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Abstract

The identification of novel genetic modifiers of age-at-onset of Alzheimer’s disease could advance
our understanding of AD and provide novel therapeutic targets. A previous genome scan for
modifiers of age-at-onset among families affected by early-onset Alzheimer’s disease caused by
the PSEN2N1411 variant identified two loci with significant evidence for linkage: 1923.3 and
17p13.2. Here, we describe the fine-mapping of these two linkage regions, and test for replication
in six independent data sets. By fine-mapping these linkage signals in a single large family, we
reduced the linkage regions to 11% their original size and nominated 54 candidate variants.
Among the 11 variants associated with age-at-onset of Alzheimer’s disease in a larger sample of
Germans from Russia, the strongest evidence implicated promoter variants influencing NCSTN on
1g23.3 and ZBT7B4on 17p13.2. The association between ZBT7B4 and age-at-onset of Alzheimer’s
disease was replicated by multiple variants in independent, trans-ethnic data sets. Our results
demonstrate association between age-at-onset of Alzheimer’s disease and both ZB7B4and
NCSTN. ZBTB4is a transcriptional repressor that regulates the cell cycle, including the apoptotic
response to amyloid beta, while NCSTN is part of the gamma secretase complex, known to
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influence amyloid beta production. These genes therefore suggest important roles for amyloid beta
and cell cycle pathways in age-at-onset of Alzheimer’s disease.
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Introduction

Alzheimer’s disease (AD) explains the diagnosis of dementia in >70% of persons aged =80
years (Brookmeyer et al., 2011). AD is characterized by the deposition of amyloid (AB)
plaques and neurofibrillary tangles in the brain, resulting in progressive dementia (Sala
Frigerio & De Strooper, 2016). Rare variants in APP, PSENI, and PSENZ cause a highly-
penetrant autosomal dominant form of early-onset AD (EOAD). The APOE €4 allele is
strongly associated with increased risk of late-onset AD (LOAD), and several other loci are
associated with small but significant effects (Karch & Goate, 2015) in genome-wide
associations studies (GWAS).

The identification of genetic modifiers of age-at-onset (AAQ) of AD offers promise for both
a better understanding of AD biology and new potential interventions. Variants that affect
AAO of AD can be considered AD risk or protective variants, as reduced (or increased)
AAOQO means greater (or lower) chance of becoming affected before death from other causes.
AAO modifiers identified in EOAD families are likely to be relevant to LOAD due to their
shared biology. Although the boundary between EOAD and LOAD is typically defined near
age 65 years, familial AD is not discretely divided into these two categories. Families
segregating dominant EOAD variants may include relatives affected by LOAD (Lee et al.,
2015, Marchani et al., 2010), while multiplex families affected by LOAD may include
relatives affected prior to the age of 65 years (Choi et al., 2011, Wu et al., 2012, Zhao et al.,
2013). The shared genetic basis of EOAD and LOAD has been revealed by targeted
sequencing analyses, where AD risk variants in probands ascertained from LOAD families
have been identified (Cruchaga et al., 2012). Furthermore, APOE, the most well-established
genetic modifier of AAO of AD, influences AAO of AD in families affected by EOAD
(Marchani et al., 2010, Pastor et al., 2003, Velez et al., 2016b) and persons affected by
LOAD (Naj et al., 2014).

AAQ of AD is heritable, and much of that heritability remains to be explained. Heritability
estimates for AAO of AD from twin studies range from 57-78%, suggesting the presence of
genetic modifiers (Meyer & Breitner, 1998, Pedersen et al., 2001). Variation in APOE is
estimated to only explain between 4-15% of the genetic variance in AAO of AD (Bennett et
al., 1995, Daw et al., 2000, Slooter et al., 1998, Tunstall ef a/., 2000). Association testing
within candidate genes (Leduc et al., 2015), GWAS (Lalli et al., 2015), and linkage studies
(Lee et al., 2015, Marchani et al., 2010, Zhao et al., 2013) have found evidence for
additional modifiers of AAO of AD in samples with and without causal EOAD variants.
Several of these loci are significant or suggestive across independent genome-scans for AAO
modifiers, including 5q15 (Lee et al., 2008, Szigeti et al., 2014), 7931.33 (Choi et al., 2011,
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Marchani et al., 2010, Wang et al., 2015), 8p22 (Naj et al., 2014, Szigeti et al., 2013), 9g33.1
(Choi et al., 2011, Wang et al., 2015), 13933.3(Lee et al., 2008, Naj et al., 2014), and
20p12.3 (Velez et al., 2016a, Wang et al., 2015). One of these loci, 7931.33, is supported by
analyses of Volga German PSENZ families affected by EOAD (Marchani et a/., 2010) and
independent LOAD data sets with European ancestry (Choi et al., 2011, Wang et al., 2015).
Additional research, including fine-mapping and functional studies, is needed to identify the
AAO modifiers within these loci.

We have previously provided strong evidence for the existence of genetic modifiers of AAO
on chromosomes 1923.3 and 17p13.2 in Volga German EOAD families sharing a founder
causal variant in PSENZ (Marchani et al., 2010). Each of these linkage signals were driven
by a single large pedigree, the R family, with a range of AAO of AD spanning 40 years.
Here, we fine-map these two linkage regions within the R family, identify the sequence
variants driving these signals, and provide independent evidence of association between
AAO of AD and variants within NCSTN and ZBTBA4.

Materials and Methods

Discovery Data Set

The R family possessed significant evidence for linkage between AAO of AD and both
1g23.3 and 17p13.2 after adjustment for the Volga German PSENZ variant and APOE
genotype (Marchani et a/., 2010). AAO of AD spanned four decades within this 65-member
family (Table 1), including at least two cases without the PSEN2N141 allele. Dense SNP
genotypes were generated for the 32 most informative relatives using the Illumina
HumanOmnil SNP array by the Northwest Genomics Center (NWGC) at the University of
Washington. Six informative relatives were selected for whole-exome sequencing (WES),
and whole-genome sequencing (WGS) was performed on four of these by the NWGC using
the same bioinformatics pipeline (Supplemental Methods). Candidate variants were
genotyped in all available relatives using a TagMan SNP Genotyping Assay from
ThermoFisher (Waltham, Massachusetts, USA) where possible, or else Sanger sequencing
(Table S1).

The Germans from Russia (GFR, Table 1) represent multiplex AD families whose ancestors
migrated from Germany to the Black Sea and Volga River (Molga Germans) regions of
Russia, and from there to the Americas (Bird ef a/., 1988). All families were ascertained by
Dr. Bird for multiplex AD and screened for the PSENZ2N1411 variant. Individuals diagnosed
with definite or probable AD were considered affected by AD. Genotype data for 331 GFR
individuals were generated by targeted high-throughput sequencing using single-molecule
molecular inversion probes (smMIPs (Hiatt ef a/., 2013), Table S2), restriction fragment
length polymorphisms (RFLPs), TagMan assays, and Sanger sequencing (Tables S3;
Supplemental Methods). We excluded variants missing >20% of genotypes, which
efficiently separated the concordant vs. discordant variants when smMIPs and traditional
genotypes were compared (Table S4, Figure S1). The study protocol was approved by the
University of Washington Institutional Review Board, and informed consent was obtained
for all participants.
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Replication Data Sets

Six independent AD data sets were used for the replication phase (Table 1), each focusing on
late-onset AD. We extracted the shared polymorphic SNPs within +/- 25 kilobases of
candidate variants from the Discovery Data Set in the five data sets with genome-wide data.
These shared SNPs were tested for association and meta-analyzed by ancestry group using
Fisher’s method (Fisher, 1925). Analyses of WES data were restricted to variants within the
canonical transcript of candidate genes. GWAS testing of a subset of polymorphic single
nucleotide variants (SNVs) estimated the genomic inflation factor (A (Devlin & Roeder,
1999)), a measure of how well the observed p-values match those expected under the null.
All sequence positions refer to build GRCh37/hg19 of the human reference genome.

The Alzheimer’s Disease Sequencing Project (ADSP) data were downloaded through the
Database of Genotypes and Phenotypes (dbGaP; phs000572.v7.p4). Ascertainment focused
on late-onset Alzheimer’s disease, excluding families known to carry causal variants in APP,
PSEN1, PSENZ, MAPT, and/or GRN (Beecham et al., in press, Blue et al., 2015). Analyses
were performed on the VCFs with consensus-called genotypes, as well as phenotype and
covariate files including APOE genotype, affectation status, and AAO of AD. WGS data was
collected for 578 persons drawn from 111 families ascertained for familial AD. Individuals
with definite or probable AD were considered cases, the remaining persons were considered
to be at-risk of AD. Families with Caribbean Hispanic or European ancestry were analyzed
separately. 785,814 SNVs for the ADSP Europeans and 890,336 SNVs for the ADSP
Hispanics were used to estimate A. Within the ADSP WES data set, analysis was restricted
to persons documented as having non-Hispanic European ancestry. Individuals marked as a
prevalent or incident case of AD within the year 0 phenotype file were considered affected
with AD; otherwise, they were considered as at-risk of developing AD. The A for the ADSP
WES sample was estimated from 22,659 SNVs.

The Columbia University Study of Caribbean Hispanics with Familial and Sporadic Late
Onset Alzheimer’s disease (CU Hispanics) data were downloaded through dbGaP
(phs000496.v1.pl), including SNP genotypes, APOE genotypes, and phenotype data for
3,655 CU Hispanics. No information regarding known causal AD variants was available.
Individuals were ascertained for both sporadic and familial AD. We used the documented
AAO of AD and affectation status. 904,994 SNVs from the Illumina HumanOmnil-Quad
v1.0B SNP array were used to estimate A..

The National Institute on Aging’s Late-Onset Alzheimer’s Disease Study and the National
Cell Repository for Alzheimer’s Disease (NIALOAD) data were originally ascertained from
multiplex LOAD families or neurologically-confirmed controls. Genotypes for 620,901 loci
collected using the Illumina 610Quad SNP array, as well as APOE genotypes were available.
No data were available regarding causal variants in known AD genes. Individuals with
northwestern European (Wijsman et a/., 2011) or Hispanic ancestry were analyzed
separately. AAO of dementia was used as the AAQ variable, with affectation status as
previously described (Wijsman et al., 2011). Persons with differences between age-at-
diagnosis of AD and AAO of dementia >10 years were excluded from analysis (Figure S2).
A subset of 543,347 SNVs in the NIALOAD Europeans, and 454,993 SNVs in the
NIALOAD Hispanics were used to estimate A.
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Statistical analysis

Linkage analyses in the R family identified tagging variants and narrowed linked
haplotype(s). Microsatellites (STRs) from the original linkage scan (Marchani et a/., 2010)
were combined with SNPs with high heterozygosity and low missingness to provide a dense
marker map (~1 marker/0.6 sex-averaged centiMorgan under the Haldane map function, cM
(Matise et al., 2007)). Linkage regions were defined by STRs with single-marker evidence
for linkage, plus two flanking STRs on either side: chrl: 93,335,507-167,604,465bp, and
chrl7: 432,537-31,290,190bp.

Linkage analyses were performed by joint oligogenic segregation and linkage analyses using
Loki v2.4.7 (Daw et al., 1999, Heath, 1997) and the published parameters (Marchani et al.,
2010). For each linkage region, we performed 1,000 joint oligogenic segregation and linkage
analyses to estimate the null distribution of the linkage signal, measured by the Bayes’
Factor (BF (Kass & Raftery, 1995)). The Measured Genotype (MG) approach (Almasy &
Blangero, 2004, Boerwinkle et al., 1986) identified variants tagging the haplotype driving
each linkage signal: variants associated with the linkage signal should have low BF and large
values for size, the square root of genetic variance explained by the variant, when included
as both a marker and a covariate in the linkage analysis. Here, we define these “topSNPs” as
those with BF below the 15t percentile derived from the null distribution and size estimates
above the 99t percentile of the variants tested. Using the array data in the R family, MG
analyses evaluated 11,574 SNPs on chromosome (chr) 1 and 6,512 SNPs on chr17 which
fell within the linkage regions, had HapMap reference European frequencies, an observed
minor allele frequency (MAF) =5%, missingness < 5%, and no Mendelian inconsistencies.
MG approach analyses of candidate sequence variants and founder haplotypes followed a
similar protocol: markers include all STRs and the variant being tested, 1000 burn-in
iterations, saving every 20™ of 1 million realizations.

Inheritance vectors were estimated using the MORGAN v3.0.1 program gl_auto
(Thompson, 2011), which uses a Markov chain Monte Carlo approach to sample realizations
of inheritance vectors consistent with the pedigree structure and genotype data
(Supplemental Methods). The program IBDgraph (Koepke & Thompson, 2013, Thompson,
2011) identified equivalence classes among the thousands of sampled inheritance vectors,
where all realizations within the class share the same pattern of identity-by-descent (IBD).
We estimated equivalence classes at the position of the linkage scan marker with the
strongest evidence for linkage to AAO of AD to identify the most common haplotype. A
dummy variable indicating carrier status for this haplotype was tested by the MG approach
to determine whether the haplotype tagged the linkage signal. The marker boundaries of the
linked haplotype were then used to define the sequence positions of the linked haplotype.
Biallelic SNVs and small insertions/deletions within the linked haplotypes underwent
quality control (Supplemental Methods), and those with maximum alternate allele frequency
(AAF) <0.15 in reference subpopulations were prioritized. These candidate variants were
binned into identity-by-state (IBS) classes given the observed genotypes. Representatives of
each IBS class, including all coding changes, were genotyped in all available members of
the R family, and then MG analyses identified those most effectively tagging the haplotype
driving each linkage signal (Supplemental Methods).
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Association testing in the GFR data set was performed on Martingale residuals for AAO of
AD using the Wq s test statistic (Bourgain et al,, 2003) implemented in QM_QXM
(Thornton & Mcpeek, 2007, Thornton et al., 2012) using the Hardy-Weinberg variance
estimator. AAO of AD was adjusted for the count of APOE €2, APOE 4, and PSENZ2
N1411 alleles using a Cox proportional hazards model. Sex was not included as a covariate
as the evidence for its effects on AD risk have been inconsistent (ex., (Lindsay et al., 2002,
Ryman et al., 2014)). The Wq__s test uses pedigree-based Kinship estimates and is robust to
non-normal quantitative traits like Martingale residuals.

The replication data sets were drawn from admixed populations or populations with
geographic structure, and required association methods incorporated estimates of kinship
and population structure (Table 1). Within each replication data set, kinship was estimated
empirically using KING (Manichaikul et al., 2010). Samples with pedigree errors were
removed, and evidence of cryptic relatedness (kinship > 0.1) was noted. AAO of AD was
adjusted for the count of APOE 2 and APOE &4 alleles using a Cox proportional hazards
model. Principal components (PCs) were estimated by PC-Air (Conomos et al., 2015), and a
genetic relatedness matrix (GRM) was built by PC-Relate (Conomos ef al., 2016) which
adjusted the GRM for PCs 1 and 2. Association testing was performed using a linear mixed
model adjusting for this GRM and PCs 1 and 2 within the GENESIS software package
(Conomos & Thornton, 2016). The skewed distribution of Martingale residuals is
inappropriate for this linear mixed model, and so the deviance residuals were analyzed as a
quantitative trait with a normal distribution. The number of independent tests within each
data set were estimated using GEC v0.2 (Li et al., 2012).

Cox proportional hazards analyses evaluated the direction of effect of candidate variants,
adjusting for the same covariates as the AAO of AD phenotype. Alternative models for
modeling APOE as a covariate had minimal effects on the mean squared error (Table S5).

The Discovery Data Set

The MG approach combined with estimates of IBD to dramatically narrow both linkage
regions observed in the R family. We identified 11 topSNPs on chrl and 28 topSNPs on
chr17 which best explained the evidence for linkage on each chromosome (<15t percentile
for BF, >99™ percentile for size, Figure 1, Tables S6, S7). The risk alleles at topSNPs (Table
S7) tagged the haplotype driving each linkage signal, narrowing the linkage regions by 30%:
chr1:108,528,710-164,628,310bp and chrl7: 3,781,764-21,771,953bp. Patterns of IBD
among carriers of the topSNP risk alleles were estimated at the position of the STR with the
strongest evidence for linkage to AAO of AD on chrl (D1S484) and chrl7 (D17S938) using
a Markov chain Monte Carlo approach. A single equivalence class explained all of the
sampled inheritance vector realizations at D1S484, while another class explained 98.7% of
the inheritance vector realizations at D17S938. The patterns of IBD sharing summarized by
these inheritance vectors are illustrated in Figure S3. Linkage analyses including covariates
indicating carrier status for the most-common haplotype within the largest equivalence class
at D1S484 or D17S938 explained their respective linkage signals (Figure S4). This approach
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further narrowed the regions of interest by 84%: chr1:157,842,192-165,403,666 and
chrl7:5,918,562-10,269,514bp.

Within the IBD haplotype, 1,251 WGS variants on chrl and 1,273 WGS variants on chrl7
passed QC filters, had reference AAF < 0.15, and were predicted to alter either protein
structure or gene regulation. MG analyses of representatives from each IBS class of variants
found that rs911229 and rs17846715 best explained the linkage signal on chrl (Figure S5),
while rs33989543 and rs190521854 best explained the linkage signal on chr17 (Figure S6).
These IBS classes defined our targeted regions of interest: chrl:159,752,066-162,345,199bp
and chrl7: 6,930,118-7,721,931bp. Within these boundaries, we identified 36 variants of
interest on chrl and 17 variants of interest on chrl7 (Table S2). Most of these variants were
not captured in the WES data and are non-coding.

Eleven variants were nominally associated with AAO in both the R family and the entire
GFR sample (p<0.05, Table 2, Table S8), out of an estimated 17.29 independent tests on
chrl and 10.18 independent tests on chr17. The strongest signals on chrl implicated
NCSTN, while the strongest signals on chrl7 implicated ZB7B4. The ZBTB4 variant
rs71370498 occurs within a promoter (ENSR00000122480 (Mclaren et al., 2016)), with
corresponding histone modifications and DNAse | hypersensitivity sites (DHS) in >20
tissues, including multiple brain and derived neuronal tissues (Ward & Kellis, 2012). Variant
rs71370498 is also predicted to alter six transcription factor binding site (TFBS) motifs
(Ward & Kellis, 2012), suggesting a mechanism by which the variant could influence the
expression of ZBTB4. This variant is significantly associated with AAO of AD in the GFR,
after adjustment for the number of independent tests (p<0.005), and the alternate allele at
rs71370498 significantly increases the hazard of AD among the GFR (z=2.06, p=0.039).
The NCSTN variant rs73029438 also falls within a conserved promoter
(ENSR00000019473 (Mclaren et al., 2016)), bears the corresponding histone modification
and DHS in>20 tissues, and is predicted to alter TFBS motifs (Ward & Kellis, 2012). The
alternate allele tended to increase the hazard of AD among the GFR, although the effect was
not significant (z=0.903, p>0.05).

Independent replication of GFR loci

Association testing of SNPs shared by five independent data sets replicated association
between ZBTB4 and AAO of AD, while none of the SNPs surrounding NCSTN were
significant (Table 3). Three SNPs, rs2302761, rs2302762, and rs8071847, were significantly
associated with AAO of AD in a meta-analysis of the Hispanic data sets after correcting for
the number of independent tests on chrl7 (p< 0.0081, Table 3). One of these SNPs,
rs2302762, was also nominally associated with AAO of AD in the ADSP Europeans
(p=0.0391). rs2302761 and rs8071847 are common SNPs in linkage disequilibrium among
the 1000 genomes Europeans (AAF = 0.19, r2=0.84, D"=0.92 (Ward & Kellis, 2012)). Both
SNPs are eQTLs for ZBTB4 (Consortium, 2015, Westra et al., 2013). This haplotype block
spans both ZBTB4 and the promoter element containing rs71370498, the SNP associated
with AAO of AD among the GFR. The third common SNP, rs2302762, falls within another
promoter near ZB7B4 (1000 genomes Europeans AAF = 0.69, ENSR00000122477
(Mclaren et al., 2016)). Additional support from individual SNPs in single data sets include
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rs7217258, which was significantly associated with AAO of AD among the CU Hispanics (p
= 0.0034), and rs7219550 which was nominally associated with AAO of AD among the
NIALOAD Europeans (p=0.0386). Each test was well-controlled, with A estimates near 1:
ADSP Europeans = 0.9944, ADSP Hispanics = 1.0044, CU Hispanics = 0.9978, NIALOAD
Europeans = 1.0022, and NIALOAD Hispanics = 0.9952. These results provide trans-ethnic
support for the association of ZB7B4with AAO of AD.

Association testing of exome variants among the ADSP WES data set found nominally
significant evidence of association between AAO of AD and multiple SNPs in ZBTB4 and a
single SNP in NCSTN (Table 4, Table S9). Three of the five ZB7B4 SNVs nominally
associated with AAO of AD (p< 0.05) were missense variants, as was the single NCSTN
SNV (Mclaren et al., 2016). The NCSTN SNV, rs200632380, falls within the same promoter
as rs73029438 (Mclaren et al., 2016), the SNP associated with AAO of AD among the GFR.
The associated SNVs were rare, as all but rs11871207 were observed in a single individual.
These tests were also well controlled, with A = 0.9934.

Discussion

Fine-mapping of linkage regions has revealed that promoter variants in ZB7B4and NCSTN
are associated with AAO of AD among the GFR. Although the original linkage signals were
discovered in Volga German families, the support for ZBT7B4 across replication samples of
both European-American and Caribbean Hispanic ancestry suggest that its importance to the
AAO of AD extends across populations. The association between AAO of AD and both
promoter variants and eQTLs in independent data sets reinforces the potential role of
regulatory variants in the AAO of AD. We show below that both ZB7B4and NCSTN are
connected to known AD biology, nominating specific molecular and cellular mechanisms
that may influence AAO of AD.

ZBTB4 can be connected to AD pathogenesis via Ap and cell death pathways. ZBTB4 is a
zinc finger protein family member which acts as a transcriptional repressor (Filion et al.,
2006) and plays an important role in the regulation of cell cycle (Yamada et al., 2009). A
exposure degrades HIPK2 and increases the amount of unfolded p53 in AD tissues (Lanni ef
al., 2010, Lanni et al., 2007, Stanga et al., 2010). This interaction has been proposed to lead
to the pathogenesis of AD(Stanga et al., 2010). It is possible ZBTB4 could alter the
pathogenesis of AD, as the degradation of HIPK2 causes increased ZBT7B4 expression
(Yamada et af., 2009) and ZBTB4 suppresses the apoptotic response to p53 activation
(Weber et al., 2008). Furthermore, animal models suggest that ZBTB4 expression can
influence age-related cognitive impairment, as rats that are not cognitively impaired by
aging have upregulated ZB7B4 (Haberman et al.,, 2011). This suggests that variants altering
ZBTB4 expression and/or regulation may influence AD through mechanisms related to cell
cycle and apoptosis.

NCSTN is part of the gamma secretase complex along with PSENI and PSENZ, two EOAD
genes (Li et al., 2014). Alterations in NCSTN expression levels influence the production of
the AB intrinsic to the pathology of AD (Murphy et al., 2003, Yu et al., 2000). The GFR
variant rs73029438 falls within the same NVCSTN promoter as two SNPs repeatedly
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associated with risk of sporadic AD in Chinese data sets (Ma et a/., 2009, Zhong et al.,
2009). A haplotype defined by non-coding NCSTN variants is also associated with risk of
early-onset AD in Dutch families (Dermaut et a/., 2002) and similarly enriched in Finnish
AD cases vs. controls (Helisalmi et al., 2004) (Haplotype B; NCSTN:c.636A>G and c.
747C>T, (Ward & Kellis, 2012)). These results suggest that it may be through the alteration
of AP production that variants influencing NCSTN may influence the pathogenesis of the
disease.

In addition to the ZBTB4 and NCSTN promoter variants, several additional variants on the
linked haplotypes in the R family were also nominally associated with AAO of AD in the
GFR (Table 2). It is possible that the cumulative effects of these variants contribute to the
proportion of variance in AAO of AD explained by the linked haplotypes. This would be
consistent with the eQTL and complex trait literature in humans (Lowe & Reddy, 2015,
Albert & Kruglyak, 2015) and model organisms (De Luca et al., 2003, Mackay, 2004). It is
therefore noteworthy that the Ap and cell cycle/death pathways implicated by NCSTN and
ZBTB4 are influenced by the variable expression of several of the additional genes
associated with AAO of AD among the GFR: KDM6B (Ene et al., 2012), NOS1AP (Maher
et al., 2014), and ATF6 (Kaneko et a/., 2010). The coding and regulatory consequences of
the variants associated with AAO of AD provide strong gene targets for the next stage of
functional analyses. Their shared pathways may be used to define cellular and molecular
phenotypes to test for association with either candidate variants or AAO of AD.

We have reduced linkage regions to their underlying haplotypes, and prioritized variants
within them. Our strongest evidence of association with AAO of AD across multiple data
sets implicates both regulatory and missense variants in ZB7B4. Although our association
testing was blind to the function of the associated genes, the function of both ZB784 and
NCSTN can be directly and indirectly linked to AD risk and pathology. Future
bioinformatics annotation and functional assays will be performed to determine how each
variant influences the target gene, and whether these effects are independent. This may yield
insight that can be leveraged into new therapeutic agents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Size of quantitativetrait loci at SNPsincluded as a covariate in measured genotype
analyses within the R family

Panel A: chromosome 1, Panel B: chromosome 17. The empty space in the middle of panel
A corresponds to the centromere. The topSNPs are highlighted in red. X marks the position
of the microsatellite markers included in the linkage analysis. For context, APOE has an
average effect size of 5.51 in the chrl analyses and 5.26 in the chrl17 analyses.
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