disorders,
Fourth Edition (DSM-1V) guidelines [17]. There were 319 cases of dementia
diagnosed in the first 5764 AGES participants and of these 123 also had
genotyping and brain MRI. International diagnostic guidelines, including the
National Institute of Neurological and Communicative Disorders and Stroke—
Alzheimer Disease and Related Disorders Association (NINCDS- ADRDA)
criteria for probable and possible Alzheimer Disease and the Alzheimer’s
Disease Diagnosis and Treatment Center’'s (ADDTC) State of California criteria
for probable and possible vascular dementia (VaD) with or without AD, were
followed. The AGES study identified 3 subtypes: possible/probable AD without
VaD (included in analysis), mixed AD (cases that met criteria for both AD and
VabD, included in analysis), and, possible/probable VaD or other dementia without
AD (excluded from analysis). 3316 individuals participated in the follow-up visit
(AGES-2) and were examined using the same protocol as used during the
AGES-1 visit for diagnosis of dementia and AD. For the AGES-followup cohort
additional follow-up was available after AGES-1 on 966 AGES participants in
nursing homes (or home care) who had been systematically followed using the
Resident Assessment Instrument (RAI) [18]. This allowed for a more thorough
follow-up and less misclassification of cases as controls. The RAl is an



internationally validated instrument for systematic assessment of nursing home
residents [19—-21]. The majority of Icelanders suffering cognitive decline undergo
assessments at the Memory Clinic at the National University Hospital of Iceland,
where LOAD is diagnosed according to the international NINCDS-ADRDA criteria
for definite, probable, or possible AD [22]. The LOAD diagnosis from the Memory
Clinic is subsequently documented on the Minimum Data Set 2.0 of the RAL. In
both cohorts, controls were those still free of dementia and mild cognitive
impairment at last assessment.

Study approval — The AGES study was approved by the Icelandic National
Bioethics Committee (VSN 00-063), and by the National Institute on Aging
Intramural Institutional Review Board. Informed consent was obtained from all
participants.

Cardiovascular Health Study (CHS)

The CHS is a population-based cohort study of risk factors for coronary heart
disease and stroke in adults =65 years conducted across four field centers [23].
The original predominantly Caucasian cohort of 5201 persons was recruited in
1989-1990 from random samples of the Medicare eligibility lists; subsequently,
an additional predominantly African-American cohort of 687 persons was enrolled
for a total sample of 5888. Blood samples were drawn on all participants at their
baseline examination; DNA was extracted from blood from participants who
donated DNA samples for storage and provided informed consent for
participation in DNA studies (~95% of all CHS participants). Although CHS is a
population-based sample we empirically estimated cryptic relatedness based on
genotypes of a LD-pruned set of common EC variants. For this we used PLINK
v1.07 [24] (http://pngu.mgh.harvard.edu/purcell/plink/). We identified clusters of
individuals with ‘PI_HAT’ > 0.15 or ‘Z0’ < 0.4 (‘PI_HAT’ is the empirical estimate
of twice the kinship coefficient and Z0 is the empirical estimate of the probability
of sharing zero alleles identical by decent). Among these clusters, we kept only
one individual for analysis, giving preference to cases over controls. Covariates
in the models were age in years, sex, and field center. Age was the age at LOAD
diagnosis for cases or the age at last follow-up evaluation for controls. PCs were
not associated with LOAD and therefore not included in the final model.
Diagnosis of LOAD in CHS — The AD sample for CHS included all prevalent
cases identified in 1992 and incident events identified between 1992 and
December 2006. Briefly, persons were examined annually from enroliment to
1999, and the examination included a 30 minutes screening cognitive battery
[25]. In 1992-94 and again, in 1997-99, participants were invited to undergo brain
MRI and detailed cognitive and neurological assessment as part of the CHS
Cognition Study [25]. Persons with prevalent dementia were identified, and all
others were followed until 1999 for the development of incident dementia and AD.
Since then, CHS participants at the Maryland and Pennsylvania centers have
remained under ongoing dementia surveillance [26]. Beginning in 1988/89, all
participants completed the Modified Mini-Mental State Examination (SMSE) and




the DSST at their annual visits, and the Benton Visual Retention Test (BVRT)
from 1994 to 1998. The Telephone Interview for Cognitive Status (TICS) was
used when patrticipants did not come to the clinic. Further information on
cognition was obtained from proxies using the Informant Questionnaire for
Cognitive Decline in the Elderly (IQCODE), and the dementia questionnaire (DQ).
Symptoms of depression were measured with the modified version of the Center
for Epidemiology Studies Depression Scale (CES-D). In 1991-94, 3608
participants had an MRI of the brain and this was repeated in 1997-98. The CHS
staff also obtained information from participants and next-of-kin regarding vision
and hearing, the circumstances of the iliness, history of dementia, functional
status, pharmaceutical drug use, and alcohol consumption. Data on instrumental
activities of daily living (IADL), and activities of daily living (ADL) were also
collected. Persons suspected to have cognitive impairment based on the
screening tests listed above underwent a neuropsychological and a neurological
evaluation. The neuropsychological battery included the following tests: the
American version of the National Reading test (AMNART), Raven’s Coloured
Progressive Matrices, California Verbal Learning Test (CVLT), a modified Rey-
Osterreith figure, the Boston Naming test, the Verbal fluency test, the Block
design test, the Trails A and B tests, the Baddeley & Papagno Divided Attention
Task, the Stroop, Digit Span and Grooved Pegboard Tests. The results of the
neuropsychological battery were classified as normal or abnormal (>1.5 standard
deviations below individuals of comparable age and education) based on
normative data collected from a sample of 250 unimpaired subjects. The
neurological exam included a brief mental status examination, as well as a
complete examination of other systems. The examiner also completed the
Unified Parkinson’s Disease Rating Scale (UPDRS) and the Hachinski Ischemic
Scale. After completing the neurological exam, the neurologist classified the
participant as normal, having mild cognitive impairment (MCI), or dementia.
International diagnostic guidelines, including the NINCDS-ADRDA criteria for
probable and possible AD and the ADDTC’s State of California criteria for
probable and possible vascular dementia (VaD) with or without AD, were
followed. CHS identified 3 subtypes: possible/probable AD without VaD
(categorized as pure AD, included in analysis) and mixed AD (for cases that met
criteria for both AD and VaD, included in analysis), and, possible/probable VaD
without AD (excluded from current study).

Framingham Heart Study (FHS)

The FHS is a three generational prospective cohort that has been described in
detail previously [27—29]. Individuals were initially recruited in 1948 in
Framingham, MA, USA to evaluate cardiovascular disease risk factors. The
second-generation cohort (5,124 offspring of the original cohort) was recruited
between 1971 and 1975. The third-generation cohort (4095 grandchildren of the
original cohort) was collected between 2002 and 2005. 6946 European-American
individuals were genotyped using the EC. Participants <60 years at the time of
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blood draw for DNA extraction were excluded prior to analysis. Because the
statistical tests used did not account for family structure, we excluded related
participants. Using genome-wide identity-by-descent, we first identified 7 pairs of
related cases, and excluded the younger of the two in each pair, or the one with
the most missing data. We then excluded 151 controls who were related to
cases, and finally, we excluded 439 controls related to other controls, applying
the same age/missing data rule as for related cases. Covariates used were age
in years and sex, where age was the age at LOAD diagnosis for cases or the age
at last follow-up evaluation for controls.

Diagnosis of LOAD in FHS — FHS participants were screened at each biennial
examination for possible cognitive decline through a number of mechanisms,
including measures of the Folstein Mini-Mental Status Examination (MMSE) [30],
referral by FHS staff and physicians at regular clinic exams, by self, family or
primary care physician, referral following health updates or ancillary studies by
other FHS working groups, and referral from neuropsychological testing included
in dedicated project. Participants “flagged” as being at risk for developing
dementia underwent complete neuropsychological evaluation. If the
neuropsychological testing or neurological evaluation suggested a decline in
cognitive function, and other sources of data could not clarify if the person had
MCI or AD, we administered a structured family interview. We then determined
whether each person fulfilled criteria for a diagnosis of dementia, the probable
date of onset, and type of dementia at a consensus review conducted by a panel
comprising at least one behavioral neurologist and one neuropsychologist.
Participants with dementia met criteria outlined in the Fourth edition of the
Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) criteria [17], and
were required to have symptoms for at least 6 months. Participants with AD met
NINCDS-ADRDA criteria for definite, probable, or possible AD [22].

Rotterdam study (RS)

The RS is an ongoing prospective population-based cohort study, focused on
chronic disabling conditions of the elderly [31]. The study comprises an outbred
ethnically homogenous population of Dutch Caucasian origin. The rationale of the
study has been described in detail elsewhere [31]. In summary, 7983 men and
women aged 55 years or older, living in Ommoord, a suburb of Rotterdam, the
Netherlands, were invited to participate. 3163 individuals were genotyped for the
EC. 1764 individuals have exome sequencing data and 820 of those also have
EC data. In the RS there are some small families due to inclusion of parents as
well as children living both in Ommoord. From pairs of subjects with empirical
IBD>0.4 one was excluded, with a preference of keeping cases. This excluded 30
cases and 120 controls. None of first 10 PCs related to AD in any of the samples
and thus only age and sex were included as covariates. Age was coded in years
for age of onset for cases and age at censoring or age at last screening for
controls.
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Diagnosis of LOAD in RS — In the RS participants were screened for prevalent
dementia in 1990-93 using a three-stage process; those free of dementia
remained under surveillance for incident dementia, a determination made using
records linkage and assessment at three subsequent re-examinations. We
included all prevalent cases and all incident events up to January 1% 2011.
Screening was done with the Folstein Mini-Mental Status Examination (MMSE)
[80] and the Geriatric Mental Schedule (GMS) [32] organic level for all persons.
Screen-positives (MMSE < 26 or GMS organic level > 0) underwent the CAMDEX
[33]. Persons who were suspected of having dementia underwent more extensive
neuropsychological testing. When available, imaging data were used. In addition,
all participants have been continuously monitored for major events (including
dementia) through automated linkage of the study database with digitized
medical records from general practitioners, the Regional Institute for Outpatient
Mental Health Care and the municipality. In addition physician files from nursing
homes and general practitioner records of participants who moved out of the
Ommoord district were reviewed twice a year. For suspected dementia events,
additional information (including neuroimaging) was obtained from hospital
records and research physicians discussed available information with a
neurologist experienced in dementia diagnosis and research to verify all
diagnoses. Dementia was diagnosed in accordance with internationally accepted
criteria for dementia (Diagnostic and Statistical Manual of Mental Disorders,
Revised Third Edition, DSM-I11I-R [34]), and AD using the NINCDS-ADRDA
criteria for possible, probable and definite AD [22]. The National Institute of
Neurological Disorders and Stroke—Association Internationale pour la Recherche
et ’'Enseignement en Neurosciences (NINDSAIREN) criteria were used to
diagnose vascular dementia. The final diagnosis was determined by a panel of a
neurologist, neurophysiologist, and research physician and the diagnoses of AD
and VaD were not mutually exclusive.

Study approval — The Rotterdam Study has been approved by the Medical Ethics
Committee of the Erasmus MC and by the Ministry of Health, Welfare and Sport
of the Netherlands implementing the Wet Bevolkingsonderzoek: ERGO
(Population Studies Act: Rotterdam Study). All participants provided written
informed consent to participate in the study and to obtain information from their
treating physicians.

Genotyping in CHARGE cohorts

ExomeChip genotyping and quality control — All four CHARGE cohorts were
genotyped for the HumanExome BeadChip v1.0 from lllumina (lllumina, Inc., San
Diego, CA, USA). To increase the quality of the rare variant genotype calls, the
genotypes for all four studies were jointly called with 62,266 samples from 11
studies at the University of Texas HSC at Houston (UT Houston) [35]. Quality
control (QC) procedures for the genotype data were done both centrally at UT
Houston and at each study. The central QC procedures have been described
previously [35]. Each study performed QC locally, which included at the
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minimum: 1) Concordance checking with GWAS data and removal of problematic
samples, 2) Removal of individuals with low genotype completion rate (<90%), 3)
Removal of variants with low genotype call rate (<95%), 4) Removal of
individuals with sex-mismatches, 5) Removal of one individual from duplicate
pairs, 6) Removal of variants that deviated significantly form the expected Hardy-
Weinberg Equilibrium proportions (p<107).

Genotype success rate by cohort — There were a total of 247870 variants on the
ExomeChip. After removing 831 duplicate SNPs, 5574 non-autosomal SNPs, and
8581 variants excluded during the central calling at UT Houston 241465
remained. Of those 241465 variants 99.9%, 95.5%, 99.9%, 99.5% variants
passed QC for AGES, CHS, FHS, and RS, respectively.

Annotation — DBNSFP v2.0 was used to annotate the variants [36].

Quality of the ExomeChip genotypes — The quality of the calling of the
ExomeChip genotypes within CHARGE has been described previously [35]. We
further investigated the quality of the genotypes of the SNPs in SKAPZ2 and
TM2D3 by 1) visually confirming cluster plots (Figure S1B), 2) genotyping all
individuals from the AGES-discovery who had the rare variant (rs139709573) at
TM2D3 (100% validated), and 3) checking concordance with exome sequencing
for total of 820 samples that had both EC and ES data available in the RS (99.6%
concordant).

Exome Sequencing in RS — Exomes of 1764 individuals from the RS- population
were sequenced using the Nimblegen SeqCap EZ V2 capture kit on an lllumina
Hiseq2000 sequencer and the TrueSeq Version 3 protocol. The sequences reads
were aligned to the human genome build 19 (hg19) using Burrows-Wheeler
Aligner [37]. Subsequently, the aligned reads were processed further using
Picard (http://picard.sourceforge.net), SAMtools [38] and Genome Analysis
Toolkit (GATK) [39]. Genetic variants were called using Unified Genotyper Tool
from GATK. Samples with low concordance to genotyping array (< 95%), low
transition/transversion ratio (<2.3) and high heterozygote to homozygote ratio
(>2.0) were removed from the data. The final dataset consisted of 903,316 SNVs
in 1524 individuals, of which 820 were also genotyped for the EC. Variants called
on both genotyping platforms were compared. In total 68,379 variants were both
called on the exome chip and with exome sequencing. We matched the
reference and alternate alleles and calculated the concordance rate for all
variants. Pairs were the exome sequence genotype was missing were excluded
(n=2,884,491) in the comparison. A total of 52,823,580 pairs of genotypes were
tested and 99.563% were concordant, 0.364% discordant and 0.073% missing in
the exome chip data. These results are comparable to previous results [35].
Coverage of the ExomeChip — The lllumina HumanExome Beadchip (“the exome
array”) was designed based on variants discovered through sequencing of
~12,000 genomes or exomes
(http://genome.sph.umich.edu/wiki/Exome_Chip_Design). The coverage of this
exome chip has been evaluated in independent samples and is estimated to
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capture ~78% of missense and splice-site variants of >0.1% allele frequency in
individuals of European descent [40]

ADGC and GERAD: Cohorts, LOAD diagnosis, and genotyping

Alzheimer’s Disease Genetics Consortium (ADGC)

The National Institute on Aging (NIA) Alzheimer Disease Centers (ADC) case-
control sample, the University of Toronto/GlaxoSmithKline (also called Gen ADA)
case-control sample, the Vanderbilt/Miami/Mt. Sinai case-control sample, the
NIA-Late-Onset AD (NIA-LOAD) multiplex family-based sample, the National Cell
Repository for Alzheimer’s Disease (NCRAD) multiplex family-based sample, the
Multi-Institutional Research in Alzheimer's Genetic Epidemiology (MIRAGE)
family-based sample, and the Adult Changes in Thought (ACT) prospective
cohort were described previously [41,42]. The Genetics Differences cohort is a
population-based prevalent case-control study from the same population as the
ACT study [43]. The Washington Heights Inwood Columbia Aging Project
(WHICAP) sample is a multi-ethnic prospective cohort [44]; for this study, only
Caucasians were genotyped. The Miami multiplex families and the National
Institute on Mental Health multiplex families were as previously described [45—
47]. The Cache County Study on Memory in Aging is a population-based study
with four assessments of cognitive function since 1994 [48]. The Swedish cohorts
are case-control studies recruited from neuropsychiatric clinics in Sweden, as
described previously [49]. For the family-based sample, we genotyped a single
affected subject from each kindred. All studies were approved by Institutional
Review Boards (IRBs) for each study by the respective Universities involved in
each study and the overall study was approved by the University of Pennsylvania
IRB.

ADGC participants were genotyped using the Infinium HumanExome V1
Beadchip from lllumina. Genotyping for 8410 subjects was performed at
NorthShore, 1990 subjects at the Hussman Institute for Human Genomics at the
University of Miami, and 6166 subjects at Center for Applied Genomics at
Children’s Hospital of Philadelphia. Genotypes were initially called using the
default clustering profile from lllumina and recalled using clustering profiles
generated by Genentech using data from 30,000 samples.

Genetic and Environmental Research in Alzheimer’s Disease (GERAD)

MRC genetic resource for late-onset AD (MRC LOAD): Samples were recruited
by the MRC Genetic Resource for AD (Cardiff University; Institute of Psychiatry,
London; Cambridge University and Trinity College Dublin). All AD cases met
criteria for either probable (NINCDS-ADRDA5, DSM-IV) or definite (CERAD) AD.
All individuals included in these analyses have provided informed consent to take
part in genetic association studies. MRC Prion Unit: Patients were recruited via
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tertiary specialist clinics at the National Hospital for Neurology and Neurosurgery,
University College London Hospitals NHS Foundation Trust, London. Clinical
diagnosis of AD was supported by participation in longitudinal research studies at
University College London, however as these sample collections were acquired
over two decades the comprehensive use of research diagnostic criteria cannot
be confirmed and some samples were assigned based on clinical diagnoses
only. Southampton: Subjects were aged between 50 and 100 years and
screened using the MOCA tool with a MoCA score at baseline equal to or greater
than 26 points. Signed informed consent was obtained by subject prior to the
initiation of any study-specific procedure and defined inclusion and exclusion
criteria were used. Kings College London: Subjects were assessed using the
MMSE and diagnosed according to the criteria of the NINCDS-ADRDA. All
patients had an age of onset greater than 60 years and controls were 60 years or
older at time of recruitment. University of Nottingham: Informed consent was
obtained for all samples, which was approved by the local Ethics Committee.
Samples were histopathologically confirmed as definite disease (AD) or control
using CERAD criteria. Queen’s University, Belfast: Diagnosis was based on DSM
IV and NINCDS ADRDA, as assessed by two clinicians. MMSE controls > 28/30,
Age > 65 for cases/controls. Centro de Biologia Molecular Severo Ochoa (CSIC-
UAM): AD patients were clinically diagnosed based on NINCDS-ADRDA or DSM-
IV criteria. Controls were ascertained by a mini-mental exam. All subjects gave
their informed consent to participate in the study. University of Halle, Germany:
Patients: All subjects’ samples were collected at the University, Munich. The
study was approved by the Munich University Ethics Committee and all
participants provided informed written consent. Participants diagnosed with
dementia associated with Alzheimer’s disease fulfilled the criteria of probable
Alzheimer’s disease, according to the NINCDS-ADRDA. Cognitive testing by
neuropsychological evaluation was performed in all patients according to MMSE,
CERAD battery, multiple choice vocabulary test and a variant of the trail making
test. Controls: Healthy subjects were screened to exclude those with
neuropsychiatric disorders according to defined exclusion criteria. University of
Bonn: German AD patients sample from Bonn were recruited from the German
Dementia Competence Network, the German study on Aging, Cognition, and
Dementia in primary care patients (AgeCoDe) and the interdisciplinary Memory
Clinic at the University Hospital of Bonn. All AD dementia patients included in the
GWAS analysis fulfilled the NINCDS/ADRDA criteria for probable AD and were
assessed by CERAD; the MMSE; the CDR, DSM-IV, ICD-10 (SIDAM), laboratory
assessments, brain imaging or NINCDS/ADRDA criteria. Control samples
comprised healthy elderly individuals from the AgeCoDe cohort with absence of
any type of dementia and mild cognitive impairment diagnosis using SIDAM. The
study was approved by all respective ethics committees and written informed
consent was obtained. Universitari Mutua de Terrassa, Barcelona and University
of Navarra, Pamplona Spain: All patients were assessed with MMSE and
diagnosed according to the criteria of the National Institute of Neurological and
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Communication Disorders and Stroke (about 10% of the controls underwent also
an MMSE). Informed consent was obtained from all individuals or family
representatives. Santa Lucia Foundation: For the enroliment of AD patents, the
MMSE and the MDB were administered. Diagnosis was made according to the
NINCDS-ADRDA criteria CDR score equal or higher than 1.0. Subjects were
aged greater or equal to 56 years old (patients) and 55 years old (healthy
controls). Brigham Young University and Utah State University: Case-control
status was determined in the Cache County Study on Memory Health and Aging
cohort who were aged 65 and older in a multi-stage dementia screening and
assessment protocol utilising the Modified Mini-Mental State Exam-Revised
(BMS-R) and other tests. Diagnoses of AD followed NINCDS-ADRDA criteria.
Controls were identified as those who were diagnosed with no dementia (per
clinical assessment) or whose cognitive test result was negative. All study
procedures were approved by the Institutional Review Boards of Utah State,
Duke and the Johns Hopkins University. Washington University: The Institutional
Review Board at the Washington University School of Medicine in Saint Louis
approved the study. Written informed consent was obtained from participants and
their family members by the Clinical Core of at the Charles F. and Joanne Knight
Alzheimer’s Disease Research Center (Knight-ADRC) (Approval number 93-
0006). Cases received a clinical diagnosis of AD dementia in accordance with
standard criteria, and dementia severity was determined with the CDR. Controls
underwent the same assessment but were cognitively normal. Hospital de la Sant
Pau, Universitat Autbnoma de Spain: Diagnosis of AD was established according
to the NINDS-ADRDA guidelines. Control individuals were older than 60 years of
age and had a neuropsychological evaluation in the normal range for age and
education. The study was approved by the ethics committee at the centre.
Saarland University: All patients underwent a thorough clinical and
neuropsychological examination including the CERAD-NP test battery with the
MMSE and a CDR rating. Further exams include physical and neurological
examination and a brain scan (MRI). Diagnoses was performed according to the
NINCDS-ADRDA criteria. Further information includes gender, current age, age
of onset, which in this cohort was above 60 years. Informed consent was
obtained from each participant and further approval by the ethics committee was
also obtained. Participants with diagnoses other than AD were excluded in
particular those with mixed dementias, FTLD and if the age of onset was below
60 years.

GERAD participants were genotyped using either the lllumina
HumanExome V1.0 (995 cases, 3383 controls) or V1.1 (1127 cases, 1729
controls) Beadchips. Genotyping for all subjects was performed at Life & Brain
GmbH, Bonn, Germany. Genotypes were initially called using the lllumina
GenomeStudio software (default settings). Genotypes were recalled using zCall
to improve rare variant calling [50]. Cluster plots for markers of interest were
visually inspected.
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Cohorts that provided allele frequency estimates

Generation Scotland

Generation Scotland is a Scottish family- and population-based adult cohort [51].
Generation Scotland received core support from the Chief Scientist Office of the
Scottish Government Health Directorates [CZD/16/6] and the Scottish Funding
Council [HR03006]. Ethical approval for the study was obtained from the Tayside
Committee on Medical Research Ethics (on behalf of the National Health
Service). Genotyping was funded by the UK Medical Research Council.

GLACIER

The Gene-Lifestyle interactions And Complex traits Involved in Elevated disease
Risk (GLACIER) Study is nested within the Véasterbotten Health Survey, which is
part of the Northern Sweden Health and Disease Study, a population-based
prospective cohort study from northern Sweden [52]. A total of 965 non-diabetic
participants from the GLACIER Study had complete genotype data. Participants
were genotyped with llluminaHumanExomeBeadchip 12 v1.1. All participants
provided informed consent. Ethics committee approval no. 2011-243-32M.

DIABNORD

The DIABNORD Study is nested within the Véasterbotten Health Survey, which is
part of the Northern Sweden Health and Disease Study, a population-based
prospective cohort study from Northern Sweden [52]. Participants with incident
type 2 diabetes were identified from the Diabetes Register in Northern Sweden
(DiabNorth). A total of 928 participants with incident type 2 diabetes from the
DIABNORD Study had complete genotype data. Participants were genotyped
with llluminaHumanExomeBeadchip 12 v1.1. All participants provided informed
consent. Ethics committee approval no. 2011-243-32M.

FIA3

FIA3 is population-based study of myocardial infarction (MI) nested within the
Northern Sweden Health and Disease Study (NSHDS), a population-based
cohort study from northern Sweden, which consists of sub-cohorts: the
Vasterbotten Intervention Program (VIP) and the WHO’s Multinational Monitoring
of Trends and Determinants in Cardiovascular Disease (MONICA) Study in
northern Sweden [52]. Both VIP and MONICA are health examination programs
for cardiovascular disease (CVD) and diabetes. Cases are identified through the
MONICA study in northern Sweden and its Ml incidence registry. Study
participant were genotyped with llluminaHumanExomeBeadChip 12 v1.1. All
participants provided informed consent. Ethics committee approval no. 2011-87-
31M
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Finrisk

For each Finrisk (1992, 1997, 2002) cohort [53], a representative random sample
is selected from the 25 — 74 year old inhabitants in five regions of Finland. The
survey includes a mailed questionnaire and a clinical examination where a blood
sample is drawn. A total of 23,036 individuals participated in the cohorts, and
gave written informed consent. The genotyped subset is a random sample that
was genotyped using lllumina HumanCoreExome chip. The FINRISK data are
deposited in the THL Biobank, which has been approved by the Coordinating
Ethical Committee of the Helsinki University Hospital District (decision number
238/13/03/00/2014)
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