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Abstract

Objective: Nearly all adults >50 years of age have evidence for neurofibrillary

tau tangles (NFTs) and a significant proportion of individuals additionally

develop amyloid plaques (Ab) consistent with Alzheimer’s disease (AD). In an

effort to identify the independent genetic risk factors for NFTs and Ab, we
investigated genotypic frequencies of AD susceptibility loci between autopsy-

confirmed AD and primary age-related tauopathy (PART), a neuropathological

condition defined by characteristic neurofibrillary tau tangles (NFTs) with min-

imal or absent Ab. Methods: General linear models assessed the odds of AD

(N = 1190) relative to PART (N = 376) neuropathologically confirmed cases

from two independent series: the Penn Brain Bank (PENN; AD N = 312; PART

N = 65) and National Alzheimer’s Coordinating Center (NACC; AD N = 878;

PART N = 311). We also evaluated the odds of Braak stage NFT burden.

Results: Three genotypes significantly associated with reduced AD risk relative

to PART in the PENN (N = 377) and NACC (N = 1189) cohorts including

APOE e4, APOE e2, and rs6656401 in the CR1 gene. The genotypes rs6733839

in the BIN1 gene and rs28834970 in the PTK2B gene approached significance

in the PENN cohort and were significantly associated with reduced AD risk in

the NACC cohort. In a combined cohort analysis (N = 1566), APOE e4 dosage

was highly associated with higher Braak stage of NFT burden in Probable PART

and AD, but not Definite PART. Interpretation: The presence of genotypic dif-

ferences between PART and AD suggest that PART can provide a genetic model

of NFT risk and potential Ab resistance to inform disease-modifying therapies.
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Introduction

Neuropathological studies suggest that nearly all adults

over the age of 50 have evidence for neurofibrillary tangle

(NFT) inclusions1,2 and aging adults lacking evidence for

any molecular pathology are extremely rare at an esti-

mated rate of <1% of the population.3,4 Moreover, a sub-

stantial proportion of older adults develop amyloid

plaques (Ab) in addition to NFTs consistent with Alzhei-

mer’s disease (AD) neuropathology. The recently defined

neuropathological condition, primary age-related tauopa-

thy (PART), is characterized by the accumulation of NFTs

in the absence of, or minimal, Ab,5 and provides a poten-

tial model to investigate the relative risk factors for NFT

and Ab pathology in aging individuals. For example, it

remains unclear why some individuals develop AD and

most of remaining aging individuals develop PART.

Beyond age-related risk factors, we hypothesize that

genetic risk factors are likely to play a role in the relative

risk of NFT or Ab neuropathology in PART and AD.

While APOEe4 provides the strongest known genetic risk

factor for Ab neuropathology,6 it does not appear to be

associated with PART.5 From this perspective PART indi-

viduals may have a reduced genotypic frequency for

known AD susceptibility loci and thus potentially have

“resistance” to Ab pathology. Beyond APOEe4, it has also
been suggested that MAPT H1 haplotype is associated

with tangle-predominant dementia,7 which likely consti-

tutes a subset of PART. From this perspective, PART

individuals may have a genetic background that increases

their risk for NFT accumulation independently from their

genetic risk for AD.

In this study we evaluate whether differences in the

genetic profiles of autopsy-confirmed PART cases com-

pared to AD cases (cases with NFT and Ab pathology)

contribute to the relative risks of NFT and/or Ab patho-

logical accumulation. Critically, single nucleotide poly-

morphisms (SNPs) for clinical AD risk were previously

identified in large-scale genome wide association studies

(GWAS)8,9 where the majority of cases and controls were

clinically defined, and while these studies provided strong

statistical power, they lack data on the underlying molecu-

lar pathology and thus are unable to look at pathologi-

cally-differentiated subtypes of AD. Furthermore,

approximately 17% of clinical AD cases do not have evi-

dence for AD molecular pathology at autopsy10 and 40%

of individuals with autopsy-confirmed PART are asymp-

tomatic of cognitive impairment11 and therefore are not

“controls” lacking molecular pathology. Therefore, we

implemented a “case-case” design to define genetic differ-

ences between PART and AD in an effort to isolate genetic

contributions that are specific to tau and/or Ab neu-

ropathology. We hypothesize that while “noise” associated

with clinically defined cases and controls allows for the

successful identification of significant genetic risk factors,

an alternative case-case study design precludes estimation

of subtype-specific exposure-outcome associations, pro-

vides a cost-effective approach for preliminary assessments

of heterogeneity between subtypes, and helps to reduce the

“search space” and Type I error burden for second stage
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analyses looking at genotype-subtype case-control associa-

tions.12 We hypothesize that by evaluating the genotypic

frequencies of AD-related genetic risk factors among

autopsy-confirmed samples with varying levels of NFTs

(i.e., PART) and NFT + Ab (i.e., AD) molecular pathol-

ogy, we will be able to better elucidate the differences in

genetic contributors between PART and AD that can facil-

itate the discovery of disease-modifying drugs.

Methods

Participants

We identified two cohorts of participants with neu-

ropathologically defined AD or PART based on published

international consensus criteria.5,13 Briefly, in both

cohorts individuals were defined as AD if they had a min-

imum Braak stage NFTs ≥ III (out of VI) and Consor-

tium to Establish a Registry for Alzheimer’s Disease

(CERAD)14 amyloid plaque score of ≥2 on a scoring basis

of 0–3.13 PART cases were defined with NFTs consistent

with Braak Stage I–IV and further classified as having

“Definite” (CERAD score = 0) or “Possible” (CERAD

score = 1) PART using published criteria.5 To minimize

potential confounding effects of race/ethnicity on genetic

associations, we constrained our cohort to self-reported

white non-Latino individuals. The PENN cohort

(N = 377) included individuals from the Integrated Neu-

rodegenerative Disease Database15,16 and all cases were re-

reviewed by a board-certified neuropathologist (EBL).

The National Alzheimer’s Coordinating Center (NACC)

cohort (N = 1189) included cases from 31 past and pre-

sent Alzheimer’s Disease Centers (ADCs) that submitted

data acquired between January 2005 and December 2013.

Genotyping methods

To focus our hypothesis-driven analyses we preidentified

11 SNPs that (1) have previously been identified as risk

factors for AD in two large-scale case-control GWAS8,9

(see Table 2) and (2) have a minor allele frequency

(MAF) greater than 20% to maximize statistical power.

Given the strong prior associations of APOEe4 and

APOEe2 on AD risk and prior association of MAPT H1

haplotype with tangle-predominant senile dementia risk,

we also evaluated APOEe4, APOEe2, and MAPT H1 geno-

types. A summary of all genotyping procedures for the

PENN and NACC Cohorts are described in Data S1.

Statistical analyses

Demographic variables were assessed using nonparametric

Wilcoxon rank-sum tests and Chi-Square statistics. To

evaluate relative odds of categorical AD compared to

PART, we generated binomial general linear models

(GLMs) using R software for independent analyses in the

PENN and NACC cohorts. We additionally report com-

bined cohort analyses in Table S1 that was accomplished

by adding together the cases from the PENN and NACC

cohorts to form one large, more highly powered cohort.

Since age is an established risk factor for AD we covaried

for age at death in all GLMs. We also covaried for sex to

minimize sex-related confounds in genetic analyses. To

test genetic associations with NFT severity we performed

linear regression analyses in the larger, combined cohort

comprised of PENN and NACC cases to assess an addi-

tive genotype model with Braak stage using a three-point

ordinal scale (I–II, III–IV, V–VI) while adjusting for age

and sex. For our hypothesis-driven analyses we use a sta-

tistical threshold of a = 0.05 and further denote results

that survive Bonferroni correction for multiple compar-

isons (a < 0.0036) to account for the 14 genetic factors

assessed across each experiment.

Results

Demographic characteristics

Demographic analyses within each cohort are summarized

in Table 1 and revealed that the PART cases are signifi-

cantly older than AD cases in the NACC cohort

(W = 82074, P < 0.001), but matched in the PENN

cohort (W = 9352, P = 0.324). The NACC cohort also

had a larger proportion of females with PART relative to

AD (X2 = 4.345, P = 0.037), but sex was matched in the

PENN (X2 = 0.022, P = 0.883) cohort. Given these differ-

ences, and potential associations between age with AD or

PART risk along with potential sex-related genetic differ-

ences, we included covariate adjustment for all associa-

tions modeled for age and sex in all statistical analyses.

Finally, a comparison across cohorts revealed a higher

proportion of Definite PART cases in the PENN cohort

relative to the NACC cohort (X2 = 20.882, P < 0.001).

Categorical associations

All categorical genotype associations in the PENN and

NACC cohorts are summarized in Table 2 and a com-

bined cohort analysis is reported in Table S1. In our

PENN cohort we observed two genotype signals that dif-

fered significantly between PART and AD with PART

patients having a reduced genotype frequency of these AD

risk factors. APOEe4 frequency was reduced for PART

(9%) in comparison to AD (39%), whereas APOEe2 was

increased for PART (22%) in comparison to AD (4%).

Also, rs6656401 in the CR1 gene had a lower frequency in
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PART (MAF = 0.13) compared to AD (MAF = 0.22;

OR = 0.54, P = 0.028). All three associations were also

significant in the NACC cohort analyses (APOEe4:
OR = 0.16, P < 0.001; APOEe2: OR = 5.82, P < 0.001;

rs6656401: OR = 0.74, P = 0.027) and combined cohort

analyses (see Table S1).

We additionally observed two genotypic associations of

marginal significance in the PENN cohort also reflecting

lower AD risk in PART patients. These included

rs6733839 in the BIN1 gene (OR = 0.71, P = 0.072) that

had a reduced frequency for PART (MAF = 0.34) com-

pared to AD (MAF = 0.44) and rs28834970 in the PTK2B

gene (OR = 0.71; P = 0.092) that also had a reduced fre-

quency for PART (MAF = 0.31) compared to AD

(MAF = 0.39). Moreover, in the larger NACC cohort

both of these genotypes were significantly less frequent

for PART compared to AD (rs6733839: OR = 0.61,

P < 0.001 and rs28834970: OR = 0.77, P < 0.013; see

Table 2 for MAFs). These were also significant in the

combined cohort analyses (see Table S1). One genotype,

rs3752246 in the ABCA7 gene did not differ between

PART (MAF = 0.31) and AD (MAF = 0.39) in the PENN

cohort (OR = 0.65, P = 0.111), but was significantly less

frequent for PART compared to AD in the NACC

(OR = 0.70, P = 0.007; see Table 2 for MAFs) as well as

the combined cohort analyses (see Table S1).

Only two genotypes, both in the PICALM gene, were

associated with an increased frequency of PART com-

pared to AD in the PENN cohort. These included

rs561655 (PART MAF = 0.44; AD MAF = 0.31;

OR = 1.88; P = 0.002) and rs3851179 (PART

MAF = 0.52; AD MAF = 0.33; OR = 2.11; P < 0.001) but

neither of these survived significance in the NACC or the

combined cohort analyses.

Table 1. Demographic characteristics of the University of Pennsylvania (PENN) and National Alzheimer’s Coordinating Center (NACC) Cohorts.

PENN NACC

PART AD PART AD

Cases (N) 65 312 311 878

Sex, % female 53.85 55.77 50.80 43.73

Age at death, mean years (SD) 78.23 (10.11) 76.49 (10.86) 88.18 (8.14) 81.51 (9.83)

PART, % definite 78.46 – 56.59 –

Table 2. Genotype results for AD-PART categorical associations in the PENN and NACC cohorts.

Genetic marker
1000

Genome
PENN cohort NACC cohort

Marker1 Gene MAF REF3
MAF

AD

MAF

PART Odds ratio (CI) P-value

MAF

AD

MAF

PART Odds ratio (CI) P-value

rs3752246 ABCA7 0.19 0.20 0.15 0.65 (0.37–1.08) 0.111 0.20 0.15 0.7 (0.54–0.9) 0.007*

rs28834970 PTK2B 0.34 0.39 0.31 0.71 (0.47–1.05) 0.092^ 0.38 0.32 0.77 (0.63–0.94) 0.013**

rs111360002 CLU 0.39 0.36 0.33 0.89 (0.6–1.31) 0.572 0.39 0.41 1.16 (0.95–1.42) 0.141

rs10948363 CD2AP 0.25 0.29 0.24 0.72 (0.45–1.12) 0.156 0.28 0.28 1.09 (0.87–1.35) 0.451

rs983392 MS4A6A 0.42 0.42 0.40 0.93 (0.63–1.34) 0.684 0.37 0.35 0.88 (0.71–1.08) 0.219

rs4938933 MS4A4A 0.40 0.42 0.36 0.8 (0.54–1.17) 0.257 0.39 0.37 0.87 (0.72–1.07) 0.185

rs561655 PICALM 0.35 0.31 0.44 1.88 (1.26–2.8) 0.002** 0.34 0.33 0.94 (0.77–1.16) 0.579

rs3851179 PICALM 0.37 0.33 0.52 2.11 (1.44–3.13) <0.001** 0.35 0.36 1.03 (0.85–1.26) 0.741

rs7561528 BIN1 0.32 0.35 0.35 0.82 (0.55–1.21) 0.322 0.39 0.30 0.69 (0.56–0.85) 0.001**

rs6733839 BIN1 0.38 0.44 0.34 0.71 (0.48–1.03) 0.072^ 0.35 0.25 0.61 (0.48–0.77) <0.001**

rs6656401 CR1 0.17 0.22 0.13 0.54 (0.31–0.91) 0.028* 0.19 0.16 0.74 (0.56–0.96) 0.027*

H1 MAPT 0.24 0.22 0.21 0.98 (0.22–3.16) 0.973 0.22 0.24 1.33 (0.73–2.35) 0.339

e2 APOE 0.06 0.04 0.22 5.82 (2.59–13.1) <0.001** 0.03 0.10 2.93 (1.94–4.44) <0.001**

e4 APOE 0.16 0.39 0.09 0.16 (0.08–0.3) <0.001** 0.33 0.11 0.29 (0.22–0.39) <0.001**

Bold text indicates observed statistically significant associations: *P < 0.05 (uncorrected); **P < 0.0036 (Bonferroni correction); ^marginally signifi-

cant at P < 0.1.
1An additive model was used to evaluate all SNPs (0, 1, or 2 risk alleles) and APOEe4 and APOEe2 (0, 1, or 2 APOEe alleles) were coded using an

additive model.
2proxy SNP with high linkage disequilibrium (d0 > 0.970) for rs9331896 and rs153278.
3Reference minor allele frequencies (MAF) retrieved from 1000 genomes Phase 3 data reported on niagads.org.
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Associations with tau pathological stage

An assessment of NFT Braak stage in the combined

cohort revealed that APOEe4 was highly associated with

more severe tau in Probable PART (b = 0.209, P = 0.008)

and AD (b = 0.056, P = 0.001), but not Definite PART

(b = 0.001, P = 0.995) (Table 3). We also observed that

rs6733839 in the BIN1 gene was associated with tau sever-

ity in the probable PART group (b = 0.187, P = 0.003),

but not in the definite PART (b = 0.30, P = 0.586) or

AD (b = 0.008, P = 0.624) groups. There was also a

weak, inverse association of rs4938933 in MS4A4A of the

MS4A gene cluster for the Definite PART group

(b = �0.090, P = 0.043) but not Probable PART

(b = �0.084, P = 0.115) or AD (b = �0.019, P = 0.236).

Discussion

We evaluated differences in patterns of genotypic associa-

tions among AD susceptibility loci between two indepen-

dent samples of autopsy-confirmed PART and AD cases.

We identified five genetic risk factors with a different fre-

quency for PART compared to AD, including APOEe4,
APOEe2, rs6656401 in the CR1 (Complement Receptor-1)

gene, rs6733839 in the BIN1 (Bridging Integrator-1) gene,

and rs28834970 in the PTK2B (Protein-tyrosine kinase 2-

beta) gene. Moreover, APOEe4 and rs6733839 (BIN1)

were associated with NFT severity in individuals with

Probable PART or AD, which range from mild to severe

Ab burden, but were not associated with tau in Definite

PART defined by no Ab burden. Together, these findings

suggest that PART does not share the same genetic vari-

ants observed in AD and support the hypothesis that

PART can provide a genetic model for both potential Ab
resistance and NFT accumulation. These findings of dif-

ferent genetic profiles in PART and AD additionally sup-

port the idea that there are different mechanisms of tau

pathophysiology across these conditions.

APOEe4 is the strongest known genetic risk factor for

AD and quantitative trait analyses have also established

that APOE alleles are associated with increased Ab plaque

and NFT burden.17 In previous work, it was suggested

that APOEe4 allele frequency is reduced in PART,5 but

this study was criticized for having no direct comparison

of PART to AD or across Braak stages18 and APOEe2 was

not assessed. In this study, we confirm that APOEe4 fre-

quency is indeed reduced in PART across levels of NFT

severity in Definite PART cases, whereas APOEe2 fre-

quency is higher in PART relative to AD. These findings

are consistent with prior observations that APOEe4 is

only significantly associated with NFT severity in individ-

uals with Ab pathology and not individuals without Ab
pathology.19 Moreover, our observation that APOEe4 was

associated with NFT severity in Probable PART was likely

because these cases by definition have some, albeit mini-

mal, Ab pathology. This suggests that in future work

Probable and Definite PART may be better considered

different neuropathological groups with Probable PART

reflecting a potential early form of AD, whereas definite

PART is independent from the AD continuum. These

findings are also consistent with prior claims that APOEe2
may provide a neuroprotective benefit against the risk of

Ab pathology.20 While we did not observe a significant

association between APOEe2 and NFT severity in individ-

uals with Ab pathology (i.e., AD and probable PART) as

previously reported,19 this association approached

Table 3. Genetic associations with Braak stage severity of neurofibrillary tau pathology.

Marker Gene

Definite PART Probable PART Alzheimer’s disease

B P-value B P-value B P-value

rs3752246 ABCA7 �0.013 0.850 �0.042 0.564 0.021 0.259

rs28834970 PTK2B 0.021 0.663 0.024 0.696 �0.001 0.951

rs11136000 CLU �0.006 0.904 0.037 0.498 0.004 0.792

rs10948363 CD2AP 0.000 0.993 0.015 0.815 �0.019 0.267

rs983392 MS4A6A �0.038 0.403 �0.086 0.127 �0.019 0.250

rs4938933 MS4A4A �0.090 0.043* �0.084 0.115 �0.019 0.236

rs561655 PICALM �0.013 0.763 �0.059 0.342 �0.009 0.603

rs3851179 PICALM �0.023 0.602 �0.070 0.225 �0.003 0.860

rs7561528 BIN1 0.028 0.591 0.058 0.324 �0.002 0.879

rs6733839 BIN1 0.030 0.586 0.187 0.003** 0.008 0.624

rs6656401 CR1 0.002 0.977 �0.019 0.804 0.028 0.164

H1 MAPT �0.196 0.151 �0.122 0.430 �0.026 0.611

e2 APOE 0.114 0.115 �0.108 0.286 �0.088 0.064

e4 APOE �0.001 0.995 0.209 0.008* 0.056 0.001**

Bold text indicates observed statistically significant associations: *P < 0.05 (uncorrected); **P < 0.0036 (Bonferroni correction of P < 0.05);

Beta-weights refer to incremental increase in Braak stage tau pathology with each additional genotype risk allele.
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significance in a consistent pattern. Importantly, all of

our other reported genotype associations were confirmed

when controlling for APOEe4 effects, suggesting that there

are additional genetic differences between PART and AD

that extend beyond APOEe4.
Prior association studies relating AD genotypes to Ab

pathology have suggested a dose effect for minor alleles in

rs6656401 in CR1 yielding more abundant Ab plaque

accumulation.6,21 CR1 expression has been reported to be

reduced in homozygous allele carriers and expression has

been linked to clearance rate of immune complexes.22

Our observation of reduced allele frequency for rs6656401

in PART cases who by definition have less abundant Ab
relative to AD, is potentially consistent with the concept

that PART may have relative resistance to developing Ab
plaques. In two recent studies, including focused analyses

of prior AD-associated variants23 and a neuropathological

GWAS,17 rs28834970 in the PTK2B was not directly asso-

ciated with AD neuropathology. Thus it is not clear why

this risk locus is under-represented in PART relative to

AD. The PTK2B gene has previously been associated with

blocking inflammation and calcium-signaling which are

both mechanistic processes that have been evaluated in

AD as well.24 Together, our observation that genotypes in

CR1 and PTK2B are under-represented in PART relative

to AD is suggestive that PART may reflect enhanced

innate immunity relative to AD that leads to potential

resistance to both Ab accumulation and general patho-

physiologic processes driving development of AD.

Beyond group-level genotypic differences between

PART and AD we observed that rs6733839 in the BIN1

gene is associated with NFT Braak stage pathology only

in the Probable PART group. This SNP, along with other

BIN1 variants, have been associated with NFT pathology

in AD,25,26 but this association was not replicated in two

recent studies17,23 and we failed to observe an association

between rs6733839 and NFTs in AD. Nonetheless, our

observation suggests that polymorphisms in this gene

may only confer increased risk of NFTs in the presence of

at least some degree of Ab, as in the case of Probable

PART, or with more significant burden in AD, as sug-

gested by some of this prior work. It follows from this

observation that beyond potential Ab resistance distin-

guishing PART from AD, the underlying biological factors

associated with tau accumulation may also be distinct

between these neuropathological conditions. Indeed, we

observed an inverse association with NFT pathology that

was only present for Definite PART suggesting that there

are different mechanisms that support NFT accumulation

in the absence (e.g., Definite PART) and presence (e.g.,

AD, Probable PART) of Ab neuropathology.

Notably, the minor allele frequencies observed in

PART relative to AD are reduced relative to reference

control populations (see Table 2), whereas APOEe2 pre-

viously hypothesized to be protective20 has a higher fre-

quency in PART relative to a control reference

population. For example, we observed a MAF of 15%

for rs6656401 (CR1) in the PART cohort, which is not

only reduced relative to AD (20%) but also relative to

a 17% MAF in the 1000 genome reference cohort.

Likewise, APOEe4 has an allele frequency of approxi-

mately 14% in reference cohorts, but only a 10% allele

frequency in the combined PART cohort, compared to

34% frequency in the combined AD cohort. This sug-

gests that not only does PART have lower risk of

pathological burden relative to AD but also relative to

clinical controls, which likely include some at-risk or

preclinical AD cases. This raises an important method-

ological issue related to traditional case-control GWAS

in which “controls” are often poorly defined and may

include individuals who have genetic risk for AD that

obscure potentially large effect sizes. Indeed, in an

aging cohort of cognitively normal “controls” more

than 40% of individuals had neuropathological evidence

of Ab molecular pathology.27 While our cohorts are rel-

atively small by GWAS standards, we suspect that we

were able to identify distinct genetic characteristics

between PART and AD by focusing on well-character-

ized neuropathological samples. This is consistent with

evidence suggesting that risk loci in APOE, CLU, CR1,

and PICALM genes have a enhanced odds ratio when

evaluating neuropathologically confirmed AD cases

rather than clinical AD cases.28 Likewise, polygenic risk

scores for AD have substantially higher prediction accu-

racy in neuropathologically confirmed case-control sam-

ples (84%) relative to clinically defined samples

(79%).29 Therefore, these convergent observations of

enhanced genetic associations using neuropathologically

confirmed samples suggest that future studies in AD

genetics should more carefully consider selection of

control and AD populations.

The conceptualization of PART as a neuropathologically

distinct entity from AD5 has recently been challenged in the

literature.18 Specifically, some neuropathologists have sug-

gested that PART simply reflects a continuum of the AD

spectrum and that “no clinical or genetic characteristics

permit the differentiation of PART from preclinical/early

AD (page 754)18”. In contrast, our observations of genetic

differences between PART and AD across two neu-

ropathological cohorts as well as differences between

PART and reference “control” allele frequencies provides

direct evidence for several genetic differences between

PART and AD and therefore supports the importance for

using distinct PART and AD neuropathological criteria.

There are several limitations of this study. We only

focused on a hypothesis-driven subset of SNPs
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previously associated with AD risk and it will be impor-

tant to evaluate other novel candidate genotypes that

may differ between PART and AD. Broader studies

could also explore the degree to which genetic factors

influence the degree of NFT burden among PART cases.

While we observe several genetic differences between

PART and AD, there were also several AD susceptibility

loci that did not differ between groups and it is possi-

ble that larger scale studies may increase the statistical

power to identify additional differences in genetic risk

across these two neuropathological groups. To maximize

statistical power, we also did not directly assess geno-

type frequencies across Definite and Probable PART and

it will be valuable for larger cohort studies to perform

these comparisons. However, if Probable PART with

minimal Ab reflects the AD phenotypic spectrum then

our collapsing across PART groups would only make it

more difficult to detect group genotypic differences. It

is conceivable that probable PART reflects an early form

of AD that shares similar genetic characteristics and

should not be considered in future evaluations of defi-

nite PART neuropathology and genetics. While we also

did not evaluate the genotypic frequency of “controls”

lacking molecular pathology, this occurs in less than 1%

of the aging population3,4 and therefore future mega-

analyses are necessary to evaluate PART and AD genetic

risk factors relative to these rare cases. Another potential

limitation is variability in neuropathological diagnoses

by ADCs in the NACC cohort since not all centers use

the same neuropathology methods. Importantly, a recent

multicenter validation study of NIA-AA criteria for AD

neuropathological criteria demonstrated good-to-excel-

lent agreement among neuropathological ratings across

ADCs.30 Relatedly, future investigations are warranted to

assess whether additional mechanisms beyond AD sus-

ceptibility loci like Lewy body pathology and vascular

comorbidities reported in aging individuals27 also con-

tribute to biological differences between PART and AD.

Lastly, while the observed associations in this study are

suggestive of Ab resistance in PART, as with any other

genetic association study, we can only speculate about

the functional role of these associations and follow-up

cellular and animal studies will be necessary to test

PART models.

In conclusion, we posit that genotypic characteristics

differ across AD and PART, reflecting a distinct patholog-

ical process in which individuals with PART appear to

have reduced genetic risk for Ab and thus resistance to

AD. More detailed genetic evaluations, especially focused

on definite PART, are necessary to confirm whether NFT

risk factors, Ab resistance, and innate immunity poten-

tially contribute to the neuropathological differences

between PART and AD.

Conflict of Interest

McMillan, Jefferson-George, Naj, Van Deerlin, and Tro-

janowski have nothing to disclose. Lee has received per-

sonal fees from GLG Consulting. Wolk has received

personal fees and/or grant support from industry partners

including Avid Radiopharmaceuticals, Merck, Janssen,

and Biogen; all of which are unrelated to this work.

Author Contributions

CTM and DAW involved in conception and design of the

study. CTM, EBL, KJ-G, AN, VMVD, JQT, and DAW

involved in acquisition and analysis of data.CTM, EBL,

KJ-G, AN, VMVD, JQT, and DAW involved in drafting

the manuscript or figures.

References

1. Bouras C, Hof PR, Morrison JH. Neurofibrillary tangle

densities in the hippocampal formation in a non-demented

population define subgroups of patients with differential

early pathologic changes. Neurosci Lett 1993;153:131–135.
2. Knopman DS, Parisi JE, Salviati A, et al. Neuropathology

of cognitively normal elderly. J Neuropathol Exp Neurol

2003;62:1087–1095.

3. Boyle PA, Yang J, Yu L, et al. Varied effects of age-related

neuropathologies on the trajectory of late life cognitive

decline. Brain 2017;140:804–812.
4. Kovacs GG, Milenkovic I, W€ohrer A, et al. Non-Alzheimer

neurodegenerative pathologies and their combinations are

more frequent than commonly believed in the elderly

brain: a community-based autopsy series. Acta

Neuropathol 2013;126:365–384.
5. Crary JF, Trojanowski JQ, Schneider JA, et al. Primary age-

related tauopathy (PART): a common pathology associated

with human aging. Acta Neuropathol 2014;128:755–766.

6. Shulman JM, Chen K, Keenan BT, et al. Genetic

susceptibility for Alzheimer disease neuritic plaque

pathology. JAMA Neurol 2013;70:1150–1157.
7. Santa-Maria I, Haggiagi A, Liu X, et al. The MAPT H1

haplotype is associated with tangle-predominant dementia.

Acta Neuropathol 2012;124:693–704.

8. Naj AC, Jun G, Beecham GW, et al. Common variants at

MS4A4/MS4A6E, CD2AP, CD33 and EPHA1 are

associated with late-onset Alzheimer’s disease. Nat Genet

2011;43:436–441.

9. Lambert J-C, Ibrahim-Verbaas CA, Harold D, et al. Meta-

analysis of 74,046 individuals identifies 11 new

susceptibility loci for Alzheimer’s disease. Nat Genet

2013;45:1452–1458.

10. Gaugler JE, Ascher-Svanum H, Roth DL, et al.

Characteristics of patients misdiagnosed with alzheimer’s

ª 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 933

C. T. McMillan et al. PART Genetics



disease and their medication use: an analysis of the

NACC-UDS database. BMC Geriatr 2013;13:137.

11. Jefferson-George KS, Wolk DA, Lee EB, McMillan CT.

Cognitive decline associated with pathological burden in

primary age-related tauopathy. Alzheimers Dement

2017;13:1048–1053.
12. Wang M, Spiegelman D, Kuchiba A, et al. Statistical

methods for studying disease subtype heterogeneity. Stat

Med 2016;35:782–800.

13. Hyman BT, Phelps CH, Beach TG, et al. National Institute

on Aging-Alzheimer”s Association guidelines for the

neuropathologic assessment of Alzheimer”s disease.

Alzheimers Dement 2012;8:1–13.

14. Mirra SS, Heyman A, McKeel D, et al. The Consortium to

Establish a Registry for Alzheimer”s Disease (CERAD).

Part II. Standardization of the neuropathologic assessment

of Alzheimer”s disease. Neurology 1991;41:479–486.

15. Toledo JB, Van Deerlin VM, Lee EB, et al. A platform for

discovery: The University of Pennsylvania Integrated

Neurodegenerative Disease Biobank. Alzheimers Dement

2014;10:477–84.e1.

16. Xie SX, Baek Y, Grossman M, et al. Building an integrated

neurodegenerative disease database at an academic health

center. Alzheimers Dement 2011;7:e84–e93.
17. Beecham GW, Hamilton K, Naj AC, et al. Genome-wide

association meta-analysis of neuropathologic features of

Alzheimer’s disease and related dementias. PLoS Genet

2014;10:e1004606.

18. Duyckaerts C, Braak H, Brion J-P, et al. PART is part of

Alzheimer disease. Acta Neuropathol 2015;129:749–756.
19. Farfel JM, Yu L, De Jager PL, et al. Association of APOE

with tau-tangle pathology with and without b-amyloid.

Neurobiol Aging 2016;37:19–25.

20. Corder EH, Saunders AM, Risch NJ, et al. Protective effect

of apolipoprotein E type 2 allele for late onset Alzheimer

disease. Nat Genet 1994;7:180–184.
21. Chibnik LB, Shulman JM, Leurgans SE, et al. CR1 is

associated with amyloid plaque burden and age-related

cognitive decline. Ann Neurol 2011;69:560–569.
22. Karch CM, Goate AM. Alzheimer’s disease risk genes and

mechanisms of disease pathogenesis. Biol Psychiatry

2015;77:43–51.

23. Farfel JM, Yu L, Buchman AS, et al. Relation of genomic

variants for Alzheimer disease dementia to common

neuropathologies. Neurology 2016;87:489–496.
24. Beck TN, Nicolas E, Kopp MC, Golemis EA. Adaptors for

disorders of the brain? The cancer signaling proteins

NEDD9, CASS4, and PTK2B in Alzheimer’s disease.

Oncoscience 2014;1:486–503.

25. Chapuis J, Hansmannel F, Gistelinck M, et al. Increased

expression of BIN1 mediates Alzheimer genetic risk by

modulating tau pathology. Mol Psychiatry 2013;18:1225–
1234.

26. Holler CJ, Davis PR, Beckett TL, et al. Bridging

integrator 1 (BIN1) protein expression increases in the

Alzheimer’s disease brain and correlates with

neurofibrillary tangle pathology. J Alzheimers Dis

2014;42:1221–1227.
27. Bennett DA, Schneider JA, Arvanitakis Z, et al.

Neuropathology of older persons without cognitive

impairment from two community-based studies.

Neurology 2006;66:1837–1844.
28. Corneveaux JJ, Myers AJ, Allen AN, et al. Association of

CR1, CLU and PICALM with Alzheimer’s disease in a

cohort of clinically characterized and neuropathologically

verified individuals. Hum Mol Genet 2010;19:3295–3301.
29. Escott-Price V, Myers AJ, Huentelman M, Hardy J.

Polygenic risk score analysis of pathologically confirmed

Alzheimer disease. Ann Neurol 2017;82:311–314.

30. Montine TJ, Monsell SE, Beach TG, et al. Multisite

assessment of NIA-AA guidelines for the neuropathologic

evaluation of Alzheimer’s disease. Alzheimers Dement

2016;12:164–169.

Supporting Information

Additional Supporting Information may be found online

in the supporting information section at the end of the

article:

Data S1. Supplementary genotyping methods of the

NACC and PENN cohorts.

Table S1. Categorical associations between PART and AD

in the Combined Cohort of NACC and PENN cases.

934 ª 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.

PART Genetics C. T. McMillan et al.


