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We have identified a rare coding mutation, T835M 
(rs137875858), in the UNC5C netrin receptor gene that 
segregated with disease in an autosomal dominant pattern in 
two families enriched for late-onset Alzheimer’s disease and 
that was associated with disease across four large case-control 
cohorts (odds ratio = 2.15, Pmeta = 0.0095). T835M alters a 
conserved residue in the hinge region of UNC5C, and in vitro 
studies demonstrate that this mutation leads to increased 
cell death in human HEK293T cells and in rodent neurons. 
Furthermore, neurons expressing T835M UNC5C are more 
susceptible to cell death from multiple neurotoxic stimuli, 
including b-amyloid (Ab), glutamate and staurosporine. On the 
basis of these data and the enriched hippocampal expression 
of UNC5C in the adult nervous system, we propose that one 
possible mechanism in which T835M UNC5C contributes to 
the risk of Alzheimer’s disease is by increasing susceptibility 
to neuronal cell death, particularly in vulnerable regions of the 
Alzheimer’s disease brain.



Although progress has been made in defining the genetic basis of 
Alzheimer’s disease (AD), much of the heritability of AD remains to 
be discovered1–12. We elected to study a large pedigree in which late-
onset AD (LOAD) appeared to segregate in an autosomal dominant 
pattern and lacked known early-onset AD pathogenic variants3,13 
(Fig. 1a). Within this family, there were eight LOAD cases including 
six autopsy confirmed cases (age of onset ranged from 58 to 85 years 



(Supplementary Table 1)), 15 unaffected family members and four 
individuals of unknown LOAD status. We performed parametric link-
age analysis using a rare dominant model of inheritance and identified 
several regions that segregated with disease in the pedigree, including 
a broad peak on chromosome 4 (Fig. 1b).



We whole-genome sequenced the DNA from one affected indi-
vidual (generation III, individual 1) to develop a catalog of variation 
(Fig. 1a). We then applied filters and exclusion criteria to iden-
tify candidate variants within the pedigree. We detected a total of 
3,827,979 variants in the whole-genome-sequenced sample. We lim-
ited the search interval to the five regions with evidence of linkage 
within the pedigree (Fig. 1b, regions with LOD score >1.0 provided in 
Supplementary Table 2). We next applied a series of exclusion criteria 
to the remaining 98,817 variants (Supplementary Results), resulting 
in a total of 141 variants (Supplementary Fig. 1).



The most distantly related affected individual (generation II, indi-
vidual 7) to the originally sequenced case was exome sequenced to 
further narrow the number of candidate variants (Fig. 1a). Four 
variants were present in both affected individuals (Supplementary 
Table 3). These four candidate variants included two missense, one 
synonymous and a 3′ untranslated region variant.



Among the two candidate missense variants is rs1063242, which 
resides in the coding region for A-kinase anchoring protein 9 (AKAP9, 
P2979S). Genotyping of rs1063242 in 4,533 LOAD cases and 20,325 
controls showed no evidence for enrichment (P = 0.54, Supplementary 
Table 4). The remaining candidate missense variant, rs137875858, 
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alters an evolutionarily conserved amino acid in the coding region 
of UNC5C (T835M, Supplementary Fig. 2a) and was located in the 
broad chromosome 4 linkage peak. We confirmed the genotype of 
rs137875858 within the pedigree by a Taqman assay and the variant 
was present in all LOAD cases and in two unaffected carriers (ages 
75–81 years). UNC5C is a netrin receptor homologous to a protein in 
Caenorhabditis elegans implicated in netrin signaling and contributes 
to axon guidance during development14–16. UNC5C is expressed in 
neurons in both the developing and adult brain15,16, and the protein 
contains a ‘death domain’ that has been proposed to influence apoptotic 
signaling. We therefore advanced the T835M UNC5C variant for vali-
dation in additional LOAD pedigrees and case-control populations.



We screened a cohort of 863 unrelated individuals from pedigrees 
enriched with familial LOAD for the presence of T835M to identify  
additional pedigrees for segregation analysis3,17. We identified 



a total of four pedigrees with at least one T835M-heterozygous  
carrier (Fig. 1c–f), and we genotyped their family members for T835M.  
In one pedigree, the T835M variant completely segregated with disease 
(Fig. 1c), and the family showed evidence of linkage to chromosome 4.  
Two pedigrees were uninformative for linkage analysis because there 
was only a single carrier in the pedigree and no informative offspring. 
In the remaining pedigree, the variant was inherited by three offspring 
from an unaffected parent but was excluded from the linkage analysis 
because the three offspring were younger than 70 years old. A pos-
sible explanation for the variable penetrance in the pedigrees is the 
influence of genetic background, which has been observed in both 
animal models and well-described human risk variants, including 
APOE4 (refs. 18,19).



We performed a case-control analysis to test whether T835M 
UNC5C was enriched in individuals with LOAD. The UNC5C variant 
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Figure 1 Identification of T835M UNC5C as a candidate variant for LOAD. (a) A large family with a propensity for developing LOAD was selected 
for study. Linkage arrays were run on the indicated 16 individuals with available DNA (pink shading). An affected individual (indicated by*) was 
whole genome sequenced and a second case was exome sequenced (indicated by **). (b) Linkage results from the pedigree in a using a parametric 
(rare dominant) model. Five regions segregated with LOAD with a LOD score >1.0. (c) A second pedigree in which T835M segregates with LOAD. 
Heterozygous carriers of T835M are indicated by + and noncarriers by –. (d–f) Additional LOAD-enriched pedigrees with at least one member 
heterozygous for T835M UNC5C (rs137875858) (d,e and f each represent a different pedigree). Hollow and filled diamonds indicate healthy family 
members and those diagnosed with AD, respectively. A Taqman assay was used to confirm genotype at T835M (rs137875858).
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was genotyped in a total of 8,050 cases with LOAD and 98,194 con-
trol individuals from four independent data sets (as described in the 
Online Methods). Using a fixed effects model, T835M UNC5C con-
ferred an odds ratio of 2.15 (95% confidence interval of 1.21–3.84) 
with a P value of 0.0095 (Fig. 2), supporting the hypothesis that this 
allele is present at a low frequency in the European population and 
confers risk for disease.



To dissect the cellular phenotype of the T835M UNC5C muta-
tion we investigated protein expression, cellular localization and cell 
surface levels by transfecting HEK293T cells. We found little differ-
ence between T835M and WT UNC5C, indicating that the T835M 
mutation is probably not altering protein expression or localiza-
tion (Supplementary Fig. 3a–c). To next test whether the T835M 
UNC5C mutation may directly alter AD-associated biology20–22, we 
examined the effect of UNC5C overexpression on the generation of  
β-amyloid (Aβ) and extracellular tau. We found that Aβ levels in WT 
UNC5C– and T835M UNC5C–overexpressing cells were similar to 
cells expressing a β-galactosidase (β-gal) control vector, indicating 
that neither WT nor T835M affects amyloid precursor protein (APP) 



cleavage (Supplementary Fig. 3d–f). Additionally, overexpression of 
T835M or WT UNC5C led to roughly equivalent increases in extracel-
lular tau levels (Supplementary Fig. 3g,h), which coincided with the 
presence of additional cytosolic proteins in the conditioned medium 
(Supplementary Fig. 3i), suggesting that UNC5C expression is prob-
ably toxic and induces cell death.



UNC5 family members may drive cell death through their con-
served C-terminal death domain23,24 (Supplementary Fig. 2b). Based 
on the analogous residue in the crystal structure of UNC5B (ref. 25), 
a related family member, T835M alters the ‘hinge’ of the closed con-
formation of UNC5C, suggesting an effect on the death domain of 
UNC5C. As we observed that UNC5C overexpression led to increased 
cell death in the extracellular tau experiments, we further explored the 
cell death phenotype using live-cell imaging. HEK293T cells overex-
pressing WT UNC5C, T835M UNC5C or a β-gal control vector were 
longitudinally monitored. Using the IRES-GFP encoded within the 
constructs, cell confluencies were determined specifically within the 
transfected cell populations, and growth curves for the transfected cells 
were generated for each group (Fig. 3a,b and Supplementary Fig. 4).  
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Figure 2 Association of T835M UNC5C 
(rs137875858) in AD case and control 
cohorts. The association of T835M UNC5C 
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case and control cohorts totaling 8,050 LOAD 
cases and 98,194 control individuals. The 
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Figure 3 T835M UNC5C increases cell death 
beyond that induced by WT UNC5C. HEK293T 
cells were transfected with WT UNC5C, T835M 
UNC5C or a β-gal control vector, all of which 
contained an IRES-GFP. (a,b) Representative 
growth curves of GFP+ cells (transfected 
only) (a) and total cells (transfected and non-
transfected) (b). (c) Growth of β-gal–, T835M 
UNC5C– or WT UNC5C–expressing cells. GFP+ 
specific growth was normalized to total growth, 
and slopes of the best-fit lines were calculated. 
Data (a–c) represent four independent transient 
transfection experiments with n = 6 randomly 
plated technical replicates per condition for 
each experiment. ***P = 0.007, **P = 0.0011, 
*P = 0.0259 as analyzed by two-tailed unpaired 
t-test. (d) Representative flow cytometry plots of  
β-gal–, T835M UNC5C– or WT UNC5C–
transfected cells analyzed for GFP and  
annexin V–APC. Orange, untransfected cell 
population; green, GFP+annexin V− cell 
population; black, GFP+annexin V+ population. 
(e) Percentage of annexin V+ cells within the 
GFP+ population representing four independent 
transient transfection experiments with 100,000 
cells analyzed per condition. ***P < 0.0001, 
**P = 0.0014, *P = 0.0111 as analyzed by two-
tailed unpaired t-test. (f) Representative overlay 
of fluorescent and bright-field images from time-
lapse imaging experiments. Red, transfected cells; green, caspase-3/7 activity. Scale bar, 50 µm. (g) Average lifetime of cells expressing β-gal  
(n = 919), WT UNC5C (n = 687) or T835M UNC5C (n = 590) at movie start or that initiated expression during first 20 h of imaging. (h) Kaplan-Meier 
survival curves of cells expressing β-gal (n = 1,696), WT UNC5C (n = 1,085) or T835M UNC5C (n = 751) analyzed by Wald test for P values. (g,h) Data 
represent three independent transient transfection experiments with n = 6 randomly plated technical replicates per experiment and 24 movies per genotype, 
***P < 0.0001, Cox proportional hazards regression model. Data were analyzed with experimenter blinded to samples and represent the mean ± s.e.m. 
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We found that growth of WT UNC5C–overexpressing cells was 
reduced by 25% compared to the β-gal control vector, whereas growth 
of cells expressing T835M UNC5C was diminished to nearly 50% 
(Fig. 3a–c and Supplementary Fig. 4). Furthermore, DNA titra-
tion experiments revealed that cells overexpressing WT and T835M 
UNC5C consistently showed decreased growth compared to those 
overexpressing β-gal, and cells overexpressing T835M UNC5C grew 
less than those overexpressing WT UNC5C for all expression levels 
(Supplementary Fig. 5a–d). Differences in cell cycle profiles were not 
detected between WT UNC5C– and T835M UNC5C–overexpressing 
cells (Supplementary Fig. 6). Taken together, these data indicate that 
T835M UNC5C either decreased cell growth or increased cell death 
beyond that of WT UNC5C even at low expression levels.



To investigate the cell death phenotype in greater depth, we analyzed  
cell surface expression of annexin V, an early apoptotic marker, and 



caspase activation in HEK293T cells. We found the percentage of 
annexin V+ cells within the WT UNC5C–overexpressing population 
was significantly increased over that of β-gal–overexpressing cells, 
whereas T835M UNC5C displayed the highest percentage of annexin 
V+ cells (Fig. 3d,e and Supplementary Fig. 7a–e). Assaying caspase-3  
or caspase-7 activation, one of the hallmark steps in apoptosis, in 
real time revealed that cells overexpressing WT UNC5C were more 
likely to spontaneously undergo apoptosis marked by caspase activity  
than the β-gal–overexpressing control cells, yet T835M UNC5C–
overexpressing cells showed an even higher propensity for cell death 
(Fig. 3f, Supplementary Fig. 8a, Supplementary Movies 1–3 and 
Supplementary Fig. 8b–d). Correspondingly, T835M UNC5C 
decreased the average cell lifetime and substantially reduced survival 
compared to WT UNC5C (Fig. 3g,h and Supplementary Fig. 8b–d). 
Collectively, these data show that the T835M UNC5C AD-linked variant  
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Figure 4 UNC5C is expressed in the adult hippocampus  
and the T835M UNC5C variant sensitizes hippocampal  
neurons to neurotoxic stimuli. (a) Unc5c quantitative  
PCR (qPCR) of Unc5c+/+ and Unc5c−/− mouse hippocampus  
(Hipp), cortex (Ctx), and cerebellum (Cbm), fold change  
normalized to Unc5c−/−, n = 3 mice per genotype.  
(b) Unc5c in situ hybridization (red) Unc5c+/+ and Unc5c−/−  
adult mouse hippocampal coronal sections counterstained  
with hematoxylin (blue). Scale bars, 200 µm. (c,d) qPCR  
of Unc5c (c) and Trem2 (d) expression in cells from adult  
Unc5c+/+ mouse hippocampi, with cells sorted by flow cytometry for  
neurons (NeuN), astrocytes (GFAP), microglia/macrophages (CD11b) or a non-enriched negative population, fold change normalized to negative 
population. n = 3 Unc5c+/+ mice total. (e) Images of cultured hippocampal neurons expressing β-gal–IRES-GFP, WT UNC5C–IRES-GFP or T835M 
UNC5C–IRES-GFP at 48 h or 116 h following transfection. Scale bar, 100 µm. (f) Number of detected GFP+ cells per well, as a function of time, for the 
experiment shown in e. Each data point is the mean ± s.e.m. of three technical replicates with four fields of view acquired per replicate. (g) Survival of 
WT UNC5C– or T835M UNC5C–transfected neurons, relative to β-gal–transfected neurons, in n = 5 independent experiments, as performed in f. WT 
versus T835M UNC5C by two-tailed unpaired t-test: *P = 0.0394, or two-tailed one sample t-test with β-gal (theoretical mean) versus WT *P = 0.0319 
or versus T835M **P = 0.002, respectively. (h–j) β-gal–, WT UNC5C– and T835M UNC5C–IRES-GFP vector expressing hippocampal neurons were 
challenged with Aβ1–42 or scrambled Aβ1–42 (h) glutamate (i) or staurosporine (j). Surviving neurotoxin-treated cells were normalized to their respective 
untreated vector controls. In h, n = 4 independent neuronal culture experiments, β-gal (n = 120 images) versus WT (n = 120 images) P = 0.0609,  
WT versus T835M UNC5C (n = 120 images) ****P = 1.77x10−9, In i, n = 3 independent experiments, β-gal (n = 90 images) versus WT (n = 90 images)  
P = 0.6032, WT versus T835M UNC5C (n = 90 images) **P = 0.001446. In j, n = 3 independent experiments, β-gal (n = 90 images) versus WT  
(n = 90 images) P = 0.323, WT versus T835M UNC5C (n = 90 images) **P = 0.0005545. In a,c,d,g–j, data are presented as mean ± s.e.m. In h–j,  
P value is from a likelihood-ratio test comparing two linear mixed models for growth curve analysis (fit using function lmer in the R package lme4): 1.  
model with the dose-treatment interaction term and 2. model without that term.
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induces cell death more rapidly and to a higher degree than WT 
UNC5C in a heterologous cell system.



UNC5C is expressed in the rodent adult nervous system15 (Fig. 4a) 
and appears to be enriched in neurons of the CA3 hippocampal 
pyramidal layer (Fig. 4b,c and Supplementary Fig. 9a,b), sug-
gesting that UNC5C may have a functional role in these neurons. 
Moreover, UNC5C is expressed in normal human temporal lobe cor-
tical neurons and neurons of the hippocampal pyramidal layer in 
control subjects and subjects with AD (Supplementary Fig. 10a,b). 
Notably, the hippocampus is one of the first regions to degenerate 
in AD and is required for many types of learning and memory26–28. 
Neuroinflammation may also contribute to AD risk, as has been 
implicated by the recently described TREM2 variants1,6. To determine 
whether UNC5C is expressed by microglia in the brain or by periph-
eral blood mononuclear cells (PBMCs), we profiled UNC5C expres-
sion in adult mouse brain and in subpopulations of mouse and human 
PBMCs (Fig. 4c,d and Supplementary Fig. 9). Unlike TREM2, which 
is expressed by CD11b+ microglia, monocytes and macrophages, we 
found little evidence that UNC5C is expressed by microglia or PBMCs, 
suggesting that UNC5C is unlikely to be involved in the inflammatory 
response during AD.



Given the neuronal expression of UNC5C, we next asked whether 
expression of T835M UNC5C would alter neuronal sensitivity to cell 
death in cultured primary rat hippocampal neurons. We used a live-
cell imaging approach monitoring the time course of expression and 
basal cell death, which revealed that WT UNC5C–overexpressing 
neurons were more likely to undergo basal cell death than those over-
expressing β-gal, yet T835M UNC5C–overexpressing neurons showed 
an even higher propensity for cell death (Fig. 4e–g, Supplementary 
Fig. 11a–c and Supplementary Movies 4–6).



To determine whether T835M UNC5C overexpression may pre-
dispose hippocampal neurons to toxic insults like those that occur 
in AD, we exposed UNC5C variant–overexpressing rat hippocam-
pal neurons to increasing concentrations of the pathogenic peptide 
Aβ1–42 or scrambled Aβ1–42 for 48 h. Quantification of immunocy-
tochemistry (Supplementary Fig. 12) revealed that T835M UNC5C– 
overexpressing neurons were more vulnerable to Aβ-induced neuro-
toxicity than neurons overexpressing WT UNC5C (Fig. 4h), whereas 
there was no difference between WT- and T835M-overexpressing 
neurons treated with scrambled Aβ1–42. To establish whether T835M 
UNC5C expression confers a broader vulnerability, we challenged 
UNC5C variant–overexpressing hippocampal neurons to increasing 
concentrations of glutamate, an excitotoxic neurotransmitter, or stau-
rosporine, a toxic kinase inhibitor. T835M UNC5C–overexpressing 
neurons were indeed more vulnerable to glutamate- or staurosporine-
induced neurotoxicity than neurons overexpressing WT UNC5C 
(Fig. 4i,j and Supplementary Figs. 13 and 14). These data indicate 
that neurons overexpressing T835M UNC5C are more prone to cell 
death in response to multiple neurodegenerative stimuli in vitro and 
that T835M represents a general risk factor for neurotoxins; however, 
enriched hippocampal expression of UNC5C in the nervous system 
may result in T835M UNC5C’s dominantly inherited risk of neuro-
degeneration as a result of amyloid accumulation, which is a relatively 
common pathology. It remains to be determined whether T835M 
UNC5C is also a risk factor for other neurodegenerative diseases in 
the context of additional neuronal insults.



Previous AD genetic studies have identified several major pathways 
implicated in disease, including the Aβ cascade, lipid metabolism  
and neuroinflammation1–12. There are, however, few examples of 
genetically linked pathways related to neuronal cell death, a hallmark  



feature of AD. In the present study we provide evidence that the 
T835M UNC5C variant increases AD risk. Of interest, a recent study  
examined the frequency of coding variants in an exon of UNC5C in an 
AD case-control cohort from China. T835M UNC5C was not present 
in their population; however, there was an aggregation of UNC5C  
rare and predicted deleterious missense variants in AD cases relative 
to controls29.



Our cellular data support a mechanism in which T835M UNC5C 
enhances the susceptibility of neurons to Aβ-mediated cell death. We 
also observed a general increase in risk to neuronal insults, suggesting 
that T835M UNC5C may be a risk factor for other neurodegenera-
tive diseases. Nevertheless, the enriched expression of UNC5C in the 
hippocampus may place T835M carriers at particular risk for AD. We 
propose that modulation of the UNC5C pathway may represent a new 
approach to the treatment of AD.
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ONLINE METHOdS
Human subjects. All human samples used in this study have been included in 
previous publications12,17. All patients were recruited after providing informed 
consent and with approval by the participating institutional review boards, 
and the study was conducted according to the principles expressed in the 
Declaration of Helsinki. Regardless of the source (NIA-LOAD Family Study 
or NCRAD), patients and families were required to meet the same study cri-
teria17. The ADGC assembled a discovery data set (stage 1, 8,309 individuals 
with LOAD (cases) and 7,366 cognitively normal elders (CNEs) as controls) 
using data from eight cohorts and a ninth newly assembled cohort from the 
29 National Institute on Aging (NIA)-funded Alzheimer Disease Centers 
(ADCs), with data coordinated by the National Alzheimer Coordinating 
Center (NACC) and samples coordinated by the National Cell Repository 
for Alzheimer Disease (NCRAD)12. Written informed consent was obtained 
from study participants or, for those with substantial cognitive impairment, 
from a caregiver, legal guardian or other proxy, and the study protocols for 
all populations were reviewed and approved by the appropriate institutional 
review boards.



Linkage analysis. A pedigree (Fig. 1a) from a previously described cohort3,17 
with apparent autosomal dominant inheritance of LOAD was selected for 
study and screened for known pathogenic variants in APP, PSEN1, PSEN2, 
MAPT, GRN and TREM2.



DNA was available for 16 members of the family described in Figure 1a. 
Samples were genotyped using Illumina InfiniumLinkage24 SNP array (5,913 
SNPs). Using this SNP data, relationships between the individuals were verified 
by examining kinship coefficients between each sample-pair estimated using 
PLINK using “–genome option”30. For computational feasibility, this large pedi-
gree was split into two subgroups using the software PedCut31 and the ‘maxbit 
23’ option. SNPs that showed Mendelian errors were identified and removed 
using Pedwipe software32. Parametric linkage analysis was performed on these 
data using Merlin32 and a rare disease with partially-dominant inheritance 
model with penetrance probabilities: 0.0001, 0.8 and 0.8 and disease preva-
lence of 0.0001.



Sequencing data analysis. Whole-genome sequencing followed by data quality 
control (QC), short-read alignment and variant calling was performed on an 
affected individual III, 1 (Fig. 1a) by “unchained combinatorial probe anchor 
ligation sequencing,” as described previously33. Agilent-based exome capture 
and short-read sequencing using Illumina Hi-Seq was performed on a second 
affected individual (II,5) from the pedigree (Fig. 1a). Resulting reads were 
aligned to reference genome using BWA34. QC of these data was performed 
using GATK35 and involved removal of PCR duplicates, quality recalibration, 
and realignment around short indels. Variant calling was also performed using 
GATK. Variants from both samples were annotated for potential function 
using Annovar36.



LOAD pedigree collection. An additional 863 samples selected from the 
LOAD family cohort17,3 were genotyped for i T835M using an Illumina Golden 
Gate Assay. Family members of individuals heterozygous for UNC5C T835M 
were then genotyped via Kompetitive Allele Specific PCR (KASPar) technol-
ogy, as previously described37–39.



Reverse primer: TGCTGGATCCTGCGAACAC, forward primer: GGGAG 
AGGGATGCTGAAAGC, reporter primer 1: CCCGTGACCGTGGTGA, 
reporter primer 2: CCCGTGACCATGGTGA.



LOAD association study sample information. Several independent LOAD 
case-control collections were genotyped for UNC5C T835M. A cohort of 78 
APOE4+ cases and 67 APOE4+ population-matched controls with no evidence 
of disease with a minimum age of 75 years and genotype was determined at 
UNC5C T835M from whole genome and exome sequencing data. A previ-
ously described collection of 711 LOAD cases and 3,683 age-matched controls 
using KASPar as described above37–39. A collection of 4,065 LOAD cases and 
3,127 age-matched controls were genotyped and passed QC using the Illumina 
exome array v1.0.



The NIA ADC samples. The NIA ADC cohort, assembled by the Alzheimer’s 
Disease Genetics Consortium (ADGC), included subjects ascertained 
and evaluated by the clinical and neuropathology cores of the 29 NIA-
funded ADCs. Data collection is coordinated by the National Alzheimer’s 
Coordinating Center (NACC). NACC coordinates collection of phenotype 
data from the 29 ADCs, cleans all data, coordinates implementation of defi-
nitions of AD cases and controls, and coordinates collection of samples. 
The ADC cohort consists of 2,499 autopsy-confirmed and 1,748 clinically 
confirmed AD cases, 175 cognitively normal elders (CNEs) with complete 
neuropathology data who were older than 60 years at age of death, and 2,669 
living CNEs evaluated using the Uniform data set (UDS) protocol40,41 who 
were documented to not have mild cognitive impairment (MCI) and were 
between 60 and 100 years of age at assessment. Among cases, the average 
age at onset was 71.6 years (±9.0 years), and APOE genotypes were 0.1% e22, 
3.5% e23, 31.6% e33, 2.8% e24, 44.3% e34, and 14.7% e44. Among controls, 
the average age at last exam was 76.6 years (±9.4 years), and APOE genotypes 
were 0.7% e22, 13.0% e23, 56.8% e33, 2.1% e24, 21.4% e34, and 2.2% e44. 
Based on the data collected by NACC, the ADGC Neuropathology Core 
Leaders Subcommittee derived inclusion and exclusion criteria for AD and 
control samples. All autopsied subjects were age ≥60 years at death. AD cases 
had dementia according to DSM-IV criteria or Clinical Dementia Rating 
(CDR) ≥1. Neuropathologic stratification of cases followed NIA/Reagan 
criteria explicitly or used a similar approach when NIA/Reagan criteria42 
were coded as not done, missing, or unknown. Cases were intermediate or 
high likelihood by NIA/Reagan criteria with moderate to frequent amyloid 
plaques and neurofibrillary tangle (NFT) Braak stage of III–VI (refs. 40,41). 
Persons with Down’s syndrome, non-AD tauopathies and synucleinopathies 
were excluded. All autopsied controls had a clinical evaluation within 2 years 
of death. Controls did not meet DSM-IV criteria for dementia, did not have 
a diagnosis of mild cognitive impairment (MCI), and had a CDR of 0, if 
performed. Controls did not meet or were low-likelihood AD by NIA/Reagan 
criteria, had sparse or no amyloid plaques, and a Braak NFT stage of 0–II. 
ADCs sent frozen tissue from autopsied subjects and DNA samples from 
some autopsied subjects and from living subjects to the ADCs to the National 
Cell Repository for Alzheimer’s Disease (NCRAD). DNA was prepared by 
NCRAD and sent either by NCRAD or by the University of Pennsylvania 
and sent to the North Shore Medical Center for genotyping. An additional 
12,789 controls were genotyped using the Illumina exome array v1.0. Genetic 
outliers were removed based on Eigenvectors from Principal Component 
Analysis using Eigenstrat (sigma >6)43. A total of 3,196 LOAD cases and 
79,248 control individuals from Iceland (DeCode Genetics) were genotyped 
and imputed for T835M as described9.



Meta-analysis. Association and meta-analysis of case-control data (Fig. 1d) 
was performed using the function metabin in the R (http://www.r-project.
org/) package meta (http://cran.r-project.org/package=meta) using the default 
parameters, which apply the Mantel-Haenszel inverse variance weighting 
method for pooling. Using this function we compared risk allele counts in 
cases and controls in the four genotyped cohorts and performed fixed as well 
as random-effect meta analyses.



Genotyping. A custom Taqman SNP genotyping assay for T835M 
UNC5C with two allele-specific TaqMan MGB probes containing distinct  
fluorescent dyes (Probe1-VIC CCCGTGACCGTGGTGA and Probe2- FAM  
CCCGTGACCATGGTGA) and a PCR primer pair (Forward Primer GGG 
AGAGGGATGCTGAAAGC and Reverse Primer TGCTGGATCCTGCG 
AACAC) was designed and used to genotype all 16 members of the pedigree 
(Fig. 1a).



Plasmid constructs. UNC5C-IRES-GFP or UNC5C-IRES-DsRed vector con-
taining human UNC5C full-length coding sequence was used as template for 
insertion of the T835M mutant allele using the Quick-change site-directed 
mutagenesis kit (Stratagene, Agilent Technologies). Human T835M mutant 
allele 5′ primer sequence: GAACACCATCACCATGGTCACGGGGCC. Either 
β-gal-IRES-GFP or β-gal-IRES-DsRed was used as negative control vector.  
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To assay tau release into extracellular medium, human wild-type tau  
441-amino acid-IRES-GFP was used.



Cell lines. Human embryonic kidney 293T cells (HEK293T) were maintained 
in high-glucose DMEM supplemented with 10% FBS (Sigma), 1% Glutamax 
(Gibco, Life technologies), and 1% penicillin/streptomycin (Gibco). Transient 
transfections of HEK293T cells were performed using X-tremeGENE 9 
DNA transfection reagent according to manufacturer’s instructions (Roche 
Diagnostics). HEK293 cells stably expressing wild-type human APP695 
were maintained as previously described44 in DMEM supplemented with 
10% FBS (Sigma), 1% glutamax (Gibco), and 1% penicillin/streptomycin 
(Gibco) and 400 µg mL−1 G418 (Cellgro, Corning). Transient transfections 
of HEK293 wild-type human APP695 stable cell line were performed using 
Lipofectamine reagent according to manufacturer’s instructions (Invitrogen, 
Life Technologies).



Immunocyctochemistry. HEK293T cells or primary rat hippocampal neurons 
were fixed with 4% PFA and 4% sucrose in PBS. The cells were permeabilized, 
blocked, incubated with appropriate primary antibodies anti-UNC5C (1:500, 
MAB1005, R&D systems)17, anti-GFP (1:2,000, GFP-1020, Aves Labs, Inc), 
detected with anti-mouse Alexa 568 (1:1,000, A-11004, Invitrogen), and anti-
chicken Alexa 488 secondary antibodies (1:1,000, A-11039, Invitrogen), and then 
mounted with Prolong gold medium with DAPI nuclear dye (Invitrogen). All dig-
ital image acquisition was performed using Leica software linked to a Leica wide-
field fluorescent microscope (DM5500; Leica) and CCD camera (DFC360).



Western blot. HEK293T or HEK293 cells stably expressing wild-type human 
APP695 were plated into six-well plates at 75% confluency and transfected as 
indicated in the “Cell lines” section. At 24 h post-transfection, cells were split 
into triplicate. 48 h later, the cells were lysed using RIPA buffer with Complete 
Protease Inhibitor Cocktail (Roche) and Phospho-stop (Roche). Cell lysates 
were run on 4–12% NuPage Bis-Tris gels (Invitrogen) for SDS-PAGE analysis. 
The gels were transferred using iblot (Invitrogen), and the respective mem-
brane was blocked with 5% Blotto (Bio-Rad Laboratories, Hercules, CA) in 
TBS-T and incubated with anti-UNC5C antibodies (1:500, MAB1005, R&D 
systems) and anti-HRP secondaries (mouse-HRP (1:5,000, 31430, Thermo 
Fisher Scientific), rabbit-HRP (1:10,000, 12-348, EMD Millipore)). Protein 
was visualized with Supersignal Western Dura extended duration sub-
strate (Thermo Fisher Scientific) and Versa Doc Imaging System (Bio-Rad 
Laboratories) and quantitated using ImageJ software (NIH).



UNC5C expression on cell surface using flow cytometry. To determine cell 
surface expression of WT or T835M UNC5C, 293T cells were transiently 
transfected for 72 h as previously indicated. Live cells were removed from 
the culture dish with 5 mM EDTA. Subsequently, UNC5C present at the cell 
surface was labeled with anti-UNC5C antibody, which recognizes the UNC5C 
extracellular domain (1:500, MAB1005, R&D systems), followed by goat- 
anti-mouse biotin (1:500, 115-065-166, Jackson ImmunoResearch), and 
detected with streptavidin-APC (Invitrogen). Samples were analyzed using a 
FACScan (Becton Dickinson, Franklin Lakes, NJ) and FlowJo software (Tree 
Star,Inc). Propidium iodide (PI, 1 µg mL−1, Sigma) was used as a viability 
marker to allow for initial gating on live, single cells.



Ab ELISA. HEK293 cells stably expressing wild-type human APP695 cells were 
transfected as previously indicated. At 72 h post-transfection, the conditioned 
media was collected to assay for APP cleavage products, and cells were lysed 
using RIPA buffer with Mini-complete Protease Inhibitor Cocktail (Roche) and 
Phospho-stop (Roche). Aβx–40 and Aβx–42 peptides were measured from cell 
supernatants by sandwich ELISAs. Briefly, rabbit polyclonal antibody specific 
for the C terminus of Aβ40 (2 µg/ml, AB5737, EMD Millipore) or Aβ42 (2 µg/ml,  
AB5739, EMD Millipore) was coated onto plates, and biotinylated anti-Aβ 
monoclonal antibody 6E10 (0.05 µg/mL for Aβ 1–40 and at 0.1ug/mL for Aβ 
1-42, SIG-39340, Covance, Dedham, MA) was used for detection. The 6E10 
epitope lies within amino acids 3–8 of Aβ. Cell lysates were used to confirm 
equivalent expression levels UNC5C, βgal, and APP (22C11, EMD Millipore), 
and actin was used as a loading control for each individual experiment.



Extracellular tau assay. HEK293T cells were transiently co-transfected with 
a human wild-type Tau 441-aa construct and β-gal, WT UNC5C, or UNC5C 
T835M vector as previously outlined. The conditioned media was collected 
72 h post-transfection and assayed for extracellular p-tau or total tau using 
the MSD 96-Well MULTI-SPOT Alzheimer’s disease assay with phospho-
tau (Thr231)/total tau with purified neuronal tau calibrators (Mesoscale 
Discovery). Cell lysates were used to confirm equal expression levels of 
UNC5C, β-gal and tau, and actin was used as a loading control for each indi-
vidual experiment.



Time-lapse live-cell imaging. HEK293T cells were transfected as described 
above. Transfections were incubated for 18 h at 37 °C followed by trypsini-
zation and re-plating into a 96-well plate at 1 ×104 cells well−1. Each sam-
ple consisted of six replicates, and the experiment was conducted on four 
separate occasions. Starting at 22 h post-transfection, cells were imaged for 
GFP or DsRed fluorescence and bright-field at 2–4 h intervals over a 44–64 
h period using the IncuCyteFLR or IncucyteZOOM live cell imaging system 
(Essen Bioscience). At 66 h post-transfection, total well confluency and GFP 
confluency were calculated over time using IncuCyte 2011A software (Essen 
Bioscience). The confluency for each sample was calculated by averaging 3–6 
replicates containing at least twelve fields of view. To analyze specific growth 
of the GFP+ cells, GFP confluency was divided by total confluency for all 
time points and best fit lines were created. The slopes of these lines represent 
specific GFP or DsRed growth. The slope of each sample was then normalized 
to the respective control within a given experiment.



Cell cycle profile analysis using flow cytometry. HEK293T cells were trans-
fected as previously indicated. The next day, cells were serum starved in media 
containing 1% serum for 24 h to synchronize. Following this, fresh medium 
containing full serum (10%) was added to the cells for 24 h. Subsequently, cells 
were harvested by TrypLE (Gibco) and then washed with PBS containing 5 mM  
EDTA. Next, cells were fixed with ice-cold 70% ethanol with vortexing and 
allowed to incubate on ice for 20 min. Cells were then pelleted and washed 
with PBS with 5 mM EDTA and 1% BSA. Next, cells were treated with PBS 
containing 5 mM EDTA, 0.5% Tween, 5% goat serum, and 2 µg mL−1 RNase 
(Sigma) for 15min. Following block and permeabilization, cells were incubated 
for 30 min with anti-UNC5C primary antibody (1:500, sc-135077, Santa Cruz 
Biotechnology) in staining buffer (PBS with 5 mM EDTA, 0.5% Tween, and 1% 
BSA) and then washed once with staining buffer. Cells were then resuspended 
in staining buffer plus goat anti-rabbit biotin (1:500, 111-065-144, Jackson 
ImmunoResearch Laboratories) and incubated for 30 min on ice. After a single 
wash with staining buffer, cells were then treated with streptavidin-conjugated 
APC (1:200, Invitrogen) and 50 µg mL−1 PI (Sigma) in staining buffer for  
15 min on ice. Subsequently, cells were washed a final time and resuspended 
in PBS with 5 mM EDTA, 1% BSA, and PI. Samples were analyzed on a BD 
LSR-II (BD Biosciences) for DNA content of the UNC5C APC+ population 
using FlowJo software (Tree Star, Inc.).



Annexin V apoptosis assay using flow cytometry. HEK293T cells were tran-
siently transfected as previously described. At 24 h post-transfection, cells 
were harvested by TrypLE (Gibco) and washed in FACS buffer (PBS contain-
ing 1% BSA and 5 mM EDTA). Following this, cells were resuspended in 
FACS buffer containing 10 µM Calcein Blue-AM (Invitrogen) and incubated 
for 15 min. Cells were then pelleted by spinning at 1,400 r.p.m. for 5 min at 
4 °C and incubated in annexin V binding buffer (10 mM HEPES, 140 mM 
NaCl, 2.5 mM CaCl2 pH 7.4) containing PI 1 µg mL−1 (Sigma) and annexin 
V-APC (Invitrogen) for 15 min at room temperature. Subsequently, cells were 
spun down and resuspended in Annexin V binding buffer with 1 µg mL−1 PI. 
Samples were run on a BD LSR Fortessa cell analyzer (BD biosciences) for 
the percentage of live, single, GFP+ cells that showed annexin V staining and 
analyzed using FlowJo software (Tree Star, Inc.).



Live-cell imaging. HEK293T cells were transiently transfected with β-gal, WT 
or T835M UNC5C IRES-DsRed constructs as previously described for 24 h, the 
cells were split into 6 wells of a 96-well precoated poly-d-lysine plate. Caspase 
activity was monitored by the addition of Cellplayer caspase-3 or caspase-7 



np
g



©
 2



01
4 



N
at



ur
e 



A
m



er
ic



a,
 In



c.
 A



ll 
rig



ht
s 



re
se



rv
ed



.











nature medicine doi:10.1038/nm.3736



activity reagent (1:2,000, Essen Bioscience) to the culture medium. Time-lapse 
images of HEK293T cells were collected on a Nikon Ti-E inverted microscope 
with a 20× 0.45-NA objective and Nikon Qi1 camera Nikon Elements software 
(Nikon Instruments). 293T cells were imaged at 1-h intervals for a minimum 
of 44 h. Individual cells were identified and tracked over time using the Spots 
Tracking function in Imaris (Bitplane, Inc). Fluorescence intensities for both 
the red and green channel for each cell were exported to Excel (Microsoft). 
Red cells were tracked based on red fluorescent intensity and considered dead 
upon showing either green fluorescent signal or by loss of red signal. Data 
represent three independent experiments with six replicates and 24 fields of 
view per genotype for each experiment.



In situ hybridization murine and human samples. Non-isotopic in situ 
hybridization (ISH) was performed on 4-µm formalin-fixed paraffin- 
embedded sections using QuantiGene ViewRNA ISH Tissue Assay 
(Affymetrix/Panomics) following the manufacturer’s protocol.



Murine. Gene-specific probe sets were used for detection of Unc5c mRNA 
in mouse (VB1-14659) brain samples, with a probe set to Bacillus subtilis dihy-
dropicolinate reductase (dapB) (VF1-11712) used as a negative control, and 
probe sets specific to mouse Ubiquitin C (VB1-10202) used as a positive control 
for comparing overall mRNA levels. Alkaline phospatase (AP)-conjugated label 
probe was used for mouse samples, with Fast Red substrate for chromogenic 
detection, and hematoxylin was used as a nuclear counterstain.



Human. A gene-specific probe set for detection of human UNC5C mRNA 
(VA1-14551) target region 503–3132 & 7910–8980, GenBank accession NM_
003728, was used on tissue samples. A probe set to Bacillus subtilis dihydropi-
colinate reductase (dapB) (VF1-11712)—target region 1363–2044, GenBank 
accession L38424.1, was used as a negative control. A probe set to human UBC 
(VA1-10203) target region 342–1275, GenBank accession NM_021009, was used 
as a positive control to preselect tissues with good RNA quality. Deparaffinization 
was carried out on a Leica stainer XL, and after the boiling step in a Thermo 
Scientific PT module, the slides were briefly dipped in ethanol and dried before 
assembling the ISH chamber for the Tecan platform. Warp Fast Red substrate 
(Biocare) was used for chromogenic detection, and hematoxylin was used as a 
nuclear counter stain. Hybridized target mRNAs were visualized using bright-
field microscopy.



Murine and human mRNA expression. The Animal Care and Use Committee 
at Genentech approved this study, and use was in accordance with their 
guidelines. Three 10-month-old male adult age-matched Unc5c+/+ and three 
Unc5c−/− mice18 were euthanized by CO2 followed by cervical dislocation. 
Hippocampi, cerebellum and cerebral cortices were dissected. Peripheral blood 
mononuclear cells (PBMCs) were isolated from adult murine spleens and 
digested with ACK lysis buffer (Invitrogen) to remove red blood cells. Tissue 
was processed to generate single-cell suspensions and labeled with antibodies 
to cell surface markers: PE-Cy7-anti-CD3 (1:100, MHCD0312 , Invitrogen), 
APC-anti-CD11b (1:100, RM2805, Invitrogen), APC-Cy7-anti-CD11c 
(1:200, A18639, Invitrogen), FITC-anti-CD19 (1:200, RM7701, Invitrogen). 
SYTOX blue (Invitrogen) was used as a viability indicator, and samples with 
single-channel fluorescence markers were used to properly set the gates for  
fluorescent-activated cell sorting (FACSAria, Beckton Dickson) and collecting 
live, fluorescent positive cells within each indicated PBMC population. Adult 
human whole blood was acquired from the Genentech Employee Donation 
Program (informed consent was obtained, and the protocol was reviewed and 
approved by Western Institutional Review Board. PBMCs were isolated using 
Lymphoprep and SepMate-50 tube (STEMCELL Technologies, Vancouver, BC, 
Canada), processed to a single-cell suspension and labeled with the following 
antibodies to cell surface markers: PECY5- anti-CD3 (1:100, MHCD0318, 
Invitrogen), FITC-anti-CD14 (1:200, MHCD1401, Invitrogen), AlexaFluor 
700-anti-CD11c (1:200, MHCD11C20, Invitrogen), PE-anti-CD19 (1:100, 
MHCD1912, Invitrogen). They were then sorted in a similar manner to the 
murine PBMCs samples. RNA was extracted from subdissected regions of 
murine adult brain or sorted populations of murine or human PBMCs using 
the RNeasy mini plus kit (Qiagen, Valencia CA). cDNA was synthesized using 
the cDNA high-capacity reverse transcription kit (Applied Biosystems, Life 
Technologies, Grand Island, NY), and semiquantitative PCR was performed 



using TaqMan Gene Expression Master Mix (Applied Biosystems) on a 7500 
Real-Time PCR System (Applied Biosystems). PCR primers were murine 
Unc5c (Mm00494093_m1, Invitrogen), murine Trem2 (Mm04209424_g1, 
Invitrogen) murine β-actin (4352341E, Applied Biosystems); human Unc5c 
(Hs00186620_m1, Invitrogen), human Trem2 (Hs00219132_m1, Invitrogen), 
human β-actin (4310881E, Applied Biosystems).



Flow cytometry sorting of adult mouse hippocampi and cortex. Both hippoc-
ampi or one cortical hemisphere per animal (n = 3 matched pairs of Unc5c+/+ 
and Unc5c−/−) was minced and dissociated with accutase for 20 min at 4 °C. 
The cells were triturated to single suspension in Hibernate (BrainBits, LLC), 
passed through a Percoll gradient and then fixed on ice. Cells were blocked 
in Hibernate and labeled with the following primary antibodies: NueN-488 
(1:1,000, MAB377X, Chemicon), GFAP-PE (1:50, 561483, BD Biosciences) 
and CD11b-APC (1:250, 551282, BD Biosciences) for 30 min at 4 °C. DAPI 
was added to gate on single cells. The cell-specific subtypes were isolated by 
FACS and collected for qPCR analysis as described above.



Primary embryonic hippocampal neuron cultures. The Animal Care and 
Use Committee at Genentech approved this study, and use was in accordance 
with their guidelines. Timed-pregnant Sprague Dawley rats ere euthanized 
by CO2 followed by cervical dislocation. Hippocampi were dissected from 
embryonic day 18 (E18) rats and enzymatically dissociated using the papain 
dissociation system following the manufacturer’s instructions (Worthington 
Biochemical Corp, Lakewood, NJ). Dissociated hippocampal cells were 
placed in nucleofector solution with β-gal, WT or T835M UNC5C IRES-
GFP constructs and transduced using the nucleofection method with Amaxa 
electroporation (Lonza). Following nucleofection, the cells were plated onto 
precoated poly-d-lysine/laminin plates in NB4Activ medium (BrainBits) 
supplemented with 1% penicillin/streptomycin (Gibco). The neuronal cul-
tures were challenged with no treatment vehicle (DMSO) control, Aβ1–42 
(rPeptide), scrambled Aβ1–42 peptide (rPeptide), glutamate (Tocris) or stau-
rosporine (Sigma). For Aβ1–42, immediately before addition to the culture 
medium, lyophilized Aβ was resuspended in DMSO then diluted further in 
neuronal growth media. The neuronal cultures were incubated with Aβ for 
48 h and processed for ICC to visualize the GFP-positive transduced neu-
rons. With the experimenter blinded to condition, within three randomly 
plated wells, ten fields-of-view were captured per well and the number of 
GFP+ cells was determined by ImageJ automated analysis. In order to com-
pare across conditions and between experiments in which the number of 
GFP+ transduced cells varied between individual nucleofected vectors, the 
number of surviving neurotoxin-treated cells was normalized to their respec-
tive untreated vector controls.



Time-lapse live-cell imaging. Hippocampal neurons were dissociated and 
nucleofected as described above. Cells were allowed to attach to poly-d-
lysine–coated 96-well plates at 37 °C for 3 h before initiating imaging. Each 
vector condition consisted of three technical replicates with four-fields-of-view 
acquired per replicate, and the experiment was conducted on six separate 
occasions. Five of the independent experiments displayed similar variation. 
One experiment experienced a technical error of remaining in nucleofector 
solution too long, and this experiment was discarded due to increased varia-
tion within the experiment. Data shown was combined from five experiments 
that displayed consistent variation across experiments. Starting at 3 h post-
nucleofection, cells were imaged for GFP fluorescence and bright field at 4-h 
intervals for a 116-h period using the IncuCyteZoom live cell imaging system 
(Essen Bioscience). After 116 h of imaging, number of GFP+ cells per well over 
time was obtained using IncuCyteZoom 2013A software (Essen Bioscience). 
The number of cells per well for each sample was calculated by averaging 
three replicates containing at least 12 fields of view per sample. To determine 
nucleofection efficiency, the slopes of the best-fit lines for each condition from 
0 h to plateau were created. The slopes of these lines represent the rate of vector 
expression, or nucleofection efficiency. To calculate ongoing basal cell death 
for each vector, the number of cells remaining at 116 h was divided by the 
number of cells present at 48 h. Survival of each vector was then normalized 
to β-gal to capture vector-specific cell death.
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Statistical analyses. All results are shown as mean ± s.e.m. For every in vitro 
experiment, all samples collected were included in the final analyses. Statistical 
analysis was performed using either a one-way analysis of variance (ANOVA) 
or two-tailed t-test as indicated using Prism6 software (Graphpad). Data sets 
were tested for normality using D’Agostino and Pearson omnibus normality 
test. If data sets did not meet normality, then a nonparametric test was chosen 
to determine statistical significance. Differences determined to be P < 0.05 
were considered statistically significant.
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The triggering receptor expressed on myeloid 2 (TREM2) is an immune phagocytic receptor expressed on brain
microglia known to trigger phagocytosis and regulate the inflammatory response. Homozygous mutations in
TREM2 cause Nasu–Hakola disease, a rare recessive form of dementia. A heterozygous TREM2 variant,
p.R47H, was recently shown to increase Alzheimer’’s disease (AD) risk. We hypothesized that if TREM2 is
truly an AD risk gene, there would be additional rare variants in TREM2 that substantially affect AD risk. To
test this hypothesis, we performed pooled sequencing of TREM2 coding regions in 2082 AD cases and 1648 cog-
nitively normal elderly controls of European American descent. We identified 16 non-synonymous variants, six
of which were not identified in previous AD studies. Two variants, p.R47H [P 5 9.17 3 1024, odds ratio (OR) 5
2.63 (1.44–4.81)] and p.R62H [P 5 2.36 3 1024, OR 5 2.36 (1.47–3.80)] were significantly associated with dis-
ease risk in single-variant analyses. Gene-based tests demonstrate variants in TREM2 are genome-wide signifi-
cantly associated with AD [PSKAT-O 5 5.37 3 1027; OR 5 2.55 (1.80–3.67)]. The association of TREM2 variants
with AD is still highly significant after excluding p.R47H [PSKAT-O 5 7.72 3 1025; OR 5 2.47 (1.62–3.87)], indicat-
ing that additional TREM2 variants affect AD risk. Genotyping in available family members of probands sug-
gested that p.R47H (P 5 4.65 3 1022) and p.R62H (P 5 6.87 3 1023) were more frequently seen in AD cases
versus controls within these families. Gel electrophoresis analysis confirms that at least three TREM2
transcripts are expressed in human brains, including one encoding a soluble form of TREM2.



INTRODUCTION



Homozygous loss-of-function mutations in the triggering recep-
tor expressed on myeloid cells 2 protein [TREM2 (OMIM
605086)] were initially associated with an autosomal recessive
form of early-onset dementia, polycystic lipomembranous
osteodysplasia with sclerosing leukoencephalopathy [PLOSL
(MIM 221770)], also known as Nasu–Hakola disease, in
Swedish and Norwegian families (1). Subsequently, mutations



in TREM2 were found worldwide in PLOSL patients from differ-
ent countries and ethnic origins (1–4). PLOSL patients carrying
different TREM2 variants exhibit a similar clinical phenotype
with respect to the neurologic and skeletal abnormalities
(1–4). The clinical spectrum of disease associated with
TREM2 variants was expanded after the identification of three
patients from a Lebanese family carrying mutations in TREM2
that exhibited early-onset dementia without skeletal symptoms
(bone cysts) (5). Additional TREM2 variants were also found
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in three Turkish probands with frontotemporal-like dementia
without any bone-associated symptoms (6).



Recently, two independent studies reported that a heterozy-
gous rare variant in TREM2 p.R47H is significantly associated
with Alzheimer’s disease [AD (MIM 104300)], with an odds
ratio (OR) similar to that of an individual carrying one APOE
14 allele (6,7). Subsequently, the association of p.R47H with
AD risk was replicated in Spanish and French populations
(8,9). Several studies also found that TREM2 variants are asso-
ciated with Parkinson’s disease, frontotemporal dementia
(FTD) and amyotrophic lateral sclerosis (10–20). Thus, TREM2
variants exhibit pleiotropic effects producing a spectrum of disor-
ders that ranges in clinical phenotypes from skeletal abnormalities
to neurodegeneration.



Multiple variants in the same gene increase AD risk (e.g. APP,
PSEN1, PSEN2, APOE, and PLD3) (21). Interestingly, another
APP variant, p.A673T, was reported to reduce risk for AD (22),
demonstrating that both protective and risk variants can coexist
in the same gene. This notion is further supported by two
common variants in APOE (APOE 12 and APOE 14), which
have strong effects on AD risk but in opposite directions
(23,24).Todate, the onlyvariant inTREM2knowntosignificantly
affect AD risk is p.R47H (6,7). Recently, a study has sequenced
TREM2 coding regions in a Belgian population and found add-
itional coding variants in TREM2 (25). Additionally, an enrich-
ment of TREM2 variants in both AD and FTD patients
compared with controls was reported even though none of the
rarevariants were individually significant (25).Thus, we hypothe-
size that additional functional variants may be present in TREM2
that significantly increase or reduce AD risk. To test this hypoth-
esis, we performed deep re-sequencing studies in the TREM2
coding regions in samples of European American (EA) descent
to identify novel TREM2 variants that are associated with AD
risk. Our previous work has shown that the pooled-DNA sequen-
cing strategy can effectively identify novel rare variants in genes
of interest associated with AD risk (21,26–30). In this study, we
used the same method and demonstrated that TREM2 contains
additional rare variants that increase AD risk. Further analysis
of the underlying mechanisms by which these variants alter
TREM2 function could provide important insights into AD
pathogenesis.



RESULTS



To determine whether additional TREM2 variants contribute to
AD risk, AD cases and controls with similar characteristics, in-
cluding age and gender distributions, were sequenced using a
pooled sequencing strategy (Table 1). As expected, the percent-
age of APOE e4 allele-positive individuals is significantly higher
in cases compared with controls. Pooled sequencing identified
16 rare variants in TREM2, six of which were not identified in
the recent studies (6,7,25): p.R52H, p.R136W, p.E151K,
p.W191X, p.E202D and p.H215Q (Table 2 and Fig. 1A). Nine
variants (p.R52H, p.T66M, p.R136W, p.R136Q, p.H157Y,
p.W191X, p.E202D, p.H215Q and p.T223I) were exclusively
found in AD cases (a total of 13 carriers; Table 2), three of
which were not reported in the exome variant server (EVS) data-
base (p.R136W, p.H215Q and p.E202D). The protein sequence
conservation analysis shows that p.R47H, p.R52H, p.R62H,



p.T66M, p.D87N, p.T96K, p.E151K, p.H157Y, p.L211P and
p.T223I are particularly conserved across species (Fig. 1B).
For the single-variant analyses, we replicated the association
of p.R47H with AD risk [P ¼ 9.17 × 1024; OR ¼ 2.63 (1.44–
4.81); Table 2]. The minor allele (T) of a second variant,
p.R62H was also significantly associated with increased AD
risk [P ¼ 2.36 × 1024; OR ¼ 2.36 (1.47–3.80); Table 2] after
multiple-testing correction.



To determine whether TREM2 rare variants collectively con-
tribute to AD risk, we performed a gene-based association test
using the optimal SNP-set sequence kernel association test
(SKAT-O). Gene-based association testing for TREM2 achieved
genome-wide significance [PSKAT-O ¼ 5.37 × 1027; OR ¼
2.55 (1.80–3.67); Table 2] and remained highly significant
after excluding p.R47H [PSKAT-O ¼ 7.72 × 1025; OR ¼ 2.47
(1.62–3.87); Supplementary Material, Table S1], the previously
confirmed risk factor for AD, in TREM2. This result demon-
strates that additional rare variants in TREM2 contribute to AD
risk. The cumulative carrier frequency of all TREM2 variants
is 6.7% (139 out of 2082) in AD cases and 2.7% (45 out of
1648) in cognitively normal elderly controls.



Next we used the NIA-LOAD family series to test whether
TREM2 variants are associated with disease status within fam-
ilies. We found that p.R47H and p.R62H were more frequently
found in AD cases than in controls (Fisher’s exact P ¼ 4.65 ×
1022 and 6.87 × 1023 for p.R47H and p.R62H respectively;
Table 3) after directly genotyping all sampled individually
from 13 (for p.R47H) and 21 (for p.R62H) independent families
respectively. Other variants were either too rare or the families
were not sufficiently large to provide statistical evidence of asso-
ciation with disease within and across families (Table 3 and Sup-
plementary Material, Table S2). These results strongly support
p.R62H as a risk factor for AD in addition to p.R47H.



Two of the identified TREM2 (p.W191X and p.E202D, found
exclusively in AD cases) variants are located in the coding region
of the predicted shortest transcript (ENST00000338469), encod-
ing a soluble form of TREM2 (sTREM2). However, it remains
unclear whether sTREM2 results from alternative splicing or se-
quential cleavage of the transmembrane form of TREM2 mole-
cules. To confirm the existence of this alternative transcript, we
performed polymerase chain reaction (PCR) on cDNA from two
human brains using transcript-specific primers to amplify each
isoform based on the Ensembl database. Gel electrophoresis
analysis confirmed that there are at least three distinct TREM2



Table 1. Demographic characteristics of subjects



Knight-ADRC
cases



NIA-LOAD
cases



Controls



N 1082 1000 1648
Age+SD



(range)
72.65+9.17



(44–103)
71.77+6.98



(48–98)
76.88+9.00



(50–105)
% Female 57.72 64.86 60.12
% APOE-14



positive
55.86 76.21 29.25



Sample size (N), mean, standard deviation and range for age in years, percentage
of female subjects and percentage of subjects that carry at least one APOE-14
allele for the Knight-ADRC AD cases, NIA-LOAD AD cases and cognitively
normal elderly controls from both studies.
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transcripts: ENST00000373113, ENST00000373122 and
ENST00000338469 expressed in the parietal cortex of human
brain (Fig. 1C). The variant p.W191X is predicted to result in a
premature stop codon in the ENST00000338469 transcript;
however, the impact of this variant on AD pathogenesis
remains unknown, due to the rarity of the allele (1/1816 cases).



DISCUSSION



TREM2 is a Type I transmembrane receptor protein expressed
on myeloid cells including microglia, monocyte-derived den-
dritic cells, osteoclasts and bone-marrow derived macrophages
(31,32). Additionally, protein expression of TREM2 in
neurons has been reported (33). TREM2 transduces its intracel-
lular signaling through DAP12 (TYROBP) (31,32). Although
the natural ligands of TREM2 remain unknown, upon ligand
binding, TREM2 associates with DAP12 to mediate downstream
signaling. In the brain, TREM2 is primarily expressed on micro-
glia and has been shown to control two signaling pathways: regu-
lation of phagocytosis and suppression of inflammatory
reactivity (34–36). A previous study used microarray and laser
microdissection of beta amyloid (Ab) plaque-associated areas
in an animal model of AD and found that TREM2 is differentially
expressed in Ab plaque-associated versus Ab plaque-free tissue
(37). Several studies have shown that homozygous loss-of-
function mutations in TREM2 or DAP12 are associated with
PLOSL (1–4). Recent studies identified a TREM2 variant
p.R47H as a risk factor for LOAD with an OR �3 (6,7), which
is similar to the increased AD risk associated with carrying
one APOE 14 allele (38). Several additional rare variants were
enriched in AD cases; however, these variants failed to reach
statistical significance (6,7,25).



To our knowledge, this study is the largest deep re-sequencing
study to date which aims to identify novel rare coding variants in
TREM2. Sixteen rare coding variants were observed in TREM2,
including two variants (p.R47H and p.R62H) that were signifi-
cantly associated with AD risk and six novel variants that were
not found in previous studies (6,7,25). The minor alleles of
p.R47H [P ¼ 9.17 × 1024; OR ¼ 2.63 (1.44–4.81)] and
p.R62H [P ¼ 2.36 × 1024; OR ¼ 2.36 (1.47–3.80)] were asso-
ciated with increased AD risk after multiple-testing correction.
After adjusting for APOE 12 and 14 alleles in the logistic regres-
sion, the association for p.R47H and p.R62H only changed
slightly and remained significant [P ¼ 5.91 × 1023; OR ¼
2.48 (1.30–4.75) for p.R47H; P ¼ 8.08 × 1024; OR ¼ 2.36
(1.43–3.90) for p.R62H; Supplementary Material, Table S3],
which suggests that p.R47H and p.R62H affect AD risk inde-
pendently of APOE 12 and 14 alleles. The gene-based test for
TREM2 remained highly significant even after dropping
p.R47H, suggesting that additional variants in TREM2 influence
AD risk. After excluding both p.R47H and p.R62H, the gene-
based P-value is 0.09 (Supplementary Material, Table S1), sug-
gesting that most of the statistical significance for the gene-based
association comes from these two variants. However, the OR for
the gene-based analyses when these two variants were removed
was 2.95 (Supplementary Material, Table S1), suggesting that
additional very low-frequency variants may have a larger
effect size for AD risk than p.R47H and p.R62H. This observa-
tion is also supported by the fact that 9 out of 16 TREM2 variantsT
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Figure 1. Schematic representation of protein structure for TREM2 and for the soluble form of TREM2, location of variants, protein conservation of the mutated
positions and the results of alternative splicing assays. (A) The top panel shows the protein structure of TREM2 (based on ENST00000373113), a Type I transmem-
brane receptor that is encoded by a gene containing five exons. The isoform ENST00000373122 encodes a different protein coding sequence after exon 3 (gradient fill
rectangle) compared with ENST00000373113. The soluble form of TREM2 (ENST00000338469) lacks exon 4, which encodes the transmembrane domain, and con-
tains a coding region after exon 5 (texture fill rectangle). Figures shown below include the structure of three different TREM2 isoforms, the location of confirmed
variants in the most common TREM2 transcript (ENST00000373113), and the location of confirmed variants only in the sTREM2 transcript
(ENST00000338469). Most of the variants in the transmembrane form of TREM2 are located in the extracellular domain with three exceptions, located in the cyto-
plasmic tail. We identified two variants that are located near the C-terminus of the soluble form of TREM2. (B) The protein conservation analysis of confirmed TREM2
variants. Variants are shown with an arrow identifying the corresponding amino acid position. Protein sequences were downloaded from UniProt. The entries used for
each species are as follows: Q9NZC2 (human), Q99NH8 (mouse), D3ZZ89 (rat), H2QSZ0 (chimp), F7CW35 (frog), Q2YHU4 (chicken) and E2RP46 (dog). (C)
Results of alternative splicing validation. PCR was performed to amplify the cDNA of two AD cases (brain ID ¼ 1 and 2) extracted from autopsy brain tissue obtained
from the Knight-ADRC. ENST00000373113, ENST00000338469 and ENST00000373122 were amplified using seven different primer pairs designed to specifically
amplifyone of the three transcripts (primer ID ¼ 1.1and 1.2 for ENST00000373113;Primer ID ¼ 2.1, 2.2and 2.3 for ENST00000338469;Primer ID ¼ 3.1and 3.2 for
ENST00000373122). The amplicon length is 100 bp for 1.1, 84 bp for 1.2, 135 bp for 2.1, 81 bp for 2.2, 104 bp for 2.3, 103 bp for 3.1 and 127 bp for 3.2. The gel
electrophoresis analysis clearly shows the presence of three distinct isoforms in the cDNA extracted from brains of two AD cases.
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are only identified in 13 AD cases and no controls. The lack of
association after excluding p.R47H and p.R62H is likely due
to the rarity of the other variants and a lack of statistical
power. In order to identify which of the remaining variants
affect risk for AD, functional studies will be required. Like
p.R47H, most of the identified variants are located in the extra-
cellular domain of TREM2. Our data also support the notion
that rare complete or partial loss-of-function mutations in
TREM2 affect risk for AD by influencing downstream signaling
including mediation of phagocytosis of cell debris and amyloid
plaques and suppression of inflammatory reactivity (6,7).



We also evaluated the impact on the analysis of excluding
individuals who could not be included in the principal compo-
nents analysis (PCA) owing to a lack of genome-wide associ-
ation study (GWAS) data. After removing individuals without
GWAS data, a total of 1724 AD cases and 1437 controls were
included in the analyses. The single-variant association
changed slightly but still surpassed the multiple-testing thresh-
old: p.R47H [P ¼ 2.99 × 1023; OR ¼ 2.53 (1.35–4.76); Sup-
plementary Material, Table S4] and p.R62H [P ¼ 3.25 ×
1024; OR ¼ 2.54 (1.49–4.35); Supplementary Material,
Table S4]. The gene-based association for TREM2 reduced
slightly [PSKAT-O ¼ 6.81 × 1026; OR ¼ 2.56 (1.74–3.83);
Supplementary Material, Table S4] but was no longer genome-
wide significant (2.5 × 1026). These results suggest that the
SNP-level and gene-level significant associations using data
including individuals with/without GWAS data are not false
positives due to population substructure.



We also identified two variants, p.W191X and p.E202D,
which are predicted to be located in the coding region of the
shortest transcript (ENST00000338469), encoding a soluble
form of TREM2 (sTREM2) according to Ensembl. A soluble
isoform of TREM2 protein has been described as a transcript
that encodes a soluble form of TREM2 (39,40). Extracellular
TREM2 could be derived from the sTREM2 alternative tran-
script, a posttranslational cleavage product, or a combination
of both. A previous study has described the presence of soluble



TREM2 protein in human cerebrospinal fluid (CSF) and serum
(41). Furthermore, CSF levels of sTREM2 were found to be ele-
vated in patients with multiple sclerosis (41). Experimental data
suggest that soluble TREM1 results from sequential cleavage of
the transmembrane form of this related protein (41,42) and so
TREM2 may be cleaved in a similar fashion. In this study, we
showed the presence of cDNA corresponding to the predicted
sTREM2 transcript in the brain tissue from AD cases
(Fig. 1C). In summary, this study provides evidence of the pres-
ence of sTREM2 mRNA in the human brain. The p.W191X
variant introduces a nonsense mutation into this sTREM2 tran-
script at codon 191. It is unclear whether this would result in a
truncated protein or removal of the mutant mRNA by nonsense
mediated decay.



In conclusion, we replicated the association for p.R47H with
increased risk for AD and uncovered a significant association
for p.R62H with increased AD risk. Our family-based associ-
ation analyses demonstrate that p.R47H and p.R62H are asso-
ciated with AD, which supports them as risk factors for AD.
Our gene-based analyses clearly demonstrate that the combined
effects of variants in TREM2 are highly significant even when
the previously identified risk variant, p.R47H, is excluded
from the analysis. Most of the identified variants are located in
the TREM2 ectodomain, presumed to be involved in ligand
binding. Additionally, since homozygous p.Q33X variants
cause Nasu–Hakola disease due to complete loss of function,
we propose that additional variants in the ectodomain of
TREM2, including the two significant variants p.R47H and
p.R62H, are partial loss of function alleles that affect ligand
binding/signal transduction of TREM2.



MATERIALS AND METHODS



Participants and study design



The Institutional Review Board (IRB) at the Washington Uni-
versity School of Medicine in Saint Louis approved the study.



Table 3. Segregation of rare variants in available family members



Affected Unaffected
Variant # of families Status Carriers Non-carriers Carriers Non-carriers P



p.Q33X 1 Nasu–Hakola variant 0 2 1 1 1
NA 75+0 56 58



p.R47H 13 Confirmed risk factor 15 4 4 7 4.65 × 1022∗



70.8+7.9 72.3+10.7 74+4.5 78.7+7.7
p.R62H 21 Previously identified 18 11 11 28 6.87 × 1023∗



71.8+5.7 67.9+7.7 71.5+11.4 71.4+8.8
p.D87N 2 Previously identified 2 0 2 3 4.29 × 1021



81.8+1.4 NA 71+1.4 74.3+9.0
p.H157Y 1 Previously identified 2 1 0 0 1



67+5.7 85 NA NA
p.H215Q 1 Novel variant 1 1 0 0 1



79 70 NA NA
p.T223I 1 Novel variant 1 0 1 0 1



62 NA 73 NA



Family-based association analysis was performed for variants when samples from family members of the probands were available. The same variant was genotyped to
test whether the rare allele is associated with disease status. Variants, number of families performed, variant type, the number of affected carriers, non-carriers and
un-affected carriers, non-carriers, the average and standard deviation of age at onset (years) for the affected individuals and the average and standard deviation of age at
last assessment (years) for the unaffected individuals were shown. All of the confirmed carriers only carried one rare allele. A two-tailed Fisher’s exact test was used to
determine evidence of segregation for each variant. ∗ Denotes significant association. NA represents not applicable.
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A 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). The approval number for the Knight-ADRC Genetics
Core family studies is 93-0006.



Knight-ADRC study



Disease association analyses were initially performed in a total
of 1082 AD cases and 706 cognitively normal controls of EA
descent confirmed by PCA and matched for age and gender
(Table 1). These samples were collected at the Knight-ADRC
at Washington University and were evaluated by the Clinical
Core of the Knight-ADRC. Cases received a clinical diagnosis
of AD dementia in accordance with standard criteria, and demen-
tia severity was determined with the clinical dementia rating
(CDR) (43), with higher scores being associated with more
severe cognitive decline. Controls underwent the same assess-
ment but were cognitively normal. The Knight-ADRC samples
were recruited without enrichment based on family history.



NIA-LOAD study



NIA-LOAD Study case–control series consists of one affected in-
dividual from each of 1000 families multiply affected by AD and
942 healthy unrelated controls, with no family history of dementia
in first degree relatives, of EA descent (Table 1). All AD cases
were diagnosed with dementia of the Alzheimer’’s type (DAT)
using criteria equivalent to the National Institute of Neurological
and Communication Disorders and Stroke-Alzheimer’’s Disease
and Related Disorders Association (NINCDS-ADRDA) for prob-
able AD (44). All NIA-LOAD AD cases had a family history of
AD. Probands were required to have a diagnosis of definite or
probable AD and a sibling with definite, probable or possible
AD with a similar age at onset. A third biologically related
family member (first, second or third degree) was also recruited,
regardless of cognitive status. Within each pedigree, we screened
one individual from each family by selecting the youngest
affected family member with the most definitive diagnosis (i.e.
individuals with autopsy confirmation were chosen over those
with clinical diagnosis only). Written informed consent was
obtained from all participants, and the study was approved by
local IRB committees. Unrelated controls were cognitively
normal and had no family history of dementia.



Human brains and RNA extraction



Parietal lobes from EA autopsy-confirmed AD (N ¼ 2) case
brains were acquired from the Knight-ADRC. Subjects selected
for validating TREM2 alternative splicing did not carry any
TREM2 variants. All subjects signed and provided the hospital
autopsy form. If the participant does not provide future
consent before death, the DPOA (durable power of attorney)
or next of kin provide it after death. The Washington University
IRB reviewed the protocol operated by Knight-ADRC Neuro-
pathology Core and determined the study was exempt from ap-
proval. RNA was extracted from brain tissue using an RNeasy
kit (Qiagen) following the manufacture’s protocol. cDNA was
synthesized from the extracted RNAs (10 mg) by the PCR
using the High-Capacity cDNA Reverse Transcriptase kit (ABI).



TREM2 sequencing



TREM2 was sequenced in 2082 AD cases and 1648 cognitively
normal elderly controls of EA descent using pooled-DNA
sequencing as previously described (27,45,46). Equimolar
amounts of individual DNA samples were pooled together
after being measured using Quant-iTTM PicoGreen (Invitrogen)
reagent. Pools with 100 ng of DNA from 94 individuals were
made. Five exons covering 2090 bp of the target regions of
TREM2 were amplified by the PCR using specific primers and
Pfu Ultra high-fidelity polymerase (Agilent). An average of 20
diploid genomes (�0.14 ng DNA) per individual was used as
the input. PCR products were cleaned using QIAquick PCR
(Qiagen) purification kits, quantified using Quant-iT PicoGreen
reagent and ligated in equimolar amounts using T4 Ligase and
T4 Polynucleotide Kinase. After ligation, concatenated PCR
products were randomly sheared by sonication and prepared
for sequencing on an Illumina MiSeq machine according to the
manufacturer’s specifications. The pCMV6-XL5 amplicon
(1908 bp) was included in the reaction as a negative control.
The positive controls contained 10 different constructs (p53
gene) with synthetically engineered mutations at an assigned fre-
quency of one mutated copy per 188 normal copies were amplified
and pooled with the PCR products. Paired-end reads (150 bp) were
aligned to the reference TREM2 sequence using SPLINTER (46).
SPLINTER uses the positive controls to estimate sensitivity and
specificity for variant calling. The wild-type-to-mutant ratio in
the positive control was similar to the relative frequency expected
for a single mutation in one pool (1 chromosome mutated in 94
samples¼ 1/188). SPLINTER uses the negative controls (first
900 bp) to model the error rates across the 150 bp Illumina reads
and to create an error model from each sequencing run of the
machine. Based on the error model, SPLINTER calculates a
P-value for the probability that a predicted variant is a true positive.
A P-value at which all mutants in the positive controls were identi-
fied was defined as the cutoff to estimate the sensitivity and speci-
ficity. All mutants included as part of the amplified positive control
vectors were found upon achieving .30-fold coverage at mutated
sites (sensitivity¼ 100%) and only �80 sites in the 1908 bp
negative control vector were predicted to be polymorphic
(specificity¼ �95%). The variants with a P-value below this
cutoff value were considered for follow-up genotyping.



SNP genotyping and segregation with disease



All rare missense or splice site variants identified by SPLINTER
were validated by directly genotyping all sequenced individuals
using Sequenom iPLEX or KASPar genotyping systems as
described previously (21,27). To avoid potential batch/plate
effects, genotyping was repeated with heterozygous cases or
controls that were randomly assigned in the plates. The genotype
call rate of these SNPs was .98%. We validated TREM2 var-
iants by genotyping in all available family members to determine
whether these variants segregate with disease status.



Population structure



A PCA was conducted to infer genetic structure of individuals
who have GWAS data available using the EIGENSTRAT soft-
ware as previously described (47). Samples were excluded if
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not located within the EA cluster (Supplementary Material,
Fig. S1). Individuals who do not have GWAS data available
were included in the study if the self-reported ethnicity was non-
Hispanic European.



Statistical analyses



We used the Fisher’s exact test to test for association between
AD risk and each genetic variant using PLINK (48). For the
gene-based association, we tested for association between the
confirmed set of variants in TREM2 and AD risk using
SKAT-O conducted using R package SKAT (49). The multiple-
testing correction cutoff for the single-variant analysis using
Bonferroni correction for 16 tests is 3.3 × 1023 (0.05/16). The
gene-level significant threshold is defined by type-I error rate
divided by the number of human genes (0.05/20 000 ¼ 2.4 ×
1026). For the family-based association analysis, we used the
Fisher’s exact test to determine whether any TREM2 variants
are associated with disease status within families.



Bioinformatics analysis



The EVS (http://eversusgs.washington.edu/EVS), SeattleSeq
Annotation (http://snp.gs.washington.edu/SeattleSeqAnnota
tion137/) and the Ensembl Genome Database (http://useast.
ensembl.org/index.html) were used to annotate the rare variants.
Polyphen algorithms were used to predict the functional effect of
the identified variants. The Uniprot database (http://www.unip
rot.org/) was used to extract and perform alignment of the
protein sequences across different species.



Alternative splicing validation



According to Ensembl, TREM2 encodes three alternative
transcripts (ENST00000373113, ENST00000373122 and
ENST00000338469). To evaluate TREM2 alternative splicing
and determine whether these transcripts exist in the human
brain, cDNA isolated from parietal lobes of two Alzheimer’s
disease brains were amplified using PCR with Pfu (Agilent)
enzyme. The PrimerQuest Design Tool (Integrated DNA Tech-
nology) was used to design primers spanning exon junctions.
PCR primers include a forward primer located in the junction
between exons 3 and 4 and a reverse primer located in exon 4
of the longest transcript ENST00000373113 (see Supplemen-
tary Material, Table S5 and Fig. S2 for primers and the expected
amplicon lengths). For the transcript ENST00000373122, we
designed a unique forward primer, which only exists in this tran-
script, located in the exon 3–exon 4 junction and a reverse
primer located in exon 4 to amplify the sequence (see Supple-
mentary Material, Table S5 for designed primers and the
expected length). For the transcript ENST00000338469, a
forward primer located in exons 3–exon 5 junction and a
reverse primer located in exon 5 were used to amplify this tran-
script (see Supplementary Material, Table S5 and Fig. S2 for
primers and the expected amplicon lengths). Each PCR reaction
contains 7.5 ml of PerfeCTa SYBR Green FastMix (Quanta
Biosciences), 720 nM forward and reverse primers, and 15 ng
of cDNA in a final volume of 15 ml. Then incubate the reaction
mix using a program as follows: (1) 458C for 2 min; (2) 958C for
2 min; (3) 958C for 15 s; (4) 608C for 1 min; (5) repeat steps 3–4



for 40 cycles. The resulting PCR product was run on a 2%
agarose gel and visualized on a Syngene Imaging system.



SUPPLEMENTARY MATERIAL



Supplementary Material is available at HMG online.
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Rare coding variants in the phospholipase D3 gene
confer risk for Alzheimer’s disease
Carlos Cruchaga1,2, Celeste M. Karch1,2*, Sheng Chih Jin1*, Bruno A. Benitez1, Yefei Cai1, Rita Guerreiro3,4, Oscar Harari1,
Joanne Norton1, John Budde1, Sarah Bertelsen1, Amanda T. Jeng1, Breanna Cooper1, Tara Skorupa1, David Carrell1, Denise Levitch1,
Simon Hsu1, Jiyoon Choi1, Mina Ryten3, U K Brain Expression Consortium (UKBEC){, Celeste Sassi3,4, Jose Bras3,
J. Raphael Gibbs3,4, Dena G. Hernandez3,4, Michelle K. Lupton5,6, John Powell5, Paola Forabosco7, Perry G. Ridge8,
Christopher D. Corcoran9,10, JoAnn T. Tschanz10,11, Maria C. Norton10,11,12, Ronald G. Munger12,13, Cameron Schmutz8,
Maegan Leary8, F. Yesim Demirci14, Mikhil N. Bamne14, Xingbin Wang14, Oscar L. Lopez15,16, Mary Ganguli17,
Christopher Medway18, James Turton18, Jenny Lord18, Anne Braae18, Imelda Barber18, Kristelle Brown18,
The Alzheimer’s Research U K (ARUK) Consortium{, Pau Pastor19,20,21, Oswaldo Lorenzo-Betancor19, Zoran Brkanac22,
Erick Scott23, Eric Topol23, Kevin Morgan18, Ekaterina Rogaeva24, Andrew B. Singleton4, John Hardy3, M. Ilyas Kamboh14,15,16,
Peter St George-Hyslop24,25, Nigel Cairns2,26, John C. Morris26,27,28, John S. K. Kauwe8 & Alison M. Goate1,2,27,28,29



Genome-wide association studies (GWAS) have identified several
risk variants for late-onset Alzheimer’s disease (LOAD)1,2. These
common variants have replicable but small effects on LOAD risk
and generally do not have obvious functional effects. Low-frequency
coding variants, not detected by GWAS, are predicted to include func-
tional variants with larger effects on risk. To identify low-frequency
coding variants with large effects on LOAD risk, we carried out whole-
exome sequencing (WES) in 14 large LOAD families and follow-up
analyses of the candidate variants in several large LOAD case–control
data sets. A rare variant in PLD3 (phospholipase D3; Val232Met)
segregated with disease status in two independent families and dou-
bled risk for Alzheimer’s disease in seven independent case–control
series with a total of more than 11,000 cases and controls of Euro-
pean descent. Gene-based burden analyses in 4,387 cases and controls
of European descent and 302 African American cases and controls,
with complete sequence data for PLD3, reveal that several variants
in this gene increase risk for Alzheimer’s disease in both popula-
tions. PLD3 is highly expressed in brain regions that are vulnerable
to Alzheimer’s disease pathology, including hippocampus and cor-
tex, and is expressed at significantly lower levels in neurons from
Alzheimer’s disease brains compared to control brains. Overexpres-
sion of PLD3 leads to a significant decrease in intracellular amyloid-b
precursor protein (APP) and extracellular Ab42 and Ab40 (the 42-
and 40-residue isoforms of the amyloid-b peptide), and knockdown
of PLD3 leads to a significant increase in extracellular Ab42 and
Ab40. Together, our genetic and functional data indicate that car-
riers of PLD3 coding variants have a twofold increased risk for LOAD
and that PLD3 influences APP processing. This study provides an



example of how densely affected families may help to identify rare
variants with large effects on risk for disease or other complex traits.



The identification of pathogenic mutations in APP, presenilin 1
(PSEN1) and PSEN2, and the association of apolipoprotein E (APOE)
genotype with disease risk led to a better understanding of the pathobiol-
ogy of Alzheimer’s disease, and the development of novel animal models
and therapies for this disease3. Recent studies using next-generation
sequencing have also identified a protective variant in APP4, and a low-
frequency variant in TREM2 associated with Alzheimer’s disease risk5–8



with odds ratio close to that of one APOE4 allele. These studies have led
to the identification of functional variants with large effects on Alzheimer’s
disease pathogenesis, in contrast to the loci identified through GWAS1,2.
Low-frequency coding variants not detected by GWAS may be a source
of functional variants with a large effect on LOAD risk5–8; however, the
identification of such variants remains challenging because most study
designs require WES in very large data sets. One potential solution is to
perform WES or whole-genome-sequencing in a highly selected popu-
lation at increased risk for disease followed by a combination of geno-
typing and deep re-sequencing of the variant or gene of interest in large
numbers of cases and controls.



We reported previously that families with a clinical history of LOAD
in four or more individuals are enriched for genetic risk variants in known
Alzheimer’s disease and frontotemporal dementia (FTD) genes, but
some of these families do not carry pathogenic mutations in the known
Alzheimer’s disease or FTD genes9,10, suggesting that additional genes
may contribute to LOAD risk. We ranked 868 LOAD families from
the National Institute on Aging (NIA)-LOAD study based on number
of affected individuals, number of generations affected, the number of
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affected and unaffected individuals with DNA available, the number of
individuals with a definite or probable diagnosis of Alzheimer’s dis-
ease, early age at onset (AAO) and APOE genotype (discarding families
in which APOE4 segregates with disease status), and 14 were selected
to perform WES. In the 14 selected families, there were at least four
affected individuals per family, with DNA available for at least three of
these individuals. We sequenced at least two affected individuals per
family, prioritizing distantly related affected individuals with the earliest
AAO. We also sequenced one unaffected individual in nine families
and two unaffected individuals in one family. In total, we performed
WES on 29 affected individuals and 11 unaffected individuals from 14
families of European American ancestry (Supplementary Table 1 and
Supplementary Fig. 2).



All variants shared by affected individuals but absent in unaffected
individuals within a family, with a minor allele frequency (MAF) lower
than 0.5% in the Exome Variant Server (EVS; http://evs.gs.washington.
edu/EVS/) were selected and genotyped in the remaining family mem-
bers to determine segregation with disease (Supplementary Information).
We next examined whether individual variants or variants in the same
gene segregated with disease in more than one family. A single variant,
rs145999145 (Val232Met, PLD3, chromosome 19q13.2), segregated
with disease in two independent families (Fig. 1 and Supplementary
Fig. 1). We then sought to determine whether this variant was asso-
ciated with increased risk for sporadic Alzheimer’s disease in seven



independent data sets (4,998 Alzheimer’s disease cases and 6,356 con-
trols of European descent from the Knight Alzheimer’s Disease Research
Centre (ADRC), NIA-LOAD, NIA-UK data set, Cache-County study,
the Universities of Toronto, Nottingham and Pittsburgh, the National
Institutes of Mental Health (NIMH) Alzheimer’s disease series, and
the Wellderly study7,11–14; Extended Data Table 1). PLD3(V232M) was
associated with both Alzheimer’s disease risk (P 5 2.93 3 10205, odds
ratio 5 2.10, 95% CI 5 1.47–2.99; Table 1) and AAO (P 5 3 3 1023;
Extended Data Fig. 1). The frequency of PLD3(V232M) was higher in
Alzheimer’s disease cases compared to controls in each age–gender–
ethnicity matched data set, with a similar estimated odds ratio for each
data set (Extended Data Table 1 and Extended Data Fig. 2), suggesting
that the association is unlikely to be a false positive due to population
stratification. This was confirmed when population principal compo-
nents derived from GWAS data were included (Supplementary Informa-
tion, and Supplementary Figs 2 and 3). The association of the Val232Met
variant with Alzheimer’s disease risk was also independent of APOE
genotype (Supplementary Information, Supplementary Table 3 and
Supplementary Fig. 4).



LOAD risk variants, such as APOE4, are most common in Alzheimer’s
disease cases with a family history of disease and least common in elderly
controls without disease8,9. We examined the frequency of Val232Met
in three groups of elderly individuals without dementia stratified by age
(.65 years, .70 years and .80 years; Table 1) and compared them with
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Figure 1 | Summary of the main genetic
findings. The diagram shows the steps used to
filter the variants identified by exome-sequencing,
which led to the identification of the
PLD3(V232M) variant. The diagram also shows the
subsequent genetic analyses in large case–control
data sets that validated the association of the
Val232Met variant and PLD3 with risk for
Alzheimer’s disease. CI, confidence interval; OR,
odds ratio.



Table 1 | Association between PLD3(V232M) and Alzheimer’s disease risk in individuals of European descent.
Group Count



(carriers/non-carriers)
Frequency
(%)



Odds ratio
(95% CI)



P value



Control group All controls 50/6,306 0.79 NA NA
.65 years, no dementia 9/1,690 0.52 NA NA
.70 years, no dementia 5/1,248 0.39 NA NA
.80 years, no dementia 1/375 0.26 NA NA



Cases group All Alzheimer’s disease cases 82/4,916 1.64 *2.10 (1.47–2.99) 2.93 3 1025



{3.13 (1.57–6.24) 3.54 3 1024



{4.16 (1.68–10.29) 2.34 3 1024



Index cases (families) 29/1,077 2.62 *3.39 (2.14–5.39) 1.18 3 1026



{5.05 (2.38–10.41) 5.14 3 1026



{6.72 (2.59–17.52) 5.23 3 1026



Sporadic Alzheimer’s disease cases 53/3,839 1.36 *1.74 (1.18–2.57) 5.70 3 1023



{2.59 (1.27–5.26) 5.20 3 1023



{3.44 (1.37–8.63) 3.20 3 1023



The table shows the counts for minor allele carriers and non-carriers. P values were calculated using Fisher’s exact test. Only individuals of European descent were included in this analysis. The carrier frequency for
the Val232Met variant in the Exome Variant Server (EVS) is 0.99%. *Odds ratio and P value in comparison with all controls. {Odds ratio and P value in comparison with individuals aged over 65 years who do not
have dementia. {Odds ratio and P value in comparison with individuals aged over 70 years who do not have dementia. NA, not applicable.
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sporadic versus familial Alzheimer’s disease cases. As predicted for an
Alzheimer’s disease risk allele, Val232Met showed age-dependent dif-
ferences in frequency among controls with the lowest frequency in the
Wellderly data set, a series composed of healthy individuals without
dementia, who were older than 80 years (carrier frequency 0.27%).
Similarly, no Val232Met carriers were found among the 303 indivi-
duals without dementia who had normal cerebrospinal fluid Ab42 and
tau profiles, suggesting that the calculated odds ratio for the Val232Met
variant when compared to all controls may be an underestimation (Sup-
plementary Information and Supplementary Table 4). As proposed,
the frequency of Val232Met was higher in familial cases than in spo-
radic cases (2.62% in familial versus 1.36% in sporadic cases).



Several risk variants have been observed in APP, PSEN1 and PSEN2
and APOE, supporting the role of these genes in Alzheimer’s disease
risk3,4. To identify additional risk variants in PLD3, we sequenced the
PLD3 coding region in 2,363 cases and 2,024 controls of European des-
cent (Extended Data Tables 2 and 3). Fourteen variants were observed
more frequently in cases than in controls, including nine variants that
were unique to cases (Fig. 2a and Supplementary Information). The gene-
based burden analysis resulted in a genome-wide significant association
of carriers of PLD3 coding variants among Alzheimer’s disease cases
(7.99%) compared to controls (3.06%; P 5 1.443 10211; odds ratio 5 2.75,
95% CI 5 2.05–3.68). When the Val232Met variant was excluded, the
association remained highly significant, still passing genome-wide multiple-
test correction (P 5 1.58 3 1028; odds ratio 5 2.58, 95% CI 5 1.87–3.57;
Extended Data Table 3), indicating that there are additional variants in
PLD3 that increase risk for Alzheimer’s disease independent of Val232Met.
There were two additional highly conserved variants (Supplementary
Fig. 5), that were nominally associated with LOAD risk: Met6Arg (P 5 0.02;
odds ratio 5 7.73, 95% CI 5 1.09–61), and Ala442Ala (P 5 3.783 1027;
odds ratio 5 2.12, 95% CI 5 1.58–2.83). The Ala442Ala variant showed
an association with LOAD risk in four independent series (Extended
Data Table 4). This variant was included in the gene-based analysis
because our bioinformatic and functional analyses indicate that this
variant affects splicing and gene expression (see below).



If the association of PLD3 with Alzheimer’s disease risk is real, it is
possible that rare coding variants in PLD3 in other populations will
also increase risk for Alzheimer’s disease. We therefore sequenced PLD3
in 302 African American Alzheimer’s disease cases and controls. Both
the Val232Met and the Ala442Ala variants were found in Alzheimer’s
disease cases but not controls, and the Ala442Ala variant showed a
significant association with Alzheimer’s disease risk (P 5 0.03). There
was also a significant association with LOAD risk at the gene level
(P 5 1.43 1023; odds ratio 5 5.48, 95% CI 5 1.77–16.92; Fig. 1, Extended
Data Table 5 and Supplementary Information). This consistent evidence
of association with Alzheimer’s disease risk, at the single-nucleotide poly-
morphism (SNP) and gene level in two different populations strongly
supports PLD3 as an Alzheimer’s disease risk gene.



To begin to understand the link between PLD3 and Alzheimer’s disease,
we analysed PLD3 expression in Alzheimer’s disease case and control
brains. In human brain tissue from cognitively normal individuals,
PLD3 showed high levels of expression in the frontal, temporal and
occipital cortices and hippocampus (Supplementary Fig. 6). Using data
from gene expression in laser-captured neurons from Alzheimer’s disease
cases and controls, PLD3 gene expression was significantly lower in
Alzheimer’s disease cases compared to controls (P 5 8.103 10210; Fig. 2b).
This result was replicated in three additional independent data sets
(Supplementary Information and Extended Data Fig. 3). Bioinformatic
analyses predicted that the Ala442Ala variant affects alternative splic-
ing (Supplementary Fig. 7 and Supplementary Information). We found
that Ala442Ala is associated with lower levels of total PLD3 messenger
RNA (Fig. 2D) and lower levels of transcripts containing exon 11 (Fig. 2c
and Supplementary Fig. 8), supporting the functional effect of this variant.



PLD3 is a non-classical, poorly characterized member of the PLD
superfamily of phospholipases. PLD1 and PLD2 have been previously
implicated in APP trafficking and Alzheimer’s disease15–17. To determine



whether PLD3 also affects APP processing, wild-type human PLD3
was overexpressed in mouse neuroblastoma (N2A) cells that stably
express wild-type human APP695 (APP695-WT; cells termed N2A-
695). In this system extracellular Ab42 and Ab40 were decreased by
48% and 58%, respectively, compared to the empty vector (P , 0.0001;
Fig. 3a). Conversely, knockdown of endogenous PLD3 expression by
short hairpin RNA (shRNA) in N2A-695 cells resulted in higher levels
of extracellular Ab42 and Ab40 than in cells transfected with scram-
bled shRNA (Fig. 3b). To determine whether the observed effects on
APP processing were unique to PLD3 or common among the phos-
pholipase D protein family, we co-expressed APP695-WT with PLD1,
PLD2 and PLD3 in human embryonic kidney (HEK293T) cells. Over-
expression of PLD3, but not empty vector, PLD1 or PLD2, resulted in a
substantial decrease in full-length APP levels (Fig. 3c). Extracellular
Ab42 and Ab40 levels were significantly reduced in cells overexpres-
sing PLD1, PLD2 and PLD3 compared to control (Fig. 3c). Interes-
tingly, overexpression of catalytically inactive PLD1 and PLD2 variants
(PLD1(K898R) and PLD2(K758R)) restored extracellular Ab42 and Ab40
levels to control values, demonstrating that this is in part a phospholipase-
activity-dependent effect (Fig. 3c). Overexpression of a PLD3 dominant-
negative variant (PLD3(K418R)) that inhibits myotube formation18 failed
to restore full-length APP and Ab42 and Ab40 to normal levels (Fig. 3c).
Furthermore, PLD3 can be co-immunoprecipitated with APP in cul-
tured cells (Extended Data Fig. 4). Together, these studies demonstrate
that PLD3 has a role in APP processing that is functionally distinct
from PLD1 and PLD2. These findings are consistent with the human
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Figure 2 | Most of the PLD3 coding variants are located in exon 11,
and the Ala442Ala variant affects splicing. a, Schematic representation of
PLD3 and the relative position of the PLD3 variants. PLD3 has two PLD
phosphodiesterase domains, which contain an HKD signature motif
(H-X-K-X(4)-D-X(6)-G-T-X-N, where X represents any amino acid residue).
The scheme also shows the exon composition of the longest PLD3 mRNA
and the position of the variants found in this study. *Variants significantly
associated with Alzheimer’s disease risk. {Variants found only in Alzheimer’s
disease cases. {Variants that are more frequent in Alzheimer’s disease cases
than in controls. b, PLD3 neuronal gene expression is significantly lower in
Alzheimer’s disease cases compared to controls. We used the Gene Expression
Omnibus data set GSE5281 (ref. 26), in which neurons were laser-captured
to analyse whether PLD3 mRNA expression levels are different between
Alzheimer’s disease cases and cognitively normal elderly individuals. c, d, The
PLD3(A442A) variant is associated with lower total PLD3 mRNA expression
and lower levels of exon11 containing transcripts. Primers specific to exons 7, to
11 (two pairs of primers) were designed with PrimerExpress (c). cDNA from 8
PLD3(A442A) carriers and 10 age-, gender-, APOE-, clinical dementia rating
(CDR)- and post-mortem interval (PMI)-matched individuals were extracted
from parietal lobe. Relative expression of exon 11 compared to the other
exons was calculated by the DCt (changes in cycle threshold) method.
Exon-11-containing transcripts were 20% lower in Ala442Ala carriers
(P , 0.05) in comparison to exon-7–10-containing transcripts. Graphs
represent the mean 6 s.e.m. Real-time PCR was used to quantify total PLD3
mRNA and standardized using GADPH mRNA as a reference (d). P value in
d is for the gene-expression levels of major allele carriers versus minor allele
carriers after correcting for dementia severity.
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genetic and brain expression data presented above; lower PLD3 expres-
sion and function is correlated with higher APP and amyloid-b levels
and with more extensive Alzheimer’s-disease-specific pathology (Sup-
plementary Table 4).



Here we provide extensive genetic evidence that PLD3 is an Alzheimer’s
disease risk gene: genome-wide significant evidence that rare variants
in PLD3 increase risk for Alzheimer’s disease in multiple data sets and
two populations. In addition, our functional studies confirm that PLD3
affects APP processing, in a manner that is consistent with increased
risk for Alzheimer’s disease3,19. This work also provides a second example
of a novel gene containing rare variants that influence risk for Alzheimer’s
disease5,7,8. Although these variants have low population attributable
fraction (proportion of cases in the population attributable to PLD3
variants) and diagnostic utility owing to their rarity, they provide impor-
tant and novel insights into Alzheimer’s disease pathogenesis. Our
success in identifying multiple families carrying the Val232Met variant
and the enrichment of this variant in LOAD families compared to spo-
radic Alzheimer’s disease cases demonstrates the power of using a
highly selected sample of multiplex LOAD families for variant discov-
ery. The studies on TREM2 (refs 5–8), and this report, suggest that next-
generation sequencing projects will identify additional low-frequency
and rare variants associated with Alzheimer’s disease.



METHODS SUMMARY
Participants. Samples were obtained from seven independent data sets totalling
4,998 Alzheimer’s disease cases and 6,356 controls of European descent from the
Knight ADRC, NIA-LOAD, NIA-UK data set, Cache-County study, the Universities
of Toronto, Nottingham and Pittsburgh, the NIMH-AD series, and the Wellderly
study7,11–14.
Exome sequencing. Enrichment of coding exons and flanking intronic regions
was carried out using a solution hybrid selection method with the SureSelect human
all exon 50-Mb kit (Agilent Technologies) as previously described20.
SNP genotyping. SNPs were genotyped using the Illumina Golden Gate, Seque-
nom, KASPar21,22 and/or Taqman.
PLD3 sequencing. PLD3 was sequenced using a pooled-DNA sequencing design
as described previously9,23,24. All rare missense or splice site variants were then vali-
dated by Sequenom and KASPar genotyping.
Gene-expression and alternative splicing analyses. Total RNA was extracted
using the RNeasy mini kit (Qiagen). Complementary DNA was prepared from the
total RNA, using the High-Capacity cDNA Archive kit (ABI). Gene-expression



levels were analysed by real-time polymerase chain reaction (PCR), using an ABI-
7900 real-time PCR system.
Statistical analyses. All of the single SNP analyses were performed using a Fisher’s
exact test. Allelic association with risk for Alzheimer’s disease was tested using ‘proc
logistic’ in SAS, including APOE genotype, age, principal component (PC) factors,
from population stratification analyses and study as covariates when available. Gene-
based analyses were performed using the optimal SNP-set Kernel Association Test
(SKAT-O)25.
Cell-based studies. To assess the effects of PLD3 expression on APP cleavage, vectors
containing PLD3-WT or PLD3 shRNA were transiently transfected in mouse N2A
cells stably expressing human APP695-WT. Ab40 and Ab42 were measured in
conditioned media by enzyme-linked immunosorbant assay (ELISA) (Invitrogen).
PLD3 silencing was confirmed by quantitative PCR (qPCR). To assess the effects of
PLD proteins on APP cleavage, HEK293T cells were transiently transfected with
vectors containing PLD1, PLD2 and PLD3-WT or dominant-negative mutations.
Ab40 and Ab42 were measured in conditioned media by ELISA. Full-length APP
levels were measured by immunoblot analysis of cell lysates.



Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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Figure 3 | PLD3 affects APP processing. a, b, Overexpression and
knockdown of PLD3 produce opposing effects on extracellular amyloid-b
levels. N2A cells stably expressing human APP695-WT were transiently
transfected with vectors containing no insert (pcDNA3), human PLD3-WT,
scrambled shRNA (Origene), or mouse PLD3 shRNA (Origene) for 48 h.
Cell media were analysed with Ab40 and Ab42 ELISAs and corrected for total
intracellular protein. Amyloid-b levels were then expressed relative to
pcDNA3. Graphs represent the mean 6 s.e.m. Overexpression of human PLD3
produces significantly less extracellular Ab42 and Ab40 (a). *P , 0.0001.
Knockdown of endogenous PLD3 cells produces significantly more
extracellular Ab42 and Ab40 (b). *P , 0.002. c, Members of the PLD protein



family have different effects on APP processing. HEK293T cells were
transiently transfected with vectors containing human APP-WT and an empty
vector (pcDNA3), PLD1, PLD2 or PLD3-WT, or PLD1, PLD2, PLD3 carrying a
dominant-negative mutation. Left panel, PLD3 affects full-length APP levels.
Cell lysates were extracted in non-ionic detergent, analysed by SDS–PAGE and
immunoblot with antibodies to the Myc-tag on APP (9E10) or b-tubulin.
Middle (Ab42) and right (Ab40) panels, cell media were analysed with Ab40
and Ab42 ELISAs and corrected for total intracellular protein. Graphs
represent the mean 6 s.e.m. *P , 0.01, different from pcDNA3; **P 5 0.002,
different from PLD1-WT; ***P , 0.0001, different from PLD2-WT. Images
are representative of at least three replicate experiments.
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METHODS
Participants and study design. The Institutional Review Board (IRB) at Washington
University School of Medicine approved the study. Written informed consent was
obtained from participants and their family members by the Clinical Core of the
Knight ADRC. The approval number for the Knight ADRC Genetics Core is
93-0006.
Knight-ADRC samples. The Knight-ADRC sample included 1,114 late-onset
Alzheimer’s disease (LOAD) cases and 913 cognitively normal controls (377 older
than 70 years), of European descent, and 302 African American Alzheimer’s disease
cases and controls, matched for age, gender and ethnicity. These individuals were
evaluated by Clinical Core personnel of the Knight ADRC at Washington Uni-
versity. Cases received a clinical diagnosis of Alzheimer’s disease dementia in
accordance with standard criteria, dementia severity was determined using the
Clinical Dementia Rating (CDR)27.



Cerebrospinal fluid (CSF) levels data set: A subset (n 5 528) of the Knight-
ADRC samples had total tau protein and Ab42 levels measured in the CSF by
ELISA. Of these, 528, 303 did not have dementia (CDR 5 0) and were elderly (over
65 years of age), with high CSF Ab42 levels (.500 pg ml21). A description of the
CSF data set used in this study can be found in another paper11. CSF collection and
Ab42, tau and phosphorylated tau181 measurements were performed as described
previously28.
NIA-LOAD. Participants from the National Institute of Ageing Late Onset
Alzheimer Disease (NIA-LOAD) Family Study included a single individual with
dementia from each of 868 families with at least three Alzheimer’s disease-affected
individuals, and 881 unrelated control individuals who were elderly and did not
have dementia (545 individuals were older than 70 years of age). All Alzheimer’s
disease cases were diagnosed with dementia of the Alzheimer’s type (DAT) using
criteria equivalent to the National Institute of Neurological and Communication
Disorders and Stroke-Alzheimer’s Disease and Related Disorders Association
(NINCDS-ADRDA) for probable Alzheimer’s disease29. NIA-LOAD families were
ascertained based on the following criteria: probands (the affected individual through
whom the family was recruited into the study) were required to have a diagnosis of
definite or probable LOAD (onset after 60 years of age) and a sibling with definite,
probable or possible LOAD with a similar age at onset. A third biologically related
family member (first, second or third degree) was also required, regardless of
affection status. This individual had to be $60 years of age if unaffected, or $50
years of age if diagnosed with LOAD or mild cognitive impairment12. Within each
pedigree, we selected a single individual for the case–control series by identifying
the youngest affected family member with the most definitive diagnosis (that is,
individuals with autopsy confirmation were chosen over those with clinical dia-
gnosis only). Unrelated controls without dementia who were used for the NIA-
LOAD case–control series had no family history of Alzheimer’s disease and were
matched to the cases as previously described12. Only individuals of European
descent based on the principal component (PC) factors from population strati-
fication analyses were included. Written informed consent was obtained from all
participants, and the study was approved by local IRB committees.
Wellderly Study. The Scripps Translational Science Institute’s Wellderly study
has recruited more than 1,000 healthy elderly participants. Inclusion criteria spe-
cify informed consent, age .80 years, blood or saliva donation, compliance with
protocol-specified procedures, and no or mild ageing-related medical conditions.
Exclusion criteria includes self-reported cancer (excluding basal and squamous
cell skin cancer), coronary artery disease or myocardial infarction, stroke or tran-
sient ischaemic attack, deep vein thrombosis or pulmonary embolism, chronic
renal failure or haemodialysis, Alzheimer’s or Parkinson’s disease, diabetes, aortic
or cerebral aneurysm, or the use of oral chemotherapeutic agents, anti-platelet
agents (excluding aspirin), cholinesterase inhibitors for Alzheimer’s disease, or
insulin. All genotyped individuals were of European descent.
Cache-County study. The Cache-County Study was initiated in 1994 to invest-
igate the association of APOE genotype and environmental exposures on cognitive
function and dementia. A cohort comprised of 5,092 Cache County, Utah, resi-
dents (representing 90% of all individuals in the county who were aged 65 or older)
has been followed continually for over 15 years, completing four triennial waves of
data collection including clinical assessments13. Genotypes were obtained for 255
demented individuals and 2,471 elderly cognitively normal individuals13. All indi-
viduals genotyped were of European descent.
UK-NIA data set. A description of the UK-NIA data set can be found in another
paper7. In brief, this data set includes WES from 143 Alzheimer’s disease cases and
183 elderly control individuals without dementia. All subjects were of European
descent.
University of Pittsburgh data set. The PLD3(V232M) variant was genotyped in
2,211 subjects including 1,253 Alzheimer’s disease cases (62.6% females) and 958
elderly control individuals without dementia(64.3% females). A complete description



of the data set can be found in another paper14. All individuals were of European
descent.
Toronto data set. The Toronto data set was composed of 269 unrelated Alzheimer’s
disease cases (53% females) and 250 unrelated controls without dementia (56%
females) of European descent. The mean (s.d.) age at onset of Alzheimer’s disease
was 73 (68) years, and the mean age (s.d.) at last examination of the controls was
73 (610) years. The study was approved by the IRBs of the University of Toronto.
Exome sequencing. Enrichment of coding exons and flanking intronic regions
was performed using a solution hybrid selection method with the SureSelect human
all exon 50Mb kit (Agilent Technologies) following the manufacturer’s standard
protocol. This step was performed by the Genome Technology Access Center at
Washington University. The captured DNA was sequenced by paired-end reads
on the HiSeq 2000 sequencer (Illumina). Raw sequence reads were aligned to the
reference genome hg19 using Novoalign (Novocraft Technologies). Base and SNP
calling was performed by SNP Samtools. SNP annotation was carried out using
version 5.07 of SeattleSeq Annotation server (see URL)20.



On average, 95% of the exome had greater than eightfold coverage. SNP calls
were made using SAM tools30. SNPs identified with a quality score lower than 20
and a depth of coverage lower than 5 were removed. More than 2,500 novel variants
in the coding region were found per individual. We identified all variants shared by
the affected individuals in a family. Variants not present in 1,000 genome project or
the Exome Variant Server (EVS: http://evs.gs.washington.edu/EVS/) or with a fre-
quency lower than 0.5% in the EVS were selected. On average, 80 coding variants
were selected for each family. The selected variants were then genotyped in the
remaining sampled family members. We validated more than 98% of the selected
variants, confirming the high specificity of our exome-sequencing method and
analysis. On average, we genotyped a total of 13 family members (7 cases and
6 controls) per family.
SNP genotyping. SNPs were genotyped using the Illumina Golden Gate, Sequenom,
Kaspar and/or Taqman genotyping technologies. Only SNPs with a genotyping
call rate higher than 98% and in Hardy–Weinberg equilibrium were used in the
analyses. The principle of the MassARRAY system is PCR-based, with different
size products analysed by SEQUENOM MALDI-TOF mass spectrometry21,31.
The KBioscience Competitive Allele-Specific PCR (KASP) system is FRET-based
endpoint-genotyping technology, v4.0 SNP (KBioscience)21,31. Genotype call rates
were greater than 98%.
PLD3 sequencing. PLD3 was sequenced in 2,363 cases and 2,027 controls of Euro-
pean origin, and 130 cases and 172 controls of African American descent using a
pooled-DNA sequencing design as described previously9,23,32. In brief, equimolar
amounts of individual DNA samples were pooled together following quantifica-
tion using the Quant-iT PicoGreen reagent. Pools contained 100 ng of DNA per
individual, from 94 individuals. The coding exons and flanking regions (a mini-
mum of 50 bp each side) 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. PCR products
were cleaned using QIAquick PCR purification kits, quantified using Quant-iT
PicoGreen reagent and ligated in equimolar amounts using T4 Ligase and T4
Polynucleotide Kinase. After ligation, concatenated PCR products were randomly
sheared by sonication and prepared for sequencing on an Illumina HighSeq2000
according to the manufacturer’s specifications. pCMV6-XL5 amplicon (1,908 base
pairs) was included in the reaction as a negative control. As positive controls, ten
different constructs (p53 gene) with synthetically engineered mutations at a rela-
tive frequency of one mutated copy per 188 normal copies was amplified and pooled
with the PCR products.



Paired-end reads (101 bp) were aligned to the human genome reference assem-
bly build 36.1 (hg19) using SPLINTER32. SPLINTER uses the positive control to
estimate sensitivity and specificity for variant calling. The wild type: mutant ratio
in the positive control is similar to the relative frequency expected for a single
mutation in one pool (1 chromosome mutated in 94 samples 5 1 in 188 chromo-
somes). SPLINTER uses the negative control (first 900 bp) to model the errors
across the 101-bp Illumina reads and to create an error model from each sequen-
cing run. Based on the error model SPLINTER calculates a P value for the prob-
ability that a predicted variant is a true positive. A P value at which all mutants in
the positive controls were identified was defined as the cut-off value for the best
sensitivity and specificity. All mutants included as part of the amplified positive
control vector were found upon achieving .30-fold coverage at mutated sites
(sensitivity 5 100%) and only ,80 sites in the 1,908-bp negative control vector
were predicted to be polymorphic (specificity 5 95%). The variants with a P value
below this cut-off value were considered for follow-up genotyping confirmation.
All rare missense or splice-site variants were then validated by Sequenom and
KASPar genotyping in each individual included in the pools. To avoid any batch or
plate effects, cases and controls were included in each genotyping plate and all
genotyping was performed in a single experiment. Finally, to confirm all of the
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heterozygous calls, we created a custom DNA plate including all of the hetero-
zygotes (cases and controls) for all of the variants, and then genotyped them again
by Sequenom, creating a new Sequenom set.
Gene-expression and alternative splicing analyses. Total RNA was extracted
using the RNeasy mini kit (Qiagen) following the manufacturer’s protocol from 82
Alzheimer’s disease cases and 39 individuals without dementia. Extracted RNA
was treated with DNase1 to remove any potential DNA contamination. cDNAs
were prepared from the total RNA, using the High-Capacity cDNA Archive kit
(ABI). Gene-expression levels were analysed by real-time PCR, using an ABI-7900
real-time PCR system. The PLD3(A442A) variant was genotyped in DNA extracted
from parietal lobe of 82 Alzheimer’s disease cases and 39 individuals without dementia
by KASPar as explained below. A total of eight carriers for the Ala442Ala variant
were identified.



Total PLD3 expression: gene expression was analysed by real-time PCR, using
an ABI-7500 real-time PCR system. TaqMan assays were used to quantify PLD3
mRNA levels. Primers and TaqMan probe for the reference gene, GAPDH, were
designed over exon–exon boundaries, using Primer Express software, v3 (ABI)
(sequences available on request). Cyclophilin A (ABI: 4326316E) was also used as a
reference gene. Each real-time PCR run included within-plate triplicates and each
experiment was performed at least twice for each sample.



Alternative splicing: we selected eight Ala442Ala carriers as well as eight CDR-,
age-, APOE- and PMI-matched individuals to analyse the expression level of exon
11 containing transcripts, the exon in which the Ala442Ala variant is located. Real-
time PCR assays were used to quantify PLD3 exon 7 (forward primer, 59-GCAGC
TCCATCCCATCAACT-39; reverse, 59-CTTGGTTGTAGCGGGTGTCA-39), exon
8 (forward primer, 59-CTCAACGTGGTGGACAATGC-39; reverse, 59-AGTGG
GCAGGTAGTTCATGACA-39), 9 (forward primer, 59-ACGAGCGTGGCGTCA
AG-39; reverse, 59-CATGGATGGCTCCGAGTGT-39), 10 (forward primer, 59-G
GTCCCCGCGGATGA-39; reverse, 59-GGTTGACACGGGCATATGG-39) and
11 (first pair of primers: forward primer, 59-CCAGCTGGAGGCCATTTTC-39;
reverse, 59-TGTCAAGGTCATGGCTGTAAGG-39; second pair forward primer,
59-GCTGCTGGTGACGCAGAAT-39; reverse, 59-AGTCCCAGTCCCTCAGGA
AAA-39). Two pairs of primers were designed for exon 11 as an internal control.
SYBR-green primers were designed using Primer Express software, v3 (ABI). Each
real-time PCR run included within-plate duplicates and each experiment was
performed at least twice for each sample. Real-time data were analysed using the
comparative Ct method. Only samples with a standard error of ,0.15% were ana-
lysed. The Ct values for exon 11 were normalized with the Ct value for the exons
7–10. The relative exon 11 levels for the Ala442Ala carriers versus the non-carriers
were compared using a t-test.
PLD3 gene expression in public databases. We also used the GEO data sets
GSE15222 (ref. 33) and GSE5281 (ref. 26) to analyse the association of PLD3 gene
expression and case-control status. In the GSE15222 data set, there are genotype
and expression data from 486 late onset Alzheimer’s Disease cases and 279 neu-
ropathologically normal individuals without dementia. In the GSE5281 data set,
samples were laser-captured from cortical regions of 16 normal elderly humans
(10 males and 4 females) and from 33 Alzheimer’s disease cases (15 males and 18
females). Mean age of cases and controls was 80 years. All samples were run on the
Affymetrix U133 Plus 2.0 array. RNA data were re-normalized to an average expres-
sion of 8 units on a log2 scale. As potential covariates we analysed the brain region,
gender and age for each sample. Stepwise discriminant analysis was used to identify
the potential covariates to be included in the analysis of covariance (ANCOVA).
For this data set we also extracted the gene-expression levels for APP (probe
211277_x_at), PSEN1 (1559206_at) and PSEN2 (203460_s_at) to examine the
correlation between PLD3 and APP, PSEN1 and PSEN2 using the Pearson corre-
lation method.
Human brain samples and analysis of the Affymetrix Human Exon 1.0 ST
array. Quantification and analysis of PLD3 gene expression in brains was per-
formed as previously described34. In brief, the human data used here were provided
by the UK Human Brain Expression Consortium34 and consisted of 101 control
post-mortem brains. All samples originated from individuals with no significant
neurological history or neuropathological abnormality and were collected by the
MRC Edinburgh Brain Bank35, ensuring a consistent dissection protocol and sample
handling procedure. A summary of the available demographic details of these
samples including a thorough analysis of their effects on array quality is provided
in another paper36. All samples were accompanied by fully informed consent for
retrieval and were authorized for ethically approved scientific investigation (Research
Ethics Committee number 10/H0716/3). Total RNA was isolated from human
post-mortem brain tissues using the miRNeasy 96-well kit (Qiagen). The quality
of total RNA was evaluated by the 2100 Bioanalyzer (Agilent) and RNA 6000
Nano Kit (Agilent) before processing with the Ambion WT Expression Kit and
Affymetrix GeneChip Whole Transcript Sense Target Labelling Assay and hybri-
dization to the Affymetrix Exon 1.0 ST. All arrays were pre-processed using Robust



Multi-array Average using Partek Genomics Suite v6.6 (Partek). The resulting
expression data were corrected for individual effects (within which are nested
post-mortem interval, brain pH, sex, age at death and cause of death) and experi-
mental batch effects (date of hybridization). Transcript-level expression was cal-
culated for 26,993 genes using Winsorized means (Winsorizing the data below
10% and above 90%).
RNA-pathway analysis. To evaluate the biological and functional relevance of co-
expressed genes within the PLD3-containing modules, we used Weighted Gene
Co-expression Network Analysis (WGCNA) and DAVID v6.7 (http://david.abcc.
ncifcrf.gov/), the database for annotation, visualization and integrated discovery37.
We restricted WGCNA to 15,409 transcripts that passed the Detection Above
Background (DABG) criteria (P , 0.001 in at least 50% of samples in at least one
brain region), had a coefficient of variation .5% and expression values exceeding
5 in all samples in at least one brain region. We followed a step-by-step network
construction and module detection. In short, for each brain region, the Pearson
correlations between all genes across all relevant samples were derived. We then
calculated a signed-weighted co-expression adjacency matrix, allowing us to con-
sider only positive correlations. A power 12, the default soft-threshold parameter
for constructing a signed weighted network38, was used in all brain regions, after
checking that this threshold recapitulated scale-free topology39. Topological overlap,
a more biologically meaningful measure of node interconnectedness (similarity)9,23



than correlation, was subsequently calculated and genes were hierarchically clus-
tered using 1 2 topological overlap as the distance measure. Finally, modules were
determined by using a dynamic tree-cutting algorithm. WGCNA led to the iden-
tification of several co-expression modules, ranging in number and size between
the ten brain regions. We examined the overrepresentation (that is, enrichment) of
the three Gene Ontology (GO) categories (biological processes, cellular compo-
nents and molecular function) and KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathways for each list of co-expressed genes with PLD3 for each tissue
by comparing numbers of significant genes annotated with this biological category
with chance.
Statistical analyses. All of the single SNP analyses were performed using a Fisher’s
exact test, with no covariates included. Allelic association with risk for Alzheimer’s
disease was tested using ‘proc logistic’ in SAS including APOE genotype, age, PCs
and study as covariates when available. Odds ratios with 95% confidence intervals
and relative risks were calculated for the alternative allele compared to the most
common allele using SAS. Association with age at onset (AAO) was carried out
using the Kaplan–Meier method and tested for significant differences, using a
proportional hazards model (proc PHREG, SAS) including gender and study as
covariates. Controls without dementia were included in the analyses as censored
data. The inclusion of these samples did not change the association. Gene-based
analyses were performed using the optimal SNP-set (Sequence) Kernel Asso-
ciation Test (SKAT-O)25.
Population attributable risk. We calculated the Population attributable risk
(PAR) using the relative risk obtained in the study and the MAF from the EVS
database (http://evs.gs.washington.edu/EVS/) and in the Cache-County data set,
which is a population-based data set, using the equation:



PAR~
Pe(RRe{1)



1zPe RRe{1ð Þð Þ
where Pe is the carrier frequency in the population and RRe is the relative risk for
the different variants.
Neuropathology studies. All study procedures were approved by Washington
University’s Human Research Protection Office. At autopsy, brain tissue was obtained
from participants according to the protocol of the Knight-ADRC. Alzheimer’s
disease neuropathologic change was assessed according to the criteria of the National
Institute on Ageing-Alzheimer’s Association (NIA-AA)40. Dementia with Lewy
bodies was assessed using the criteria given in another paper41.
Cell-based studies. The following plasmids were used in this study: pCMV6-XL5
human PLD3-WT (Origene), pCS2-Myc human APP695-WT42, pCGN-PLD-WT43



and Lys758Arg44, pCGN-PLD2-WT45 and Lys898Arg44, pGFL-GFP46, pGFP-V-
RS-PLD3-shRNA-GI548821 (Origene) and pGFP-V-RS-Scr-shRNA-TR30013
(Origene). A dominant-negative mutation (Lys418Arg)18 was introduced into the
pCMV6-XL5 human PLD3-WT vector by site-directed mutagenesis using the
QuikChangeII Site-Directed Mutagenesis kit (Agilent). All constructs were veri-
fied by Sanger sequencing.
Cell-culture assays. Human embryonic kidney (HEK293T) cells were cultured in
Dulbecco’s modified eagle medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 1% L-glutamine and penicillin/streptomycin (solution containing
penicillin and streptomycin). HEK293T cells were grown in 6-well lysine-coated
plates. Mouse neuroblastoma (N2A) cells stably expressing human APP695 wild
type were cultured in DMEM and Opti-MEM (50:50) supplemented with 5% FBS,
1% L -glutamine, penicillin/streptomycin and 500 mg ml21 G418. After reaching
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confluency, cells were transiently transfected with Lipofectamine 2000 (Invitrogen).
Culture media were replaced after 24 h, and cells were incubated for another 24 h.
Conditioned media were collected, treated with protease inhibitor cocktail and
centrifuged at 3000g at 4 uC for 10 min to remove cell debris. Cell pellets were
extracted on ice in lysis buffer (50 mM Tris, pH 7.6, 2 mM EDTA, 150 mM NaCl,
1% NP40, 0.5% Triton X-100, protease inhibitor cocktail) and centrifuged at
14,000g. Protein concentration was measured by the bicinchoninic acid (BCA)
method as described by the manufacturer (Pierce-Thermo).
Real-time PCR and quantitative PCR. To confirm effective knockdown of endo-
genous mouse PLD3 in mouse N2A-695 cells, RNA was extracted from cell lysates
with an RNeasy kit (Qiagen) according to the manufacture’s protocol. Extracted
RNA (10mg) was converted to cDNA by PCR using a High-Capacity cDNA Reverse
Transcriptase kit (ABI). Gene expression was analysed by quantitative PCR (qPCR)
using an ABI-7900 Real-Time PCR system (ABI). Taqman real-time PCR assays
were used to quantify expression for mouse PLD3 (Mm01171272_m1; ABI) and
GAPDH (Hs02758991_g1; ABI). Samples were run in triplicate. To avoid amplica-
tion interference, expression asays were run in separate wells from the housekeep-
ing gene GAPDH. Real-time data were analysed by the comparative CT method.
Average CT values for each sample were normalized to the average CT values for
the housekeeping gene GAPDH. The resulting value was corrected for assay effi-
ciency. Samples with a standard error of 20% or less were analysed.
Immunoblot analysis. Standard SDS–PAGE was performed in 4–20% Criterion
Tris-HCl gels (Bio-Rad). Samples were boiled for 5 min in Laemmli sample buffer
before electrophoresis47. Immunoblots were probed with antibodies: PLD3 (Sigma),
9E10 (Sigma) and b-tubulin (Sigma).
Enzyme-linked immunosorbent assay. The levels of Ab40 and Ab42 were mea-
sured in cell culture media by sandwich ELISA as described by the manufacturer
(Invitrogen). ELISA values were obtained (measured in pg ml21) and corrected for
total intracellular protein (measured in mg ml21) based on BCA measurements.
Immunoprecipitation. Cell lysates were incubated with Protein G beads (Thermo
Scientific) to remove proteins from the solution that are prone to non-specifically
bind to the beads (pre-cleared). Pre-cleared supernatants were incubated over-
night at 4 uC with the antibodies indicated. Supernatant–antibody complexes were
then incubated with Protein G beads at room temperature for 2 h. After washing,
proteins were dissociated from the Protein G beads by incubating the beads in
Laemmli sample buffer47 supplemented with 5% b-mercaptoethanol at 95 uC for
10 min.
Bioinformatics analysis. SIFT (http://sift.jcvi.org/www/SIFT_BLink_submit.html)
and Polyphen (http://genetics.bwh.harvard.edu/pph2/) algorithms were used to
predict the functional effect of the identified variants. To determine the effect of the
Ala442Ala variant on splicing we used the ESEfinder (http://rulai.cshl.edu/tools/
ESE). Multiple sequence alignment was performed by ClustalW2, and the PLD3
orthologues were downloaded from Ensembl (http://www.ensembl.org/).
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Extended Data Figure 1 | PLD3(V232M) is associated with age at onset
for Alzheimer’s disease. a, b, Age at onset was analysed for association with
the PLD3(V232M) variant in 2,220 cases and 1,841 controls from the
Knight-ADRC and NIA-LOAD data sets, by the Kaplan–Meier method.
Data were tested for significant differences using the log-rank test. Case-only



analysis (a); the carriers of the minor allele (AG) have an AAO 3 years lower
than the non-carriers (69 versus 73; P 5 3 3 1023). Controls were included as
censored data (b). The carriers of the minor allele have an AAO 8 years lower
than the non-carriers (70 versus 78; P 5 3 3 1023). GG, homozygous for the
GG genotype for the PLD3(V232M) variant.
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Extended Data Figure 2 | Forest plot for each case–control series for the
Val232Met variant.
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Extended Data Figure 3 | PLD3 and APP mRNA expression are inversely
correlated. PLD3 (probe 201050_at) and APP (probe 211277_x_at) expression
levels were extracted from the GSE5281 data set. PLD3 mRNA levels are
significantly lower in Alzheimer’s disease cases compared to controls
(P 5 8.10 3 10210), but APP is higher in Alzheimer’s disease cases



(P 5 7.88 3 1028). PLD3 mRNA levels are inversely correlated with APP
mRNA expression levels (P 5 1.00 3 10216). The correlation is stronger in
Alzheimer’s disease cases (Person correlation coefficient 5 20.55), than in
controls (Person correlation coefficient 5 20.44), but in both scenarios the
correlation is highly significant.
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Extended Data Figure 4 | PLD3 interacts with APP. HEK293T cells were
transiently transfected with vectors containing APP-WT and an empty vector
(pcDNA3) or PLD3-WT for 48 h. Cell lysates were extracted in non-ionic
detergent, pre-cleared with Protein A beads and immunoprecipitated with an
antibody to the Myc-tag on APP (9E10). Immunoblots were probed with an
antibody specific to human PLD3. PLD1 and PLD2 reportedly do not
inmunoprecipitate with APP15,16.
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Extended Data Table 1 | Association of the PLD3(V232M) variant in seven independent case–control data sets



The table shows the counts for carriers and non-carriers. P values were calculated by Fisher’s exact-test. *For the University of Pittsburgh data set, age, gender, APOE genotype and principal component factors for
population stratification were available. Association of the Val232Met variant with Alzheimer’s disease risk was performed by logistic regression including age, sex, APOE genotype and the first four principal
component factors as covariates. N/A, not applicable.
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Extended Data Table 2 | Sequence variants found in PLD3 in the NIA-LOAD, Knight-ADRC and NIA-UK data sets



The coding region of PLD3 was sequenced in 2,363 Alzheimer’s disease cases and 2,024 controls (see Methods) from the Knight-ADRC, NIA-LOAD and the NIA-UK data sets. The table shows the coding variants
identified as well as the number of carriers in each data set. The minor allele frequency (MAF) in cases and in controls, the P value and the odds ratio (OR) for the association with case-control status is shown. The
MAF of the identified variants in the Exome Variant Server (EVS) is shown. We also used SIFT and Polyphen to predict the impact of the non-synonymous changes on protein function. AA, amino acid; CA, cases;
CO, controls; NA, not applicable; NP, not present.
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Extended Data Table 3 | Gene-based analysis including all coding variants or only variants predicted to be deleterious



Gene-based analyses were performed using SKAT-O. Variants that were predicted to be benign by both SIFT and Polyphen were removed for the second analysis.
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Extended Data Table 4 | Association analysis for PLD3(A442A) in four data sets of individuals of European descent



The table shows the counts for carriers and non-carriers. P values were calculated using the Fisher’s exact test. CA, cases; Co, controls.
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Extended Data Table 5 | PLD3 is associated with risk for Alzheimer’s disease in African Americans



PLD3 was sequenced in a total of 302 African Americans. The table shows the counts for single SNPs and the gene-basedanalysis for PLD3 in 130 African American cases and 172 controls. P values were calculated
using the Fisher’s exact test. NA, not applicable.
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Abstract



The primary constituents of plaques (Ab42/Ab40) and neurofibrillary tangles (tau and phosphorylated forms of tau [ptau])
are the current leading diagnostic and prognostic cerebrospinal fluid (CSF) biomarkers for AD. In this study, we performed
deep sequencing of APP, PSEN1, PSEN2, GRN, APOE and MAPT genes in individuals with extreme CSF Ab42, tau, or ptau
levels. One known pathogenic mutation (PSEN1 p.A426P), four high-risk variants for AD (APOE p.L46P, MAPT p.A152T, PSEN2
p.R62H and p.R71W) and nine novel variants were identified. Surprisingly, a coding variant in PSEN1, p.E318G (rs17125721-G)
exhibited a significant association with high CSF tau (p = 9.261024) and ptau (p = 1.861023) levels. The association of the
p.E318G variant with Ab deposition was observed in APOE-e4 allele carriers. Furthermore, we found that in a large case-
control series (n = 5,161) individuals who are APOE-e4 carriers and carry the p.E318G variant are at a risk of developing AD
(OR = 10.7, 95% CI = 4.7–24.6) that is similar to APOE-e4 homozygous (OR = 9.9, 95% CI = 7.2.9–13.6), and double the risk for
APOE-e4 carriers that do not carry p.E318G (OR = 3.9, 95% CI = 3.4–4.4). The p.E318G variant is present in 5.3% (n = 30) of the
families from a large clinical series of LOAD families (n = 565) and exhibited a higher frequency in familial LOAD (MAF = 2.5%)
than in sporadic LOAD (MAF = 1.6%) (p = 0.02). Additionally, we found that in the presence of at least one APOE-e4 allele,
p.E318G is associated with more Ab plaques and faster cognitive decline. We demonstrate that the effect of PSEN1, p.E318G
on AD susceptibility is largely dependent on an interaction with APOE-e4 and mediated by an increased burden of Ab
deposition.
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Introduction



Dementias are complex, polygenic and genetically heteroge-



neous disorders [1]. The most common form of dementia is



Alzheimer’s disease (AD), which affects more than 5.3 million



people in the US [2]. Late-onset AD (LOAD) is the most common



form of dementia. However, the current model of AD pathogen-



esis is based on the genetic findings in rare and phenotypically



extreme AD cases [3]. LOAD heritability varies from 58% to 79%



[4] and, despite the tremendous progress in AD genetics in the last



twenty years, the total proportion of phenotypic variance



explained by all the combined variants (including APOE genotype



and genome wide association studies [GWAS] signals) is estimated



to be 23% [5], which suggests a large proportion of the heritability



of AD still remains unexplained. Three important factors may



account for the missing heritability in AD; first, the clinical



heterogeneity of AD remains a significant confounding variable in



case-control studies [6], second, much of the unexplained variance



of complex phenotypes may be attributed to low frequency or rare



alleles [7] and third, gene by gene or gene by environment



interactions [8]. Quantitative intermediate phenotypes have



helped to overcome some of these obstacles in complex diseases



[9,10]. Endophenotype-oriented approaches have greater statisti-



cal power, less clinical heterogeneity and offer important insights



into the mechanisms by which genetic variants modulate the



disease phenotype [6,9,10,11].



The primary constituents of plaques (Ab42/Ab40) and neuro-



fibrillary tangles (tau and phosphorylated forms of tau [ptau]) are



the current leading diagnostic and prognostic cerebrospinal fluid



(CSF) biomarkers for AD [12]. Recently, it was shown that CSF



biomarker abnormalities typically precede clinical AD symptoms



by decades and reflect the timing and magnitude of pathophys-



iological changes [13]. These findings suggest that a better



understanding of the genetic contribution to the variance in these



CSF biomarkers can provide important information about



susceptibility to AD. In fact, the two most important known risk



factors for AD, APOE genotype and age account for 13% and 14%



of the variance in CSF Ab42 and tau levels, respectively [14].



Likewise, pathogenic mutations in the most important causal genes



for familial AD, amyloid-beta precursor protein (APP), and presenilin 1



and 2 (PSEN1, PSEN2) alter CSF Ab42 levels [13,15,16].



Additionally, some genetic variants initially discovered by their



association with CSF biomarkers have recently been proven to be



modifiers of risk, age at onset (AAO) or rate of AD progression



[17,18,19]. Likewise, it was recently described that carriers of



PSEN1 mutations exhibit very low CSF Ab42, and high tau or



ptau levels [13,20,21,22]. Similar CSF biomarker level profiles



have been described in sporadic AD cases [23]. However, the



genetic variants responsible for CSF changes in sporadic AD have



not been found yet. Together, these results suggest that CSF



biomarker levels as quantitative traits are useful tools in



uncovering genetic variants that are closely related to the



physiopathological mechanisms underlying AD.



Rare or low frequency coding and non-coding variants have



been predicted to be enriched in functional alleles and to exhibit



strong effect size [7,10]. Recently, a rare (minor allele frequency



[MAF] = 0.02) coding variant in TREM2 gene p.P47H was found



to confer a high risk for AD (Odd ratios from 2 to 5) [24,25,26].



Two recent studies analyzed the association of genetic variants of



APP, PSEN1, PSEN2, MAPT, and GRN on risk for AD [27,28]. One



study was focused on common variants in sporadic AD [27] while



the other focused on the identification of very rare coding variants



in familial LOAD [28]. However, the impact of low-frequency



coding variants of APP, PSEN1, PSEN2, GRN and MAPT on



sporadic LOAD has not been well studied. Identification of low



frequency variants associated with disease remains challenging



because standard case-controls design requires very large sample



sizes. To overcome this problem we have used quantitative



phenotypes. Previously, we identified a pathogenic mutation in a



family with LOAD within the PSEN1 gene by selecting the top and



bottom 5% from the distributions of Ab40, Ab42, and Ab42/40



ratio [29] In the present study, we sequenced individuals with



extremes levels of CSF-based biomarkers in order to identify



variants in APOE, APP, PSEN1, PSEN2, GRN and MAPT genes



associated with the CSF biomarker levels. This approach allowed



us to identify known pathogenic variants, AD risk factors and



identify a low frequency variant that increases risk for AD in a



gene-gene interaction mode.



Results



Rare variants found by targeted-pooled-DNA and Next
Generation sequencing



We hypothesized that the coding variants found in individuals at



the extremes of the phenotypic distribution of CSF biomarker



levels are more likely to have a functional impact on CSF



biomarker levels. In order to identify rare or low frequency



variants that affect the CSF levels of Ab42, tau and ptau levels, we



used a two-stage extreme phenotype sequencing design (Figure



S1). A 10-fold difference between the lowest and highest raw



values in Ab42, tau and ptau CSF levels in each series was found



among individuals in these studies. The individuals were selected



regardless of their clinical status (based on the clinical dementia



rating [CDR]) (Table 1). We combined both series (WU-ADRC



[n = 475] and ADNI [n = 259]) by normalizing the CSF Ab42, tau



and ptau levels and adjusting for covariates [17,18]. We selected



212 individuals from the top and bottom 15% for each phenotype



(Table 1). The 212 samples were divided in two pools (Pool 1 and
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2, respectively); targeted and pooled-sample sequencing was



performed. All the validated variants were genotyped in the total



CSF sample and tested for association with each CSF biomarker.



Linear regression (assuming an additive genetic effect) was utilized



for each variant by adjusting for significant covariates (age, gender,



CDR and site [WU-ADRC or ADNI]) (Table S1 in Text S1)



[17,18].



A greater than 30-fold coverage per allele at all positions within



the 62 amplicons designed to cover the protein coding regions of



the APP, APOE, PSEN1, PSEN2, MAPT and GRN were obtained



(Table S2 in Text S1). After adjusting for the sensitivity and



specificity parameters of the base-calling algorithm (SPLINTER)



using negative and positive controls, a total of 396 and 369



variants were called and perfectly annotated in the targeted



genomic regions of Pool 1 and 2, respectively. 73% of these



variants were intronic, 8% were missense, 5% were coding-



synonymous, 1% were at splicing sites, 12% were located at the



untranslated regions (UTR) and 2% were called to be near-gene



(Table S2b in Text S1) We focused on missense and splicing-



affecting variants with a predicted minor allele frequency (MAF)



below 5% (by SPLINTER) in each pool.



A total of 27 rare or low frequency non-synonymous variants



were validated by direct genotyping in the discovery samples (both



pools). 33% of these variants identified (9/27) were novel. Seven of



nine (77%) are located in highly conserved nucleotide (GERP.4)



and 88% (8/9) are predicted to be damaging for the respective



protein (SIFT and polyphen2 algorithms) [30]. As expected, 48%



of these variants are singletons (9/27) or doubletons (4/27)



(Table 2).



Among the 18 previously reported variants; we found one



known pathogenic mutation PSEN1 p.A426P. PSEN1 p.A426P



(rs63751223) was reported in a five members of a family with



autosomal dominant AD [31].We also found four high-risk



variants for LOAD (APOE, p.L46P; MAPT, p.A152T; PSEN2,



p.R62H and p.R71W) [28,32,33], six variants that were previously



reported in families with AD or frontotemporal dementia (FTD),



but classified as non-pathogenic (GRN, p.R433W, p.P458L,



p.R19W; MAPT, p.Q230R; PSEN1, p.R35Q and p.E318G)



[34], and seven variants that have been recently reported in



public databases with no clear role in human disease to date



(APOE, p.E37K; GRN, p.C231W; MAPT, p.G107S, p.S318L,



p.V224G; PSEN2, p.E317G and p.V300G) (A detailed description



of each variant can be found in the supporting material in Text



S1).



These results highlight the relative enrichment of rare and low



frequency variants in six genes involved in AD and FTD among



individuals at the extremes of the CSF biomarker distribution [29].



Association with CSF biomarker levels
Next, we tested whether any of the variants identified by an



endophenotype-based approach could improve our understanding



of both the genetic architecture and pathophysiology of LOAD



[17,18]. We ran a linear regression analysis for single SNP using



CSF biomarkers as quantitative traits, but we failed to find



significant association with CSF tau, ptau or Ab42 levels for most



of the identified variants, even after we collapsed all of the



potentially damaging variants in each gene and analyzed the dataset



for carriers vs. non-carriers of these variants (Table 3). Surprisingly,



a low frequency coding variant in PSEN1, p.E318G (rs17125721)



(MAF = 0.02 for Europeans Americans, Exome Variant Server



EVS: http://evs.gs.washington.edu/EVS/), whose pathogenic role



is currently debated [34] exhibited a statistically significant



association (multiple test correction threshold, p = 7.061023) with



CSF tau (p = 9.261024, Beta = 0.14) and ptau levels (P = 1.861023,



Beta = 0.12), but not with Ab42 (p = 0.14, Beta = 20.05). Interest-



ingly, it has been reported that the combination of Ab42 and tau or



ptau as a ratio provides the best discriminative value to date for AD



cases [35,36] and predict the conversion from non-dementia clinical



status to dementia [37]. p.E318G exhibited a significant association



with the ratio of ptau:Ab42 (p = 9.561025, Beta = 0.08) and



tau:Ab42 (p = 2.061024, Beta = 0.06) (Figure 1A–C, 2A) suggesting



that the association of p.E318G with CSF biomarker levels may be



an association with clinical AD.



In order to confirm this association with CSF biomarkers and to



determine whether this or any other SNP in linkage disequilibrium



(LD) was driving the association, we combined genotype and



imputed data from 895 individuals (WU-ADRC, n = 501, and



ADNI, n = 394, this dataset constitute the same CSF series that we



genotyped (Table 1) plus additional 161 individuals) to perform a



dense fine mapping analysis of PSEN1 genomic region. The number



of independent tests (Meff = 317) was calculated based on the



number of SNPs after correcting for LD structure (r2 = 0.8) within



the genomic region (250 Kb in each side) [38]. We performed linear



regression assuming an additive genetic model to test the association



between each SNP and CSF biomarker levels by adjusting for age,



gender and the first three principal components from the population



stratification analysis. We confirmed a significant association



(multiple-testing threshold = 1.661024) between an intronic SNP,



rs76342307 (MAF = 0.016) and CSF ptau (p = 8.061025, Be-



ta = 0.14), tau (p = 8.461023, Beta = 0.10), and Ab42 levels



(p = 0.02, Beta = 20.06) (Figure 1D–F) for the PSEN1 genomic



region. Rs76342307 is located 0.2 Mb 39 upstream from the PSEN1



gene. We used data from the HapMap and the 1000 Genomes



Project to identify all of the SNPs in linkage disequilibrium (LD,



r2.0.8) with rs76342307. Six SNPs (rs76342307, rs17856583,



rs1110058, rs117946815, rs117236337 and rs2091912) were found



to be in strong LD (r2 = 0.95, D9 = 1) with rs76342307 spanning



0.3 Mb (Figure 1G, H). 100% and 97% concordance rates were



observed among the directly typed and imputed results for



rs76342307 and rs117236337, respectively. Interestingly,



rs117236337 is an intronic SNP in PSEN1 gene, which is also



associated with extreme CSF tau (p = 0.02, Beta = 0.08), ptau



Author Summary



Alzheimer’s disease (AD) is the most common neurode-
generative disease affecting more than 5.3 million people
in the US. AD-causing mutations have been identified in
APP, PSEN1 and PSEN2 genes. Heterozygous carriers of
APOE-e4 allele exhibit a 3-fold increased risk for developing
AD, while homozygous carriers show a 10-fold greater risk
than non-carriers. Here, we sequenced individuals with
extreme levels of well-established AD cerebrospinal fluid
(CSF) biomarkers in order to identify variants in APOE, APP,
PSEN1, PSEN2, GRN and MAPT genes associated with AD
risk. This approach allowed us to identify known patho-
genic variants, additional AD risk genetic factors and
identify a low frequency variant in PSEN1, p.E318G
(rs17125721-G) that increases risk for AD in a gene-gene
interaction with APOE. These findings were replicated in
three large (.4,000 individuals) and independent datasets.
This finding is particularly important because we demon-
strated that a currently considered non-pathogenic variant
is associated with higher levels of neuronal degeneration,
and with Ab deposition, more Ab plaques and faster
cognitive decline in an APOE-e4-dependent fashion. APOE-
e4 heterozygous individuals who carry this variant are at
similar AD risk as APOE-e4 homozygous individuals.
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(p = 5.761024, Beta = 0.09) and Ab42 levels (p = 0.01, Be-



ta = 20.06). Next, we tested whether PSEN1, p.E318G was in LD



with the SNPs identified by the fine mapping analysis. In fact,



rs17125721 (PSEN1, p.E318G) is in moderate LD with all of them



(R2 = 0.68, D9 = 1) (Figure 1H). To analyze whether the p.E318G



and rs76342307 are two independent signals, we ran a conditional



analysis including both SNPs (rs76342307 and rs17125721) in the



model. When one of the SNPs was included in the model, the



association from the other SNP disappeared, suggesting that the



association in this locus is driven by a single signal (Figure 1I).



Effect of PSEN1, p.E318G on Ab deposition is APOE e4-
dependent



We observed that in the subset of individuals with Ab deposition



(CSF Ab42 levels lower than 500 pg/ml in WU-ADRC, and



192 pg/ml in ADNI) [35,39], the frequency of p.E318G carriers



(4.2%, 21/500) was higher than in individuals without Ab
deposition (2.5%, 11/427), although this difference did not



achieve statistical significance (p = 0.18, OR = 1.6,



95%CI = 0.78–3.4) (Table 3, 4). In addition, we observed that



93% (15/16) of the individuals carrying PSEN1, p.E318G along



with APOE e4 exhibited low CSF Ab42 levels, while only 45% (9/



20) of the individuals carrying PSEN1, p.E318G but do not carry



the APOE e4 allele showed low CSF Ab42 levels, suggesting that



APOE e4 allele is modifying the profile of Ab deposition in PSEN1,



p.E318G carriers (Table 4 and Figure 2A). APOE e4 is strongly



associated with CSF Ab42 levels (Table 4) [14,18], and APOE



genotype has been reported to modify disease expression in



individuals with mutations in PSEN1 [40] and PSEN2 [41] genes.



However, previous reports have not found any significant



interaction between APOE and PSEN1 p.E318G, most likely due



to the low frequency of PSEN1, p.E318G and small sample sizes



[42,43,44]. To analyze whether there was an APOE-dependent



effect on this variant, we tested the association of p.E318G with



CSF Ab42 levels by stratifying it in the presence (+) or absence (2)



of the APOE e4 allele. We found that the risk of having Ab
deposition is greater for carriers of PSEN1, p.E318G and APOE e4



together (OR = 18.3 CI = 2.0–166.8, p = 3.561023) than those



carrying APOE e4 allele alone (OR = 4.5, CI = 3.4–6.0,



p,1.061025) (Table 4). These individuals are more likely to have



a CSF biomarker profile similar consistent with AD (low CSF



Ab42, and high tau or ptau levels) (Figure 2A). p.E318G carriers



who also carry APOE e4+ allele (n = 20) exhibited significantly



higher CSF tau (p = 0.04) and ptau (p = 0.01) levels and



significantly lower CSF levels of Ab42 (p = 0.02) compared to



those that are p.E318G carriers but do not carry the APOE e4



allele (Figure 2 A, B). We also found a significant interaction



Table 1. Summary of sample characteristics.



WU-ADRC ADNI



Total CSF Samples:



N 475 259



Age (years)
Mean ± SD (range)



69610 (37–91) 7667 (56–91)



APOE e4+ (%) 39 47



CDR 0 (%) 73 40



Ab42 Low (%) 44 66



Female (%) 60 39



ptau 54 (18–237) 29.5 (8–113)



Tau 283 (86–1303) 82 (32–327.5)



Aß42 551 (165–1412) 155 (71–300)



Pool 1:



N 70 28



Age (years)
Mean ± SD (range)



70610 (50–91) 7667 (56–87)



APOE e4+ (%) 43 39



CDR 0 (%) 77 39



Ab42 Low (%) 24 75



Female (%) 59 43



ptau 46 (20–199) 17 (10–63)



Tau 256 (93–713) 52 (32–135)



Aß42 757 (241–1412) 140 (81–256)



Pool 2:



N 75 39



Age (years)
Mean ± SD (range)



69610 (46–91) 7667 (60–90)



APOE e4+ (%) 35 28



CDR 0 (%) 73 33



Ab42 Low (%) 74 26



Female (%) 70 36



ptau 77 (24–237) 52 (8–133)



Tau 410 (90–1303) 120 (36–301)



Aß42 337 (175–1156) 157 (90–300)



Additional Set:



N 330 192



Age (years)
Mean ± SD (range)



67611 (37–89) 7667 (57–91)



APOE e4+ (%) 42 53



CDR 0 (%) 73 42



Ab42 Low (%) 41 67



Female (%) 58 46



ptau 54 (18–229) 30 (11–81)



Tau 273 (86–1204) 86 (24–328)



Case-Control Set Cases Control



N 1031 824



Age (years)
Mean ± SD (range)



72.868.8
(44–103)



77.768.8
(53–105)



APOE e4+ (%) 0.61 0.23



CDR 0 (%) 0 100



Table 1. Cont.



WU-ADRC ADNI



Female (%) 48 47



Age at lumbar puncture (LP), percentage of females, percentage of APOE4 allele
carriers, clinical dementia rating (CDR) at LP date for each sample and
percentage of individuals with Low (L) levels of Ab42 normalized for each site
(see methods). For each phenotype the median in pg/ml and the range is
shown. Charles F. and Joanne Knight Alzheimer’s Disease Research Center at
University of Washington (WU-ADRC) and Alzheimer’s Disease Neuroimaging
Initiative (ADNI). Cerebrospinal Fluid (CSF).
doi:10.1371/journal.pgen.1003685.t001
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(p = 0.03) between APOE e4+ and p.E318G in individuals with



increased burden of Ab deposition. Taken together, the results of



the biomarker analyses suggest that PSEN1, p.E318G is associated



with higher levels of neuronal loss (reflected by CSF tau and ptau



levels) and with Ab deposition (low Ab42 CSF levels) in an APOE



e4-dependent fashion.



Replication of the PSEN1, p.E318G-APOE interaction in
large case-control datasets



Because the purpose of this endophenotype-based approach is



to identify variants implicated in disease, we tested whether the



PSEN1, p.E318G is associated with AD risk, tau/Ab pathology or



rate of cognitive decline in an APOE dependent manner.



Analyses of the association between PSEN1 p.E318G and



clinical AD status in an independent AD case-control series



(n = 1,855, WU series) revealed that the risk of AD is



significantly higher for p.E318G/APOE e4 carriers (OR = 9.9



CI = 2.6–37.5, p = 1.761024) compared to individuals carrying



APOE e4 alone (OR = 5.1, CI = 4.1–6.3, p = 3.2610259)



(Table 5). This finding was replicated in an independent



sample from the GERAD consortium (n = 4,058). In this



dataset, the association of p.E318G with AD case-control



Table 2. Summary of the rare variants found in the extreme values of CSF biomarker levels.



Gene AA Substitution dbSNP ID
GERP
Score Protein prediction MAF in ESV



Total
#Hets Total MAF



Clinical
Interpretation



APOE E37K rs142480126 26.31 TOLERATED/benign 0.00008 1 0.0005



L46P rs769452 25.71 TOLERATED/possibly damaging 0.0010 6 0.003 Pathogenic nature
unclear



APP A741S Novel 6.06 DAMAGING/probably damaging 0 3 0.0016



V287G Novel 3.62 DAMAGING/possibly damaging 0 3 0.0016



GRN R433W rs63750412 1.53 DAMAGING/possibly damaging 0.002 9 0.005 Not pathogenic



P458L rs63750537 4.32 TOLERATED/probably damaging 0 1 0.0005 Not pathogenic



R19W rs63750723 2.66 TOLERATED/benign 0.016 5 0.003 Not pathogenic



C231W rs117758963 1 4.13 DAMAGING/probably damaging 0 13 0.007



C247Y Novel 4.81 DAMAGING/probably damaging 0 1 0.0005



MAPT T263P* Novel 5.41 DAMAGING/probably damaging 0 1 0.0005



G107S rs144397565 4.62 TOLERATED/probably damaging 0.0005 1 0.0005



S318L rs73314997 4.38 TOLERATED/benign 0.06 16 0.01



V224G rs141120474 5.46 TOLERATED/possibly damaging 0.003 9 0.005



Q230R rs63750072 4.14 TOLERATED/probably damaging 0.04 100 0.05 Not pathogenic



A152T* rs143624519 3.15 TOLERATED/benign 0.002 5 0.003 Pathogenic nature
unclear



PSEN1 A426P rs63751223 4.37 TOLERATED/probably damaging 0 1 0.0005 Pathogenic



R35Q rs63750592 3.09 TOLERATED/benign 0.0004 1 0.001 Not pathogenic



V63G Novel 5.15 TOLERATED/benign 0 2 0.001



E318G rs17125721 5.53 DAMAGING/benign 0.014 32 0.017 Not pathogenic



PSEN2 G270S Novel 3.38 DAMAGING/possibly damaging 0 1 0.0005



E317G rs78420366 1 4.8 TOLERATED/benign 0 3 0.0016



A346S Novel 5.16 TOLERATED/possibly damaging 0 2 0.0011



T347P Novel 5.16 TOLERATED/probably damaging 0 2 0.0011



T369S Novel 5.68 DAMAGING/probably damaging 0 2 0.0011



R62H rs58973334 24.6 TOLERATED/benign 0.01 9 0.005 Pathogenic nature
unclear



R71W rs140501902 2.92 DAMAGING/benign 0.003 5 0.003 Pathogenic nature
unclear



V300G rs77421307 1 4.95 DAMAGING/possibly damaging 0 1 0.0005



Gene: official Symbol provide by HGNC; dbSNP: variants with or without rs numbers. AA Substitution: amino acid change resulting from the observed variant; dbSNP ID:
rs# for variants present in dbSNP 135, Novel for variants not present in dbsnp, 1000 genome or Exome Variant Server; GERP score: Genomic Evolutionary Rate Profiling
score; Protein prediction: based on SIFT/Polyphen2 analysis of the predicted effect of the substitution on protein function; MAF in ESV: Minor allele frequency in Exome
Variant Server; Total # Hets: Number of carriers of the variant in the total sample; Total MAF: Minor allele frequency in all sample genotyped. Clinical Interpretation:
Clinical interpretation is based on AD&FTD mutation database and published papers.
1dbSNP 135 appears as validation pending
doi:10.1371/journal.pgen.1003685.t002
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status in the presence of at least one APOE e4 allele



(OR = 10.3, 95% CI = 4.1–25.5, p = 4.161028) was double the



risk for AD in the presence of APOE e4 alone (OR = 4.1, 95%



CI = 3.5–4.8, p = 1.1610279). In the joint-analysis of these two



independent series (5,161 individuals), the risk of developing



AD in the p.E318G/APOE e4 carriers (OR = 10.1, 95%



CI = 4.8–20.9, p = 9.0610212) is two-fold the AD risk of those



that carry APOE e4 allele alone (OR = 4.4, 95% CI = 3.9–5.0,



p = 6.86102139) (Table 5).



In fact, we found that individuals who are APOE e4
heterozygous and also carry the p.E318G variant are at similar



AD risk (OR = 10.7, 95% CI = 4.7–24.6, p = 2.5610210) as APOE



e4 homozygous (OR = 9.9, 95% CI = 7.2.9–13.6, p = 5.5610276)



and are at double the AD risk compared to APOE e4 heterozygous



that are not carrying p.E318G (OR = 3.9, 95% CI = 3.4–4.4,



p = 2.86102106) (Table 6, Figure 2C).



In an independent analysis leveraging two prospective cohorts,



the Religious Orders Study and Rush Memory and Aging Project,



we confirmed a significant interaction between APOE4 and



p.E318G with burden of neuritic plaques at autopsy (n = 748;



P = 0.01) but we failed to detect any significant association with



neurofibrillary tangles (p = 0.47). Interestingly, the effect of APOE



e4 allele alone on neuritic plaques (n = 748, p = 4.5610224,



Beta = 0.39) was increased by two fold the presence of p.E318G



(n = 204, p = 0.08, Beta = 0.74). p.E318G has previously associated



with lower cognitive performance [45]. We tested whether the



interaction between APOE4 and p.E318G affect the episodic



memory. We found that there is trend between interaction



between APOE4 and p.E318G with episodic memory decline



(p = 0.08).Furthermore, the significant effect of APOE e4 allele on



episodic memory decline (p = 1.7610216, Beta = 20.06) was



modified by the presence of p.E318G (p = 0.14, Beta = 20.16).-



However, these interactions showed the predicted direction of



effects for these phenotypes based on the results of the biomarker



data: In the presence of at least one APOE-e4 allele, p.E318G is



associated with more Ab plaques, faster cognitive decline and



higher risk for AD.



Family based and segregation analysis
The p.E318G variant has been associated with familial AD in



different populations [42,44,46]. However, this association has not



been consistently replicated [43,47,48,49]. Our previous analyses



indicate that in sporadic AD cases the effect of the p.E318G



variant can be detected only in presence of the APOE e4 allele. We



wanted to analyze whether the same effect is found in familial



cases. We genotyped probands from 565 total LOAD families and



found the presence of PSEN1 p.E318G in 30 families



(MAF = 2.5%). PSEN1 p.E318G exhibited a higher frequency in



individuals with familial LOAD than those with sporadic LOAD



(MAF = 1.6%, n = 3,989, p = 0.02) and a group of age matched



control subjects (MAF = 1.5%, n = 830, p = 0.03). Next, we tested



whether the association with familial LOAD was due to the



interaction of p.E318G with APOE-e4 allele. The presence of



APOE-e4 allele in p.E318G carriers in familial AD (70%, 21/30)



was higher than that in sporadic AD (65%, 84/129) but not



statistically significant (p = 0.61). On the other hand, APOE-e4/



p.E318G carriers in familial AD were significantly higher



(p = 4.061024) than those in the control group (15%, 10/69).



Therefore, the risk conferred by APOE-e4 and p.E318G carriers in



familial AD (OR = 16.4, 95% CI = 5.6–48.2, p = 5.861028)



compared to the control group was higher than the risk associated



with sporadic AD (OR = 10.1, 95% CI = 4.8–20.9,



p = 9.0610212). These results suggest that higher risk of the
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p.E318G variant in familial cases is mostly due to the high



frequency of APOE e4 allele in this population [28].



Interestingly, the p.E318G variant has been reported in



multigenerational families with AD [42,50]. However, PSEN1



p.E318G is not considered pathogenic in part due to the absence



of conclusive evidence for cosegregation with AD [34,43,47,48].



We observed 8 families (with more than two affected individuals



carrying p.E318G) in which p.E318G segregates with disease



(Figure 2D), even in the absence of APOE-e4 allele (two families)



(Figure S2). These families do not carry any other mutations in



APP, PSEN1, PSEN2, GRN and MAPT genes [28]. In three



additional families the cosegregation p.E318G with AD was



inconclusive because only a few family members had been



sampled and/or because p.E318G carriers were below the mean



age of onset for AD in their respective families. Thus, using the



largest sample of familial LOAD screened to date for the role of



p.E318G in AD, we have demonstrated that minor allele p.E318G



increases the risk of familial LOAD. Furthermore, p.E318G



cosegregates with AD in 26% of all the familial LOAD carriers.



Effect on age at onset of AD
Carriers of PSEN1, p.E318G have been reported across a wide



range of ages (45 to 93 yrs.) [42,44,46,50]. Thus, we tested



whether PSEN1, p.E318G affects AAO regardless of the APOE



genotype; we found that PSEN1, p.E318G carriers have a lower



AAO than non-carriers (73.9 yr. vs. 78.2 yr.; p = 0.01) (Figure S3).



Discussion



Resequencing genes in individuals from the extremes of the



biomarker distribution constitutes a powerful and efficient strategy



to identify functional sequence variants associated with complex



traits [10]. CSF-based biomarker profiles have proven to be



powerful tools in endophenotype-oriented approaches, by which



Figure 1. Distribution of PSEN1 p.E318G mutation carriers in CSF Biomarker quartiles. A. CSF tau, Logistic regression model p = 6.061024.
B. CSF pTau, Logistic regression model p = 3.061024. C. CSF Ab42, Logistic regression model p = 0.38. White bars represent the number of non
carriers. Black bars represent the number of carriers D. Association of PSEN1 gene with CSF tau. E. Association of PSEN1 gene with CSF ptau. F.
Association of PSEN1 gene with CSF Ab42. Plots are showing the most significant SNP at a given locus along with the combined-analysis results for
SNPs in the region surrounding it (typically 6500 kb). Symbols are colored according to the LD of the SNP with the top SNP (r2 color-based insert).
The red line represents the threshold for significance. The light blue line represents the estimated recombination rate. G. LD Block for the most
significant SNP associated with biomarker levels at PSEN1 genomic region: SNP rs76342307 based on the 1000 genome project for Europeans. Gene
annotations are shown as dark green lines. H. LD Block for rs76342307 and rs17125721 in our own data set. I. Plot after the conditional analysis
including both SNPs (rs76342307 and rs17125721) in the model.
doi:10.1371/journal.pgen.1003685.g001
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we have been able to identify common genetic variants associated



with the rate of progression, AAO or the risk of AD



[11,14,17,18,51]. Previously, we identified a pathogenic mutation



in a family with LOAD within the PSEN1 gene by selecting the top



and bottom 5% from the distributions of CSF levels of Ab40,



Ab42, and Ab42/40 ratio [29]. Here, we have used a novel and



powerful approach by using next-generation sequencing to



sequence individuals with extreme phenotypes: individuals from



the bottom and top 15% of Ab42, tau, or ptau CSF levels.



Pathogenic mutations and high-risk AD variants
Previous data have suggested that mutations in APP, PSEN1,



and PSEN2 genes only cause early-onset familial AD. However,



this study and previous studies from our group [28,52] indicate



that pathogenic mutations in these genes can be also found in late-



onset familial and sporadic AD cases. In this study, we observed a



known and confirmed pathogenic mutation (PSEN1 p.A426P,



rs63751223) in one individual (57 years old) without a clear family



history of dementia, out of 258 individuals (CDR.0), which



constitutes 0.3% of AD cases.



In a previous study, Cruchaga et al, found that 2.3% of families



with multiple members affected by LOAD carried pathogenic



mutations [28]. In this study, we expanded our analyses to



sporadic cases, which constitute 95% of the total number of AD



cases. Although we found only one case with a pathogenic



mutation (0.3%), this could be an underestimate because both of



the novel mutations, PSEN2: p.G270S and MAPT p.T263P were



found in single cases that met biomarker criteria for AD. A novel



variant in GRN, p.C247Y and a known variant in PSEN1, p.R35Q



were found in demented individuals with a non-AD CSF profile



suggesting another type of dementia. However, without segrega-



tion analyses, additional functional studies are required to



determine the potential pathogenicity of these variants.



The classification of mutations as not pathogenic, possibly



pathogenic, probably pathogenic and definitely pathogenic based



on segregation analyses, amino acid conservation, effects on Ab
metabolism in in vitro studies, association studies and presence in



healthy individuals has been useful in prioritizing mutations and



their likelihood of affecting risk for disease [47]. However, this



classification is likely to miss variants with a smaller but real effect



(OR.2.0) on risk for sporadic AD. The variant GRN, p.P458L is



classified as non-pathogenic [34] due to fact that it was reported in



an ALS/FTD patient and in 25 out of 492 controls (MAF = 2.5%)



[53]. However, this variant is not reported in the EVS server



(6,515 exomes) (EVS-v.0.0.18, (February 8, 2013) or in our control



population of 824 samples (Table 2). Here, this variant was found



Figure 2. Distribution of biomarker levels in PSEN1 p.E318G and APOE carriers. Distribution of the covariate-adjusted residuals of the CSF
tau, ptau, Ab42, Tau:Ab42 and ptau:Ab42 ratio. A. APOE e4 positive/PSEN1 p.E318G carriers and. B. APOE e4 negative/PSEN1 p.E318G carriers. C. Forest
plot of the odd ratios of the effect of PSEN1 p.E318G in APOE e4 heterozygous. D. Pedigrees for some of the families with p.E318G carriers illustrating
the segregation analysis and the presence of APOE e4 allele. A/G or A/A is the genotype for p.E318G variant. 2/3, 3/3, 3/4, 4/4 is the APOE genotype. *
Symbol means confirmed AD by autopsy. D Symbol indicates probable AD diagnosed using NINCDS-ADRDA criteria.
doi:10.1371/journal.pgen.1003685.g002
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in an individual with early onset dementia and with typical



biomarker criteria for AD. PSEN2, p.R71W has been classified as



non-pathogenic because it was reported in controls and EOAD



cases [34]. However, in a previous study the frequency of the



p.R71W variant in AD cases was significantly higher than in



controls (n = 3,152, p = 9.061024 OR = 6.45; 95%CI = 1.95–



21.39) and carriers have a significantly earlier age at onset than



affected non-carriers (p.R71W: 70.2 vs. 76.7, p = 5.061024),



suggesting that this variant could be a modifier of LOAD risk [28].



Here, we found the same trend, PSEN2 p.R71W was also found to



be present more frequently in clinical cases than in controls



(p = 0.03, OR = 10.3, 95%CI = 1.1–96.2). However, it did not



reach statistical significance in individuals with Ab deposition



(p = 0.27, OR = 3.4, 95%CI = 0.38–30.7).



PSEN1 p.E318G increases the risk of AD in APOE e4 allele
carriers



The PSEN1, p.E318G variant has been considered to be a non-



pathogenic variant, because it has been found in non-demented



individuals [43,48,49] and the absence of conclusive evidence for



cosegregation with AD [43]. However, it has been suggested that



phenocopies, potential presymptomatic individuals, reduced pen-



etrance and gene by gene interactions complicate the interpreta-



tion of the p.E318G variant in familial and sporadic LOAD



[42,44]. This is the first study to systematically screen the presence



of PSEN1 p.E318G in a large (n = 565) clinical series of well-



characterized families densely affected by LOAD with no



mutations in APP, PSEN2, GRN or MAPT genes. PSEN1



p.E318G was found in 5.3% and cosegregated with the disease



in 1.4% of all families. We also found that PSEN1 p.E318G



exhibited a higher frequency in familial LOAD than in sporadic



LOAD (p = 0.025), supporting earlier findings that the p.E318G



variant has higher frequencies among AD cases with a family



history of AD in different populations [42,44,46]. Additionally, our



analyses indicate that PSEN1 p.E318G carriers have an average



age at onset that is 4.3 years earlier than that in non-carriers



(73.9 yr. vs. 78.2 yr). Putative pathogenic variants in genes that



cause late-onset rather than early-onset dementia could have a less



severe effect on protein function due to genetic or environmental



modifiers [28]. Our CSF biomarker analyses suggested that PSEN1



p.E318G was associated with higher levels of neuronal loss



(reflected by high CSF tau and ptau levels) and with Ab deposition



(low Ab42 CSF levels) in an APOE e4-dependent fashion.



Furthermore, in the largest AD case-control series (n = 5,161)



analyzed for the interaction between PSEN1 p.E318G and APOE



e4 allele to date, we found that the presence of p.E318G and



APOE e4 doubles the risk for AD (OR = 10.3, 95% CI = 4.1–25.5)



compared to the risk with the presence of APOE e4 alone



(OR = 4.1, 95% CI = 3.5–4.8). There are several reports of



variants that modify the risk of AD in APOE e4 carriers such as



a-1-antichymotrypsin (ACT) gene (APOE e4/ACT, [OR = 6.4,



non 95% CI reported]) [54], Cholesteryl ester transfer protein



(CETP) gene (APOE e4/CETP [–629] C allele [OR 7.12, non



95% CI reported]) [55], GRB-associated binding protein 2



Table 4. Effect of the interaction of PSEN1 p.E318G with APOE in individuals with and without Ab deposition.



CSF samples Lack of Ab deposition Ab deposition p value OR (95%CI)



E318G 2 Apoe e4 (+) 105 299 1.7610227 4.5 (3.4–6.0)



Apoe e4 (2) 322 201



E318G + Apoe e4 (+) 1 15 3.561023 18.3 (2.0–166.8)



Apoe e4 (2) 11 9



Samples were stratified based on the CSF Ab42 levels as an approximation to the Ab deposition. For ADNI-CSF series the cut-off was Ab42 = 192 pg/mL and in WU-
ADRC-CSF series we used a CSF Ab42 = 500 pg/mL.
doi:10.1371/journal.pgen.1003685.t004



Table 5. Replication analysis of PSEN1 p.E318G interaction with APOE in AD case-control status.



Study Strata Cases Controls P value OR (95% CI)



WU E318G + Apoe e4 (+) 24 3 1.761024 9.9 (2.6–37.5)



Apoe e4 (2) 21 26



E318G 2 Apoe e4 (+) 605 187 3.2610259 5.1 (4.1–6.3)



Apoe e4 (2) 381 608



GERAD E318G + Apoe e4 (+) 60 8 4.161028 10.3 (4.1–25.5)



Apoe e4 (2) 24 33



E318G 2 Apoe e4 (+) 1660 282 1.1610279 4.1 (3.5–4.8)



Apoe e4 (2) 1169 818



WU+GERAD E318G + Apoe e4 (+) 84 11 9.0610212 10.1 (4.8–20.9)



Apoe e4 (2) 45 59



E318G 2 Apoe e4 (+) 2265 469 6.86102139 4.4 (3.9–5.0)



Apoe e4 (2) 1550 1426



doi:10.1371/journal.pgen.1003685.t005
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(GAB2) gene (APOE e4/rs2373115 genotype GG [OR = 2.36,



95% CI 1.55–3.58]) [56], CUG triplet repeat, and RNA binding



protein 2 (CUGBP2) gene (APOE e4/e4/rs62209 [OR = 1.75,



95% CI 1.27–2.41]) [57]. However, all these variants have a



modest effect increasing the risk due to APOE e4 allele. Here, we



provided evidence of a low frequency variant in PSEN1 gene with



a significant effect on the AD risk in APOE e4 carriers (OR = 10.7,



95% CI = 4.7–24.6) comparable only to the effect of a second



APOE e4 allele (OR = 9.9, 95% CI = 7.2.9–13.6). Moreover, we



also found that in the presence of at least one APOE e4 allele,



p.E318G is associated with more Ab plaques and faster cognitive



decline, as recently reported for a low frequency variant in



complement receptor 1 (CR1) [58] In addition, p.E318G has



previously associated with lower cognitive performance, which



support our findings of cognitive decline [45]. The interaction of



the p.E318G with APOE e4 allele was replicated in four different



datasets: the CSF dataset (discovery set), WU_ADRC case-control



dataset, GERAD1 and the Religious Orders Study and Rush



Memory and Aging Project, indicating that this association and



interaction is not a type I error, but a real association. All these



results together support the role of PSEN1 p.E318G as one of the



most important modifiers of the risk of LOAD reported to date.



Functional studies, especially concerning the effect on Ab
metabolism in vitro, have further questioned the pathogenicity of



the p.E318G variant. One study showed no alteration in the



production of Ab42 induced by p.E318G [43]. However, a recent



study using skin fibroblasts from individuals with the p.E318G



variation showed an increase in the production of Ab40, a



decrease in Ab42 and a subsequent significant reduction in the



Ab42/Ab40 ratio compare to non-carriers [42], along with a lack



of an inhibitory effect of the exon 9 loop in the presence of the



p.E318G variant reported by an independent study [59]. It has



been proposed that the activation of c-secretase results from a



cleavage-induced conformational change that relieves the inhib-



itory effect of the intact exon 9 loop, which is mediated by



occupying the substrate-binding site on the immature enzyme



before it is cleaved [59]. It was reported that p.E318G abolishes



the inhibitory effect of the intact exon 9 loop, which favors the



production of Ab40 [59]. It was also reported that p.E318G affects



the processing of PSEN1 by reducing the amount of N-terminal



fragment that is generated after cleavage [60], and augments levels



of neuronal cell death after overexpression [61]. We suggest that



another approach to test the impact of pathogenic mutations on



Ab metabolism is to examine the effect on the CSF biomarker



levels. Most of the published data about CSF biomarkers reveal



that PSEN1 gene mutation carriers display a typical AD biomarker



signature with low CSF levels of Ab42 and high CSF tau levels



[13,20]. There is no published data on the levels of CSF



biomarkers for PSEN1, p.E318G carriers. Here, for the first time



we demonstrate that PSEN1, p.E318G/APOE e4 carriers have a



CSF biomarker profile similar to AD cases.



In summary, these results highlight the relative enrichment of



low frequency variants in six genes involved in AD and FTD that



are at the extremes of the distribution of CSF biomarker levels



[29]. We provide evidence that the PSEN1, p.E318G variant



increases the risk for AD in APOE e4 heterozygous, equivalent to



that of APOE e4 homozygous. We also found that p.E318G



increases the risk of familial LOAD and cosegregates with AD in



26% of all the familial LOAD carriers. All these findings have



important implications for genetic counseling since PSEN1,



p.E318G is currently considered a non-pathogenic variant [50].



By using CSF biomarker levels as a quantitative trait, we were



able to identify a low frequency variant associated with AD risk,



PSEN1, p.E318G. This association is mediated by a SNP-by-SNP



interaction, which has not been found using the standard case-



control design [43,48,49]. Together, these results indicate that



there are potentially many more low frequency variants associated



with complex disease, and that the association results from



complex interactions. We were able to identify the association of



PSEN1, p.E318G with risk for AD and its interaction with the



APOE e4 allele because both genes are known to be associated with



AD. However, the identification of such an association and



interactions in a genome-wide approach remains still challenging



and requires novel, powerful approaches.



We believe that this endophenotype-based approach is a good



alternative to case-control studies and can allow us to gain a better



understanding of both the genetic architecture and pathophysiol-



ogy of LOAD [17,18]. In terms of genetics and factors that may



explain some of the missing hereditability of complex diseases,



these results are important because they are a clear example of low



frequency variants that are associated with disease and how such



associations are due to epistatic gene by gene interactions.



Materials and Methods



Ethics statement
The Institutional Review Board (IRB) at the Washington



University School of Medicine in Saint Louis approved the study.



Prior to their participation, a written informed consent was



reviewed and obtained from family members. The Human



Research Protection Office (HRPO) approval number for our



ADRC Genetics Core family studies is 93-0006.



Samples
Two CSF series were used for this study. A total sample of 475



individuals enrolled in longitudinal studies at the Alzheimer’s



disease Research Center at Washington University School of



Medicine (ADRC) and 259 participants of the Alzheimer’s disease



Neuroimaging Initiative (ADNI) were used in this study. A subset



Table 6. PSEN1, p.E318G modifies Alzheimer’s risk in APOE e4 carriers.



Study Strata Cases Controls P value OR (95% CI)



WU+GERAD E318G + Apoe e4 (2) 45 59 Ref



Apoe e4 (+) 69 8 2.5610210 10.7 (4.7–24.6)



Apoe e44 15 2 1.061023 9.3 (2.0–42.9)



E318G 2 Apoe e4 (2) 1550 1426 Ref



Apoe e4 (+) 1800 426 2.86102106 3.9 (3.4–4.4)



Apoe e44 465 43 3.4610–74 9.9 (7.2–13.7)



doi:10.1371/journal.pgen.1003685.t006
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of 145 participants from ADRC and 67 from ADNI were included



in the discovery series (two DNA pools). CSF samples were from



individuals of European descent. In the WU-ADRC-CSF series:



60% of sample is female, ranging from 37–91 years of age. 73% of



the sample has a clinical dementia rating (CDR) of 0 (cognitively



normal) and 39% of the individuals carry at least one APOE e4
allele. In the ADNI-CSF series: 44% of sample is female, ranging



from 56–91 years of age. 60% of the sample has a CDR higher



than 0 (demented) and 47% are APOE e4 allele positive. Table 1



summarizes the demographic data for the CSF series. Covariate-



adjusted residuals of CSF Ab42, tau and p-tau were used to define



the pools (see statistical analysis, Table S3 in Text S1). 114



individuals in the bottom 15% of CSF Ab42 levels or individuals



in the top 15% of CSF tau or p-tau levels were included in a pool.



The second pool consisted of 98 individuals in the top 15% of CSF



Ab42 or individuals in the bottom 15% of tau and p-tau181 levels



(Table 1).



The Religious Orders Study (ROS) and the Rush Memory and



Aging Project (MAP) recruit participants without known dementia



who agree to annual clinical evaluations and sign an Anatomic



Gift Act donating their brains at death. The full cohort with



genotype data included 1,708 subjects (817 ROS and 891 MAP).



The mean age at enrollment was 78.5 years and 69.1% were



female. At the last evaluation, 24.9% met clinical diagnostic



criteria for AD and 21.8% had mild cognitive impairment. The



summary measure of global cognitive performance was based on



annual assessments of 17 neuropsychiatric tests. A nested autopsy



cohort consisted of 651 deceased subjects (376 ROS and 275



MAP); mean age at death was 81.5 years and 37.6% were male.



Proximate to death, 40.9% of subjects included in the autopsy



cohort met clinical diagnostic criteria for AD. Bielschowsky silver



stain was used to visualize neurofibrillary tangles in tissue sections



from the midfrontal, middle temporal, inferior parietal, and



entorhinal cortices, and the hippocampal CA1 sector. A quanti-



tative composite score for neurofibrillary tangle pathologic burden



was created by dividing the raw counts in each region by the



standard deviation of the region specific counts, and then



averaging the scaled counts over the 5 brain regions to create a



single standardized summary measure. Additional details of the



ROS and MAP cohorts as well as the cognitive and pathologic



phenotypes are described in prior publications [58,62]. Follow-up



series included 1,031 sporadic AD cases, 824 unrelated elderly



cognitively normal controls and a single case from NIA-LOAD



families (n = 595) [28]. All these samples are independent of the



CSF samples. Cases received a diagnosis of dementia of the



Alzheimer’s type (DAT), using criteria equivalent to the National



Institute of Neurological and Communication Disorders and



Stroke-Alzheimer’s Disease and Related Disorders Association for



probable AD [63,64]. Controls received the same assessment as



the cases but were non-demented. All individuals were of



European descent and written consent was obtained from all



participants.



DNA from ROS and MAP subjects was extracted from whole



blood, lymphocytes or frozen post-mortem brain tissue and



genotyped on the Affymetrix Genechip 6.0 platform, as previously



described [58]. Following standard QC procedures, imputation



was performed using MACH software (version 1.0.16a) and



HapMap release 22 CEU (build 36) as a reference.



Statistical and association analyses
Association of Ab42, tau and p-tau181 with genetic variants was



analyzed as previously reported [14,17,18]. Briefly, Ab42, tau and



p-tau181 values were log transformed to approximate a normal



distribution. Because the CSF biomarker levels were measured



using different platforms (Innotest plate ELISA vs. AlzBia3 bead-



based ELISA, respectively) we were not able to combine the raw



data. For the combined analyses we standardized the mean of the



log transformed values from each dataset to zero. A stepwise



discriminant analysis identified CDR, APOE genotype, gender and



age as significant covariates in both series (Table S1b in Text S1)



[17,18]. No significant differences in the transformed and



standardized CSF values for different series were found (Table



S1b in Text S1).



CSF biomarker levels were used as a quantitative trait for most



analyses. It has been shown that CSF Ab42 is an accurate



predictor of brain amyloid burden regardless of clinical diagnosis



[39]. Therefore, the Ab plaque deposition was assumed using the



biomarker levels as a dichotomous variable (low and high CSF



Ab42). Levels of CSF biomarkers were as follows: for the ADNI-



CSF series the cut-off was Ab42,192 pg/mL [35]. In the WU-



ADRC-CSF series, we used CSF Ab42,500 pg/mL as the cut-off



[39].



We used Plink (http://pngu.mgh.harvard.edu/,purcell/plink/



) to analyze the association of variants (individually or collapsed by



gene) with CSF biomarker levels. Age, gender and site were



included as covariates. In order to determine whether the



association of variants with CSF biomarker levels was driven by



case-control status we included clinical dementia rating (CDR) or



CSF Ab42 levels as a covariate in the model or stratified the data



by case control status. We also performed analyses including



APOE genotype as a covariate. Association with AAO was carried



out using the Kaplan-Meier method and tested for significant



differences, using a log-rank test [17].



Fisher’s exact test was used to compare the frequency of each



variant and collapse by gene in the case control series defined by



CDR or CSF Ab42 levels (Table 3). All variants were included in



the model independent of their pathogenicity.



Analyses of SNP effects on global cognitive decline in ROS and



MAP were performed as in prior publications [62]. Briefly, we first



fit linear mixed effects models using the global cognitive summary



measure in order to characterize individual paths of change,



adjusted for age, sex, years of education, and their interactions



with time. At least two longitudinal measures of cognition were



required for inclusion in these analyses, for which data on 1,593



subjects was available. We then used these person-specific, residual



cognitive decline slopes as the outcome variable in our linear



regression models, with each SNP of interest coded additively



relative to the minor allele, and further adjusted for study



membership (ROS vs. MAP) and the first 3 principal components



from population structure analysis. For analyses of neurofibrillary



tangle burden, linear regression was used to relate SNPs to the



pathologic summary measure, adjusting for age at death, study



membership, and 3 principal components. Because the data were



skewed, square root of the scaled neurofibrillary tangle burden



summary score was used in analyses.



Pooled sequencing analysis
Pooled-DNA sequencing was performed, as previously de-



scribed by Druley TE et al. [28,52,65,66]. Briefly, equimolar



amounts of individual DNA samples were pooled together after



being measured using Quant-iT PicoGreen reagent. Two different



pools with 100 ng of DNA from 114 and 98 individuals were



made. The coding exons and flanking regions (a minimum of



50 bp each side) 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 62 PCR reactions that



covered 46,319 bases from the 6 genes. PCR products were
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cleaned using QIAquick PCR purification kits, quantified using



Quant-iT PicoGreen reagent and ligated in equimolar amounts



using T4 Ligase and T4 Polynucleotide Kinase. After ligation,



concatenated PCR products were randomly sheared by sonication



and prepared for sequencing on an Illumina Genome Analyzer IIx



(GAIIx) according to the manufacturer’s specifications. pCMV6-



XL5 amplicon (1908 base pairs) was included in the reaction as a



negative control. As positive controls, ten different constructs (p53



gene) with synthetically engineered mutations at a relative



frequency of one mutated copy per 250 normal copies was



amplified and pooled with the pcr products. Six DNA samples



heterozygous for previously known mutants in GRN, PSEN1,



MAPT genes were also included.



Single reads (36 bp) were aligned to the human genome



reference assembly build 36.1 (hg18) using SPLINTER [67].



SPLINTER uses the positive control to estimate sensitivity and



specificity for variant calling. The wild type: mutant ratio in the



positive control is similar to the relative frequency expected for a



single mutation in one pool (1 chromosome mutated in 125



samples = 1/250). SPLINTER uses the negative control (first



900 bp) to model the errors across the 36-bp Illumina reads and



to create an error model from each sequencing run of the



machine. Based on the error model SPLINTER calculates a p-



value for the probability that a predicted variant is a true



positive. A p-value at which all mutants in the positive controls



were identified was defined as the cut-off value for the best



sensitivity and specificity. All mutants included as part of the



amplified positive control vector were found upon achieving



.30-fold coverage at mutated sites (sensitivity = 100%) and only



,80 sites in the 1908 bp negative control vector were predicted



to be polymorphic (specificity = ,95%). The variants with a p-



value below this cut-off value were considered for follow-up



confirmation. All rare missense or splice site variants (with an



estimated allelic frequency less than 5%) were then validated by



Sequenom and KASPar genotyping in each individual included



in the pools [28,52,66]. The validated SNPs were then



genotyped in all members of the WU-ADRC-CSF and ADNI-



CSF series. Common variants (.5%) and synonymous variants



were not followed up.



An average coverage of 30X-fold per allele per pool is the



minimum coverage necessary to get an optimal positive predictive



value for the SNP-calling algorithm [67]. The necessary number



of lanes to obtain a minimum of 30-fold coverage per base and



sample were run (Table S2 in Text S1).



The WU-ADRC samples were genotyped with the Illumina 610



or OmniExpress. The ADNI samples were genotyped with the



Illumina 610 chip. Prior to association analysis, all samples and



genotypes underwent stringent quality control (QC). Genotype



data were cleaned applying a minimum call rate for SNPs and



individuals (98%) and minimum minor allele frequencies (0.02).



SNPs not in Hardy-Weinberg equilibrium (P,161026) were



excluded. The QC cleaning steps were applied for each



genotyping array separately. We tested for unanticipated dupli-



cates and cryptic relatedness using pairwise genome-wide



estimates of proportion identity-by-descent. When a pair of



identical samples or a pair of samples with cryptic relatedness



was identified, the sample from the WU-ADRC or samples with a



higher number of SNPs passing QC were prioritized. Eigenstrat



was used to calculate principal component factors for each sample



and confirm the ethnicity of the samples [68]. The 1000 Genome



Project data (June 2011 release) and Beagle software were used to



impute up to 6 million SNPs. SNPs with a Beagle R2 of 0.3 or



lower, a minor allele frequency (MAF) lower than 0.05, out of



Hardy-Weinberg equilibrium (p,1610-6), a call rate lower than



95% or a Gprobs score lower than 0.90 were removed. A total of



5,815,690 SNPs passed the QC process.



We used PLINK to select the list of SNPs in the gene region



(approximately 250 kb of flanking sequence each side) from the



imputed data. These SNPs were pruned with an r2 cutoff of 0.8..



The simpleM method [38] was used to calculate the number of



informative SNPs within the genomic region for each gene. This



measure was then used in a Bonferroni adjustment to estimate the



significance threshold. Significant SNPs that were imputed or have



a MAF,10% were directly genotyped in all the samples to



confirm the association.



Bioinformatics
The AD&FTD mutation database [34] was used to identify



sequence variants previously found in other studies of early onset



familial dementia and to determine whether or not they are



considered to be disease-causative variants. The sequencing data



from the 1,000 Genome Project and the Exome Variant Server



data base (http://evs.gs.washington.edu/EVS/) were used to



estimate the frequency of novel and rare (minor allele frequency



less than 5%) missense, nonsense and splice site variants in



samples unselected for studies of AD. Conservation was



determined by using the GERP score, which calculates the



conservation of each nucleotide in multi-species alignment. A site



was called conserved when the GERP score was greater than or



equal to 4 [69,70].



ADNI material and methods
Data used in the preparation of this article were obtained from



the ADNI database (www.loni.ucla.edu\ADNI). The ADNI was



launched in 2003 by the National Institute on Aging, the National



Institute of Biomedical Imaging and Bioengineering, the Food and



Drug Administration, private pharmaceutical companies and non-



profit organizations, as a $60 million, 5-year public-private



partnership. The Principal Investigator of this initiative is Michael



W. Weiner, M.D. ADNI is the result of efforts of many co-



investigators from a broad range of academic institutions and



private corporations, and subjects have been recruited from over



50 sites across the U.S. and Canada. The initial goal of ADNI was



to recruit 800 adults, ages 55 to 90, to participate in the research -



approximately 200 cognitively normal older individuals to be



followed for 3 years, 400 people with MCI to be followed for 3



years, and 200 people with early AD to be followed for 2 years.’’



For up-to-date information see www.adni-info.org.



GERAD data information
Data used in the preparation of this article were obtained from



the Genetic and Environmental Risk for Alzheimer’s disease



(GERAD1) Consortium [71]. The GERAD1 sample comprised up



to 3941 AD cases and 7848 controls. A subset of this sample has



been used in this study, comprising 3333 cases and 1225 elderly



screened controls genotyped at the Sanger Institute on the



Illumina 610-quad chip. These samples were recruited by the



Medical Research Council (MRC) Genetic Resource for AD



(Cardiff University; Kings College London; Cambridge Universi-



ty; Trinity College Dublin), the Alzheimer’s Research Trust (ART)



Collaboration (University of Nottingham; University of Manche-



ster; University of Southampton; University of Bristol; Queen’s



University Belfast; the Oxford Project to Investigate Memory and



Ageing (OPTIMA), Oxford University); Washington University,



St Louis, United States; MRC PRION Unit, University College



London; London and the South East Region AD project (LASER-



AD), University College London; Competence Network of



Dementia (CND) and Department of Psychiatry, University of
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Bonn, Germany and the National Institute of Mental Health



(NIMH) AD Genetics Initiative. All AD cases met criteria for



either probable (NINCDS-ADRDA, DSM-IV) or definite



(CERAD) AD. All elderly controls were screened for dementia



using the MMSE or ADAS-cog, were determined to be free from



dementia at neuropathological examination or had a Braak score



of 2.5 or lower.



Supporting Information



Figure S1 Study design.



(TIF)



Figure S2 Pedigree a family with p.E318G carriers illustrating



the segregation analysis and the absence of APOE e4. A/G is the



genotype for p.E318G variant and 3/3, is the APOE genotype. *



Symbol means confirmed AD by autopsy.



(TIF)



Figure S3 Survival curves comparing age at onset of LOAD



between the different genotypes of Psen1, p.E318G. Survival



fractions were calculated using the Kaplan-Meier method and



significant differences were calculated by Log-rank test. Associa-



tion with age at onset was calculated in 21 families with at least



two AD cases carrier.



(TIF)



Text S1 Information about the known variants.



(DOCX)
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Importance: Hexanucleotide repeat expansions in the
chromosome 9 open reading frame 72 (C9orf72) gene un-
derlie a significant fraction of frontotemporal dementia
and amyotrophic lateral sclerosis.



Objective: To investigate the frequency of C9orf72 re-
peat expansions in clinically diagnosed late-onset Alz-
heimer disease (AD).



Design, Setting, and Patients: This case-control study
genotyped the C9orf72 repeat expansion in 872 unre-
lated familial AD cases and 888 control subjects re-
cruited as part of the National Institute on Aging Late-
Onset Alzheimer Disease Family Study cohort, a multisite
collaboration studying 1000 families with 2 or more in-
dividuals clinically diagnosed as having late-onset AD.



Main Outcomes and Measures: We determined the
presence or absence of the C9orf72 repeat expansion by
repeat-primed polymerase chain reaction, the length of
the longest nonexpanded allele, segregation of the geno-



type with disease, and clinical features of repeat expan-
sion carriers.



Results: Three families showed large C9orf72 hexanucleo-
tide repeat expansions. Two additional families carried more
than 30 repeats. Segregation with disease could be dem-
onstrated in 3 families. One affected expansion carrier had
neuropathology compatible with AD. In the National In-
stitute on Aging Late-Onset Alzheimer Disease Family Study
series, the C9orf72 repeat expansions constituted the sec-
ond most common pathogenic mutation, just behind the
PSEN1 A79V mutation, highlighting the heterogeneity of
clinical presentations associated with repeat expansions.



Conclusions and Relevance: C9orf72 repeat expan-
sions explain a small proportion of patients with a clini-
cal presentation indistinguishable from AD, and they high-
light the necessity of screening frontotemporal dementia
genes in clinical AD cases with strong family history.



JAMA Neurol. 2013;70(6):736-741. Published online April
15, 2013. doi:10.1001/2013.jamaneurol.537



A LZHEIMER DISEASE (AD)
constitutes the most com-
mon cause of dementia in
clinical practice.1 Alzhei-
mer disease manifests clini-



cally with progressive cognitive dysfunc-
tion with prominent memory loss, while its
neuropathology is characterized by the pres-
ence of extracellular neuritic plaques and
intracellular neurofibrillary tangles.1 Fa-
milial AD can be caused by mutations in
amyloid precursor protein (APP), preseni-
lin 1 (PSEN1), and presenilin 2 (PSEN2).2-6



Interestingly, mutations in genes typically
associated with frontotemporal dementia
(FTD), including microtubule-associated
protein tau (MAPT) and granulin (GRN),
have also been reported in clinical AD
cases,6-13 highlighting the overlapping phe-
notypes of AD and amnestic FTD.



Recently, an intronic hexanucleotide re-
peat(GGGGCC)inthechromosome9open



reading frame72(C9Oorf72)genewas iden-
tified as a frequent cause of sporadic and
familial FTD and amyotrophic lateral scle-
rosis (ALS).14,15 Because some individuals
with clinical AD carry mutations in FTD
genes,6-13,16,17 2 studies investigated the role
of C9orf72 expansions in AD, with con-
flicting results. The first report identified
C9orf72 repeat expansions in 3 of 342 cases
with familial AD and 6 of 711 cases with
sporadic AD. Interestingly, reanalysis of au-
topsy material from 2 expansion carriers
showed FTD pathology,18 suggesting that
both patients had amnestic presentations
of FTD rather than AD. The second study
identified no repeat expansions in 568 pa-
tients with probable AD by clinical criteria
and concluded that C9orf72 repeats are spe-
cific for FTD.19



To clarify the role of C9orf72 hexa-
nucleotide repeat expansions in familial
late-onset AD, this study screened 872 un-
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related AD cases and 888 unrelated control subjects and
investigated whether expanded repeats were associated
with age at dementia onset. Furthermore, we addressed
whether a larger, but nonexpanded, GGGGCC allele was
associated with the risk for AD or age at onset.



METHODS



PATIENTS



Individuals from 872 unrelated families with at least 2 indi-
viduals affected by AD and 888 unrelated unaffected control
subjects from the National Institute on Aging Late-Onset Alz-
heimer Disease (NIA-LOAD) Family Study were included. All
AD cases had been diagnosed as having dementia of the Alz-
heimer type using criteria equivalent to the National Institute
of Neurological and Communication Disorders and Stroke–
Alzheimer Disease and Related Disorders Association for prob-
able AD.20,21 All patients had a family history of AD but not other
types of dementia or other neurodegenerative diseases. Pro-
bands were required to have a diagnosis of definite or prob-
able late-onset AD (�60 years) and a sibling with definite, prob-
able, or possible late-onset AD with a similar age at onset. A
third biologically related family member (first, second, or third
degree) was also required, regardless of affected status. If un-
affected, this individual had to be 60 years of age or older, but
50 years of age or older if diagnosed as having late-onset AD
or mild cognitive impairment.22 Within each pedigree, we se-
lected a single individual to screen by identifying the youngest
affected family member with the most definitive diagnosis (ie,
individuals with autopsy confirmation were chosen over those
with clinical diagnosis only). A summary of the demographics
of all subjects is shown in Table 1. Written informed consent
was obtained from all participants, and the study was ap-
proved by local institutional review board committees.



GENETIC ANALYSIS



Repeat-Primed Polymerase Chain Reaction



The presence of the expanded hexanucleotide repeat and the num-
ber of repeat units in the longest allele were determined using
previously reported methods for repeat-primed polymerase chain
reaction (PCR) and fluorescence-based fragment size analy-
sis.14 Briefly, repeat-primed PCR was performed in a total reac-
tion volume of 28 �L containing 100 ng genomic DNA, 1x Fast-
Start PCR Master Mix (Roche Applied Science), 3.5% dimethyl
sulfoxide, 1x Q solution (Quiagen), and 0.18 mM of deaza-
dGTP (New England Biolabs). Primer concentrations and se-
quences (chr9:27563580F and chr9:27563465R) were the same
as previously reported.14 Polymerase chain reaction products were
run on an ABI 3130xl Genetic Analyzer (Applied Biosystems)
and analyzed using GeneMapper. Consistent with standards used
in prior studies, a sample was considered to have a repeat ex-
pansion when assay replicates demonstrated more than 30 peaks
and a decrementing saw-tooth pattern with 6 base-pair period-
icity (eFigure, http://www.jamaneuro.com). A normal repeat al-
lele was defined as having 30 or fewer peaks.14,15,18,19



Cross-Repeat Polymerase Chain Reaction



In all cases, repeat expansions identified with repeat-primed PCR
were confirmed by attempting to perform PCR across the
GGGGCC repeat using fluorescence-based fragment size analy-
sis (cross-repeat PCR), as reported with minor modifications.14



Briefly, using previously reported primers with fluorescent la-



bels, PCR was performed on 100 ng genomic DNA with 1x Phu-
sion High-Fidelity DNA Polymerase Master mix (Thermo Fisher
Scientific), 5% dimethyl sulfoxide, 1.25 M betaine, and 0.2 mM
deaza-dGTP. Products were run on a 2% agarose gel for visual
inspection and then analyzed for fragment size determination,
as described for repeat-primed PCR. Based on our analysis, cross-
repeat PCR can amplify alleles with 35 or fewer GGGGCC re-
peats but not the 700 to 1600 repeats reported for pathologic
expansions.14 To investigate repeat expansion segregation, we
also genotyped all family members (n = 491) from every pedi-
gree with 10 or more hexanucleotide repeats.



Southern Blot



Southern blot hybridization analysis was conducted using pre-
viously described methods and probe sequences14 to estimate
the number of repeat units in expansion carriers.



Risk Haplotype Genotyping



We also analyzed all repeat expansion carriers for the 24 single
nucleotide polymorphism (SNP) at-risk haplotypes that have been
associated with pathologically expanded C9orf72 repeats.23 All
samples were genotyped with the Illumina Human 610 Bead-
chip, with direct genotyping of all analyzed SNPs. Stringent qual-
ity control criteria were applied to remove low-quality SNPs.22



We used the entire NIA-LOAD genomewide association study
data set and the HapMap CEU population as reference popula-
tions. Mach software24 was used to phase the 24 SNPs.



STATISTICAL AND BIOINFORMATIC ANALYSES



A linear regression model (SAS Institute Inc) was used to test
whether the number of GGGGCC repeats was associated with
the risk for AD, including age, sex, and apolipoprotein E (APOE)
genotype as covariates. Association with age at onset was car-
ried out using the Kaplan-Meier method and tested for signifi-
cant differences using a Cox proportional hazards model (proc
PHREG, SAS Institute Inc) that included sex and APOE status.



RESULTS



C9orf72 REPEAT EXPANSION FREQUENCY
AND SEGREGATION IN ALZHEIMER



DISEASE FAMILIES



We screened 872 unrelated familial AD cases and 888 un-
related control subjects for expansions of the hexanucleo-
tide repeat in C9orf72. Five white individuals with a clini-
cal diagnosis of AD (0.57%) and 1 normal control subject



Table 1. Cohort Demographics



AD Cases Control Subjects



No. 872 888
Age, mean (SD)



[range], ya
75.8 (8.9) [42-101] 71.41 (6.7) [48-98]



Male, % 33.9 39.7
APOE 4�, %b 76.2 30.6
C9orf72, No. (%) 5 (0.57) 1 (0.11)



Abbreviations: AD, Alzheimer disease; APOE, apolipoprotein E; C9orf72,
chromosome 9 open reading frame 72.



aFor AD cases, age indicates onset of symptoms but refers to age at last
assessment for control subjects.



bAPOE 4� refers to those carrying at least 1 APOE 4 allele.
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(age, 73 years) showed an abnormal expansion with repeat-
primed PCR, defined as more than 30 repeats with 6 base-
pair periodicity and the expected decrementing saw-
tooth pattern (eFigure). To better clarify the number of
repeats in these patients, we attempted to perform PCR
across the GGGGCC repeat. However, in all 6 individu-
als, only a single peak representing the normal size allele
was obtained. Southern blot of AD probands showed ex-
pansions of 1200 to 1300 GGGGCC repeats for families
1, 2, and 3, but only 35 to 100 repeat units in families 4
and 5 (data not shown). Regardless of repeat size, all 5 AD
cases were found to carry the at-risk haplotype associ-
ated with pathologic repeat expansions in all patients with
FTD and ALS reported to date (eTable 1).23 Results from
all 5 of these patients were negative for the most com-
mon mutations in APP, PSEN1, PSEN2, GRN, and MAPT.6



Pedigrees for the 5 families with abnormal (�30)
C9orf72 repeats are shown in Figure 1 and clinically
summarized in Table 2. All additional affected indi-
viduals had been diagnosed as having probable AD based
on the National Institute of Neurological and Commu-



nication Disorders and Stroke–Alzheimer Disease and Re-
lated Disorders Association criteria. DNA for additional
family members was available for all but family 1. Fam-
ily 2 showed complete segregation of the large repeat ex-
pansion and risk haplotype with disease status (Figure 1
and eTable 2). Family 3, in which all the affected indi-
viduals were APOE 3/3 homozygous, showed segrega-
tion of the expanded repeat and risk haplotype except
for a single individual who developed dementia with only
7 repeat units. Additionally, this individual did not carry
the risk haplotype and had dementia onset at a later age
than relatives with repeat expansions. In families 4 and
5 (repeat expansions between 35 and 100 repeats), the
characteristic repeat-primed chromatogram pattern and
the risk haplotype segregated perfectly with disease sta-
tus. Overall, in these 5 families, 10 of 11 affected indi-
viduals for whom DNA was available carried abnormal
GGGGCC expansions and the risk haplotype. It is im-
portant to note that all the individuals with more than
30 repeats also carried the risk haplotype.



The age at onset for individuals with more than 30 re-
peatswasearlier thancaseswithnormal repeatalleles (mean
[SD], 65.6 [5.5] vs 71.4 [6.8] years; P = .04; Figure 2).
This association retained statistical significance even af-
ter APOE genotypes were included in the model (P = .03).



CLINICAL CASE AND
NEUROPATHOLOGY DESCRIPTIONS



The proband of family 1 (1200-1300 repeats), an APOE
2/3 carrier, was diagnosed as having dementia, Alzheimer
type, at age 73 years. Formal neurocognitive testing was
not available, but prominent memory loss with repetitive
questioning and wandering behavior had developed by age
78 years. On death 12 years after diagnosis, a brain au-
topsy was carried out by the Brain Bank at McLean Hos-
pital in Belmont, Massachusetts, in 1999. Microscopic ex-
amination found extensive plaque and tangle pathology.
Neurofibrillary tangles and neuritic plaques (�40 plaques
per 100X field) were present throughout the neocortex,
hippocampus, amygdala, and nucleus basalis of Meynert.
Scattered neocortical Lewy bodies were seen. Severe neu-
ronal loss in the substantia nigra pars compacta was ac-
companied by a few Lewy bodies. This case would be di-
agnosed as having NIA-Reagan high likelihood criteria for
AD and coexisting neocortical-predominant Lewy body
dementia using current criteria.25,26 Tissue was no longer
available to carry out additional relevant staining (eg, tau,
ubiquitin, TDP-43, or p62), preventing an assessment for
possible FTD pathology.



Aside from age at symptom onset and meeting clinical
criteria for probable AD, limited clinical information was
available for the remaining index cases. The proband of
family 2 (1200-1300 repeats) was diagnosed clinically as
having probable AD at the age of 71 years, 3 years after
disorientation and memory loss began. By the time of study
inclusion at age 74 years, the patient was nonverbal and
too impaired to participate in cognitive testing. The pro-
band of family 3 (1200-1300 repeats) was diagnosed as
having probable AD at the age of 60 years. Three years later,
the Clinical Dementia Rating score was 0.5, which pro-
gressed over 3 years to 1.0. Review of limited caregiver re-



A B



AO: 65 y



AO: 62 y



Family 1 Family 2



AO: 73 yAO: 78 y ALV: 78 y AO: 68 y



AO: 84 y



Family 3



C



AO: 60 y ALV: 72 y AO: 60 yAO: 65 y



ALV: 51 y ALV: 57 y



AO: 62 y



ALV: 55 y



D



AO: 60 y ALV: 78 y AO: 70 y ALV: 79 y AO: 60 y



Family 4



E



AO: 65 yAO: 72 y AO: 67 yAO: 70 y



Family 5



Figure 1. Alzheimer disease (AD) pedigrees carrying abnormal C9orf72 repeat
expansions. Fully shaded symbols indicate autopsy-confirmed AD. Clinical
diagnoses were made using National Institute of Neurological and
Communication Disorders and Stroke–Alzheimer Disease and Related Disorders
Association criteria, with three-quarters and one-half shading indicating
probable and possible AD, respectively. � indicates the presence of repeat
expansion genotypes and � indicates their absence. The absence of a genotype
symbol indicates that DNA was not available for analysis. An arrow marks the
proband of each pedigree. ALV indicates age at last visit; AO, age at onset.
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ports suggested thatdifficultieswithdisinhibitionandanxi-
ety were out of proportion to memory impairment. No
additional clinical information was available for members
of families 4 and 5 (35-100 repeats in each).



ASSOCIATIONS OF C9orf72 REPEAT LENGTH
IN ALZHEIMER DISEASE



Previous studies in ALS and FTD have clearly demon-
strated that C9orf72 repeat expansions are causative for
disease.14 However, the minimum repeat number re-
quired for disease has not been established. Further-
more, it is not known whether higher repeat numbers
(but still within the normal range) are associated with
the risk for ALS or FTD. To address this question in AD,
we compared the longest nonexpanded allele in cases and
control subjects. The average longest allele was not sta-
tistically different from control subjects (mean [SD], 6.5
[4.1] vs 4.48 [3.7] repeat units; P = .10), and the distri-
bution of longest allele lengths were similar. Thus within
the normal range, higher repeat numbers did not appear
to be a risk factor for AD in this population. Further-
more, we found no association between the length of the
longest nonexpanded allele and age at onset (P = .52),
nor evidence for an interaction with APOE genotype.



COMPARISON OF THE C9orf72 REPEAT
EXPANSION FREQUENCY WITH OTHER



PATHOGENIC GENE MUTATIONS



In a previous study, we sequenced APP, PSEN1, PSEN2,
MAPT, and GRN genes in a discovery series comprising
439cases included in this study.6 Themost commonpatho-
genic mutation identified by sequencing in the discovery
series (PSEN1 A79V) was then genotyped in the entire co-
hort (follow-up series). Overall, the A79V mutation was
found in 4 of the 872 cases (0.46%)6 compared with the 5



pedigrees where abnormal C9orf72 repeat expansions were
found. Furthermore, we analyzed the overall frequency of
AD gene mutations (APP, PSEN1, and PSEN2) vs FTD gene
mutations(MAPT,GRN, andC9orf72)andfoundthat1.82%
of probands carried a pathogenic, or very likely patho-
genic, mutation in APP, PSEN1, and PSEN2, while a slightly
larger number (1.94%) had mutations in MAPT, GRN, or
C9orf72.



COMMENT



This study assessed C9orf72 hexanucleotide expansions
in familial late-onset AD cases and normal control sub-
jects, identifying 5 AD families carrying abnormal C9orf72
hexanucleotide repeat expansions. This frequency is very
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Figure 2. C9orf72 repeat expansions correlate with an earlier age at onset.
Age at onset was analyzed for association with repeat expansion genotypes
by the Kaplan-Meier method and tested for significant differences using a
proportional hazards model (proc PHREG; SAS Institute Inc). Repeat
expansion carriers show an earlier age at onset than noncarriers (mean [SD],
68.25 [5.8] vs 71.4 [6.8] years; P = .04).



Table 2. Segregation Analysis of Pedigrees With Repeat Expansions



C9orf72 Repeat Expansion



Affected With AD Unaffected



Positive Negative Positive Negative



Overall
No. of individuals 10 1 0 8
Age, mean (SD) [range], ya 65.3 (4.9) [60-73] 65 60 69.2 (11.3) [55-79]



Family 1
No. of individuals 1 0 0 0
Age, y 73 NA NA NA



Family 2
No. of individuals 2 0 0 1
Age, y 65, 68 NA NA 78



Family 3
No. of individuals 2 1 0 1
Age, y 60 65 NA 72



Family 4
No. of individuals 3 0 0 5
Age, y 60, 60, 70 NA NA 55-79



Family 5
No. of individuals 2 0 0 1
Age, y 67, 70 NA NA 72



Abbreviations: AD, Alzheimer disease; C9orf72, chromosome 9 open reading frame 72; NA, not applicable.
aFor patients with AD, age refers to age at symptom onset; for unaffected individuals, age refers to the age at last assessment.
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similar to that found in an independent AD series,15 but
significantly lower than in FTD or ALS.



Three families with clinical AD (0.34%) were found to
have repeat expansions in the range reported for FTD and
ALS (�1 000). In a previous report documenting expan-
sions in clinically diagnosed AD, reevaluation of autopsy
material demonstrated FTD pathology and suggested that
AD cases with C9orf72 repeat expansions represent am-
nestic variants of FTD.9,14,15,27,28 We were unable to per-
form an equivalent analysis because autopsies had not been
performed or tissue was no longer available. Therefore, even
in the proband from family 1, where the neuropathology
showed coexisting AD and Lewy body dementia pathol-
ogy, we cannot rule out the possibility that the families
identified in this study also represented amnestic presen-
tations of FTD rather than AD. It is notable that of the many
C9orf72 FTD cases reported, several showed concurrent
AD pathology9,14,15,27,28 and an additional expansion car-
rier with FTD�ALS demonstrated enough plaque and
tangle pathology to meet diagnostic criteria for AD.27 These
cases suggest that some individuals with C9orf72 repeat
expansions could present with clinical symptoms of AD
and have a high enough burden of AD neuropathology that
biomarker analysis (cerebrospinal tau or �-amyloid, and/or
Pittsburgh Compound B–positron emission tomography
neuroimaging) would also support an AD diagnosis. This
hypothesis is supported by 3 recently reported individu-
als with early-onset AD, cerebrospinal fluid profiles typi-
cal of AD,29 who were found to carry C9orf72 repeat ex-
pansions. In this setting, the correct diagnosis (amnestic
FTD) would presumably only be reached by neuropatho-
logic studies or genetic testing. Our cases and previous stud-
ies reinforce the heterogeneous clinical and neuropatho-
logic presentations of C9orf72 repeat expansions (ALS,
frontotemporal lobar degeneration, frontotemporal lobar
degeneration–ALS, and clinical AD).



We also identified 2 families carrying smaller, but ab-
normal repeats (�35, but � 100 units). Despite segre-
gating with disease status, it remains unclear whether these
smaller repeat expansions cause disease, increase the risk
for dementia, or are incidental. Future studies correlat-
ing quantified repeat sizes with disease status will be re-
quired to answer this question.



Although the frequency of large C9orf72 repeat expan-
sions was low in our cohort, it was the second most com-
mon pathogenic mutation (3 of 872), just behind PSEN1
A79V (4 of 872). In addition, mutations in FTD genes were
as common as mutations in AD genes (1.94% vs 1.87%).
Our results confirm that the clinical phenotype of muta-
tions in FTD genes, including GRN, MAPT, and C9orf72,
can be clinically indistinguishable from typical AD.30-34 This
fact has important implications for clinicians, who should
consider both FTD and AD genes when evaluating fami-
lies with strong histories of AD.
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January 9, 2015
 
 
Dear Colleagues,
 
As many of you are aware, on an annual basis we write to inquire about publications that
may have resulted from the use of the National Cell Repository for Alzheimer Disease
(NCRAD).  Obtaining this information is critical to our study since future funding often
hinges on demonstrating that NCRAD samples are being used to generate published
scientific results.
 
Please forward any publications from your research groups that have resulted from the use
of NCRAD samples.  These publications can be sent either by e-mail in pdf format to
drcmitch@iu.edu or as printed copies sent through regular mail to the address listed
above.  We would prefer to receive the publications in pdf format if at all possible. If you
require a list of previous publications submitted, feel free to contact Drew Mitchell at
drcmitch@iu.edu. Please make every effort to return these publications, abstracts, etc by
Friday, February 6, 2015.
 
As a reminder, NCRAD has required certain language to be included in publications using
NCRAD samples.  The language is as follows:  “Samples from the National Cell Repository
for Alzheimer’s Disease (NCRAD), which receives government support under a
cooperative agreement grant (U24 AG21886) awarded by the National Institute on Aging
(NIA), were used in this study. We thank contributors who collected samples used in this
study, as well as patients and their families, whose help and participation made this work
possible.”
 
Also, in the Material Transfer Agreement between the investigator and NCRAD you
have agreed to share your genetic data generated from these NCRAD samples.  As
noted within the MTA, the "NIA has designated certain sites for the deposit of all
Genetic Data determined or identified by investigators using the NCRAD Research
Material and  such sites include, but are not limited to (i) National Institute on Aging
Genetics of Alzheimer’s Disease Data Storage Site (NIAGADS) at University of
Pennsylvania, funded by NIA; and (ii) other NIA approved sites including but not
limited to the database of Genotype and Phenotype (dbGaP) (developed through
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NIH to archive and distribute the results of studies that have performed Genome Wide
Association Studies (GWAS)] http://www.ncbi.nlm.nih.gov/sites/entrez?db=gap) using
the NCRAD Research Materials.” 
 
NCRAD continues to collect samples of familial AD as well as a sample of well
characterized controls.  We hope that you will be able to use these samples in your future
research efforts.  If you are interested in learning more about current NCRAD samples,
please visit our website at: http://ncrad.iu.edu/.     
 
Thank you again for your help.
 
Sincerely,
 
Tatiana Foroud, Ph.D
P. Michael Conneally Professor and Chancellor’s Professor
Director, Division of Hereditary Diseases and Family Studies
Principal Investigator: National Cell Repository for Alzheimer’s Disease
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on the contents of this information is strictly prohibited. If you have received this email in error, please immediately notify the sender
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