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Variants in PPP2R2B and IGF2BP3 are
associated with higher tau deposition

(®Vijay K Ramanan,' Xuewei Wang,? Scott A. Przybelski,” Sheelakumari Raghavan,®
Michael G. Heckman,4 Anthony Batzler,2 Matthew L. Kosel,? Timothy ). Hohman,’
David S. Knopman,I (®Jonathan Gr'aff-Radford,I Val ). Lowe,3 ®Michelle M. Mielke,"2
Clifford R. Jack Jr,® Ronald C. Petersen,''> Owen A. Ross®’ and Prashanthi Vemuri®

Tau deposition is a key biological feature of Alzheimer’s disease that is closely related to cognitive impairment. However, it
remains poorly understood why certain individuals may be more susceptible to tau deposition while others are more resistant. The
recent availability of in vivo assessment of tau burden through positron emission tomography provides an opportunity to test the
hypothesis that common genetic variants may influence tau deposition. We performed a genome-wide association study of tau-posi-
tron emission tomography on a sample of 754 individuals over age 50 (mean age 72.4 years, 54.6% men, 87.6% cognitively unim-
paired) from the population-based Mayo Clinic Study of Aging. Linear regression was performed to test nucleotide polymorphism
associations with AV-1451 (*8F-flortaucipir) tau-positron emission tomography burden in an Alzheimer’s-signature composite re-
gion of interest, using an additive genetic model and covarying for age, sex and genetic principal components. Genome-wide signifi-
cant associations with higher tau were identified for rs76752255 (P=9.91 x 10~°, §=0.20) in the tau phosphorylation regulatory
gene PPP2R2B (protein phosphatase 2 regulatory subunit B) and for rs117402302 (P =4.00 x 1075, $=0.19) near IGF2BP3 (in-
sulin-like growth factor 2 mRNA-binding protein 3). The PPP2R2B association remained genome-wide significant after additional-
ly covarying for global amyloid burden and cerebrovascular disease risk, while the IGF2BP3 association was partially attenuated
after accounting for amyloid load. In addition to these discoveries, three single nucleotide polymorphisms within MAPT (micro-
tubule-associated protein tau) displayed nominal associations with tau-positron emission tomography burden, and the association
of the APOE (apolipoprotein E) €4 allele with tau-positron emission tomography was marginally nonsignificant (P = 0.06,
$=0.07). No associations with tau-positron emission tomography burden were identified for other single nucleotide polymor-
phisms associated with Alzheimer’s disease clinical diagnosis in prior large case—control studies. Our findings nominate PPP2R2B
and IGF2BP3 as novel potential influences on tau pathology which warrant further functional characterization. Our data are also
supportive of previous literature on the associations of MAPT genetic variation with tau, and more broadly supports the inference
that tau accumulation may have a genetic architecture distinct from known Alzheimer’s susceptibility genes, which may have impli-
cations for improved risk stratification and therapeutic targeting.
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Introduction

The Alzheimer’s disease biomarker cascade is widely
accepted to include neocortical amyloid and tau depos-
ition as prominent features (Jack er al, 2013). Brain
amyloidosis is thought to have substantial heritable
underpinnings, with numerous studies identifying genetic
variants associated with differences in amyloid burden
(Thambisetty ef al., 2013; Ramanan et al., 2014, 2015;
Apostolova et al., 2018; Yan et al., 2018). In comparison
however, the genetic influences on tau deposition in
Alzheimer’s disease are poorly understood.

The APOE (apolipoprotein E) €4 allele, the strongest
known genetic risk factor for sporadic Alzheimer’s dis-
ease, is well-known to be associated with increased amyl-
oid load (Reiman et al., 2009; Vemuri et al., 2010;
Ramanan et al., 2014, 2015) but in population genetics
studies appears to display only conditional associations
with tau pathology (Farfel et al., 2016; Hohman et al.,
2018; Ramanan et al., 2019). A few studies have

investigated genetic determinants in relation to levels of
cerebrospinal fluid tau (Kauwe et al., 2008; Cruchaga
et al., 2013). However, it remains an open question as to
why some individuals may be more susceptible to the ac-
cumulation of tau pathology in Alzheimer’s disease while
others are more resistant, a fundamental unanswered
issue given that the burden and topography of tau depos-
ition is closely related to cognitive
Alzheimer’s disease.

With the recent validation of positron emission tomog-
raphy ligands for tau (Villemagne et al., 2015; Saint-
Aubert et al., 2017), we have an opportunity to noninva-
sively assess tau pathology in wvivo in samples large
enough for genetic analyses that are conducive for novel
discoveries. In this work, we hypothesized that common
genetic variants would be associated with susceptibility or
resistance to tau deposition in older adults, and con-
ducted a genome-wide association study (GWAS) of tau-
positron emission tomography burden to test this
hypothesis.

symptoms in



Variants associated with Tau PET

Materials and methods

The Mayo Clinic Study of Aging (MCSA) is a popula-
tion-based prospective study of older individuals residing
in Olmsted County, Minnesota (Roberts et al., 2008;
Petersen et al., 2010). Starting in 2004, individuals be-
tween 70 and 89years old were identified for recruitment
using the Rochester Epidemiology Project medical records
linkage system (Rocca et al., 2012; St Sauver et al.,
2012). In 2012, the study was extended to include those
aged 50 and older, and starting in 2015, tau-positron
emission tomography was added to the MCSA. Clinical
data (through questionnaires and in-person history),
neuropsychological assessment, neuroimaging and blood
laboratory tests were assessed at selected visits. Clinical
diagnoses were made by a consensus panel, incorporating
all available information. All study protocols were
approved by the Mayo Clinic and Olmsted Medical
Center Institutional Review Boards and written informed
consent was obtained from all participants or their surro-
gates. Our inclusion criteria included individuals over age
50 with tau-positron emission tomography and genome-
wide genotype data.

Age, sex, years of education, the number of active medi-
cations, and scores on the Mini Mental Status Exam, and
Clinical Dementia Rating Sum of Boxes were ascertained
for each patient at clinical visit. As a measure of cerebro-
vascular disease risk, an index score of chronic late-life
cardiac, vascular and metabolic conditions was ascer-
tained from health care records as a summation of the
presence or absence of hypertension, hyperlipidemia, car-
diac arrhythmias, coronary artery disease, congestive
heart failure, diabetes and stroke (Vemuri et al., 2017a).
The Charlson Comorbidity Index was used as a measure
of overall health and risk of near-term mortality
(Charlson et al., 1987).

Genomic DNA were extracted from stored peripheral
blood samples acquired at the baseline visit for 1783
MCSA  participants.  Genome-wide  genotyping for
658 805 single nucleotide polymorphisms (SNPs) was
performed on these DNA samples using the Illumina
Infinium Global Screening Array-24 v2.0. This data
underwent standard quality control procedures (Anderson
et al., 2010) using PLINK version 1.9 (Purcell et al.,
2007; Chang et al., 2015). Specifically, SNPs were
removed from analysis due to call rate <95% (0 SNPs),
monomorphic genotype (100 759 SNPs), minor allele fre-
quency (MAF) <1% (46 843 SNPs), or Hardy—Weinberg
equilibrium P <1 x 107 (5067 SNPs). Subjects were
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removed from analysis due to call rate <98% (0 sub-
jects), sex discordance with clinical data (3 subjects), het-
erozygosity rate (0 subjects) or batch effects (0 subjects).

For relatedness and population ancestry and structure
analyses, SNP pruning was performed including restric-
tion to autosomal SNPs with call rate >95%, MAF
>5%, Hardy-Weinberg equilibrium P >1 x 107>, exclu-
sion of LCT, HLA and polymorphic inversion regions,
and linkage disequilibrium (LD) pruning using a 1000
SNP sliding window to select SNPs with r* < 0.2.
Twenty-eight subjects were removed due to non-
Caucasian ancestry as determined using STRUCTURE
version 2.3.4, and using 585 samples from the 1000
Genomes Project as population anchors. Twenty-five pairs
of individuals exhibited significant relatedness, defined as
PLINK identity by descent PI_HAT >0.25 (Zeng et al.,
2015), and therefore one individual from each pair was
excluded based on the following criteria, in order of pri-
ority: (i) missing tau or amyloid positron emission tomog-
raphy data; (i) clinical diagnosis as cognitively
unimpaired (as compared to mild cognitive impairment
or dementia); (iii) lower call rate. APOE £2/e3/e4 allele
status determined through genotyping of its defining
SNPs (rs429358 and rs7412) on the Illumina chip dis-
played 100% concordance with allele status previously
determined in the MCSA sample via standard restriction
digest methods (Hixson and Vernier, 1990). Principal
component analysis using SNPRelate version 1.22 (Zheng
et al., 2012), identified no significant effects of popula-
tion stratification within the final dataset. As a conserva-
tive measure to account for any potential confounding
effects of population structure, the first five principal
component eigenvectors were utilized as covariates in all
genetic analyses. Following these procedures, data passing
quality control was available for 506 136 SNPs and
1727 MCSA participants.

Data from genome-wide imputation were used in this
study to evaluate genomic regions and variants of interest
which were not directly assayed by the GWAS chip.
Prior to imputation, the orientation of all genotyped
markers in relation to the plus strand alignment of the
Haplotype Reference Consortium  reference  panel
(McCarthy er al., 2016) was verified. Imputation was
performed for all autosomal chromosomes with Minimac
version 4-1.0.2 via the Michigan Imputation Server (Das
et al., 2016) and using default phasing and other recom-
mended quality control parameters and the EUR refer-
ence population. Following imputation and removal of
monomorphic  variants, data was available for
18 873 872 SNPs across the genome. After application
of quality control filters as applied to the GWAS chip
dataset (SNP call rate < 95%, MAF < 1% and Hardy-
Weinberg equilibrium P <1 x 107, and subject call
rate < 98%) and removal of SNPs with ambiguous align-
ment or no identifying rs number, 6 417 232 SNPs were
available for analysis. Imputation quality for the dataset
was high based on the squared correlation coefficient
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between imputed allele dosages and masked genotypes
(r*) being 0.992. This imputed data was used for fine-
mapping of regions (250kb upstream and downstream)
surrounding SNPs with genome-wide significant associ-
ation in the GWAS and to analyse a hypothesis-driven
list of SNPs previously associated with Alzheimer’s dis-
ease clinical diagnosis in large case—control studies
through the International Genomics of Alzheimer’s
Project (Lambert et al., 2013; Kunkle et al., 2019).

The acquisition, processing and summary measure details
for positron emission tomography imaging performed on
MCSA study participants are described in detail else-
where (Jack et al, 2017). All analyses utilized an in-
house fully automated image processing pipeline with 43
atlas-defined regions of interest (ROIs) propagated from
an MRI template. Positron emission tomography tracer
choice was based on longstanding in-house protocols to
maintain consistency.

Tau-positron emission tomography was performed with
AV-1451 (*®F-flortaucipir), synthesized on site using
the  precursor  compound  supplied by  Avid
Radiopharmaceuticals (Xia et al., 2017; Lowe et al.,
2019). Regional tau burden was computed from median
tracer uptake in each ROI divided by the cerebellar crus
grey matter ROI to yield a standardized uptake value
ratio (SUVR). The primary outcome measure for this
study was tau burden in a composite meta-ROI, com-
puted using median tau uptake in the entorhinal, amyg-
dala, parahippocampal, fusiform and inferior and middle
temporal ROIs, divided by the cerebellar crus grey matter
ROI (Jack et al., 2017). For comparison, post hoc models
additionally used as outcomes tau burden in the entorhi-
nal and inferior temporal cortices, regions known to ex-
hibit early and prominent tau pathology in Alzheimer’s
disease (Johnson et al., 2016; Vemuri et al., 2017b).
Where individuals had multiple longitudinal tau positron
emission tomography scans, the first scan was used for
the cross-sectional analyses performed in this study. Tau
positivity (versus negativity) was defined by meta-ROI
SUVR >1.25 as previously described (Jack et al., 2019).

Amyloid-positron emission tomography imaging, com-
pleted during the same visit as tau-positron emission tom-
ography for all but one individual in the sample, was
performed using Pittsburgh compound-B (Klunk ez al.,
2004). Global cortical amyloid load was computed for
each participant from median tracer uptake in the pre-
frontal, orbitofrontal, parietal, temporal, anterior cingu-
late and posterior cingulate/precuneus ROIs, divided by
the median uptake in the cerebellar crus grey matter
ROIL. Amyloid positivity (versus negativity) was defined
by global cortical SUVR > 1.48 as previously described
(Lowe et al., 2019).
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Distributions for all neuroimaging biomarkers were
assessed using scatter plots and histograms. We elected
against the use of a data transformation for the tau- and
amyloid-positron emission tomography phenotypes in
view of their expected non-normal distribution in a large
population-based sample predominated by cognitively un-
impaired older adults. Genetic analyses were performed
using PLINK version 1.9. Association tests for each SNP
with tau-positron emission tomography burden were con-
ducted using linear regression under an additive genetic
model and including age at tau-positron emission tomog-
raphy, sex and the first five genetic principal component
eigenvectors as covariates.

In the initial, hypothesis-driven phase of this study, we
assessed for associations of variants previously demon-
strated as relevant for Alzheimer’s disease, including the
APOE €2 and €4 alleles and 43 SNPs which displayed
genome-wide significant associations with a clinical diag-
nosis of probable Alzheimer’s disease in the largest avail-
able case—control studies (Lambert et al., 2013; Kunkle
et al., 2019) through the International Genomics of
Alzheimer’s Project consortium (Supplementary Table 1).
Imputation was used to determine genotypes for any
SNPs not directly assayed by the chip array, with all but
one SNP (HLA-DRB1 rs9271058) successfully imputed
after quality control. In this phase we also tested for any
associations within chip genotype data for 31 SNPs in
MAPT (microtubule-associated tau protein) given the dir-
ect biological relevance of this gene to tau deposition
(Pittman et al., 2006). For these hypothesis-driven analy-
ses, a significance threshold of P <6.58 x 10~* (0.05/76
variants) was used.

Next, we performed a GWAS to discover novel SNP
associations with tau-positron emission tomography bur-
den. In this study phase, a conservative significance
threshold of P <5 x 107® was used based on a
Bonferroni correction of one million independent tests
(Pe’er et al., 2008). Standardized beta coefficients were
generated to describe effect sizes, representing the additive
change in standardized tau-positron emission tomography
burden (mean = 0, standard deviation = 1) correspond-
ing to each additional minor allele. Manhattan and Q-Q
plots were generated using Haploview version 4.2
(Barrett et al., 2005), and regional Manhattan plots were
generated using the web-based tool LocusZoom (Pruim
et al., 2010). Public databases were utilized for LD calcu-
lations based on reference population data, including
LDLink (Machiela and Chanock, 2015) and Ensembl ver-
sion 98 (Hunt et al., 2018).
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SPSS Statistics version 22.0 (IBM Corp., Armonk, NY)
and SAS version 9.4 (SAS Institute, Inc, Cary, NC) were
used for other analyses to extend and complement the
GWAS. To assess for potential confounding factors
impacting significant SNP associations, demographic and
clinical variables were analysed for genotypic group dif-
ferences using ANCOVA models for continuous variables
and logistic regression for categorical variables. Post-
GWAS linear and logistic regression models were used to
assess the robustness of significant SNP associations,
including via the application of additional covariates
(APOE €4 status, cardiovascular and metabolic condi-
tion, global amyloid burden) and stratification of the
sample by amyloid or tau status (positive versus nega-
tive). Regression models using stepwise forward entry
were used to examine the independent variance explained
by individual target SNPs after accounting for age, sex,
the first five genetic principal components, and global
amyloid burden.

Voxel-wise analyses were performed using SPM version
12 (Wellcome Trust Centre for Neuroimaging) to charac-
terize the whole-brain spatial distribution of associations
for target SNPs, as previously described (Ramanan et al.,
2015). For these analyses, age, sex and the first five gen-
etic principal components were included as covariates in
an ANCOVA model. A study-specific explicit grey matter
mask was used, and results were displayed at a voxel-
wise significance threshold of family-wise error-corrected
P <0.05 with minimum cluster size (k) = 100 voxels.
Surface renderings of the voxel-level results were gener-
ated for visualization. To ensure that voxel-wise tau asso-
ciations were not driven by partial volume effects or
neurodegeneration, for comparison we tested for associa-
tions of these SNPs with tau when correcting for partial
volume and separately tested for voxel-level grey matter
SNP associations.

To fine-map top association signals from the GWAS and
screen for proximal multi-SNP combinations tagging
those variants, we performed exploratory haplotype
proxy analyses in PLINK version 1.07. Using regional
imputed data flanking SNPs with genome-wide significant
associations, haplotype combinations of 2-5 SNPs in
strong LD with the top SNP and with MAF >1% were
scanned over maximum windows of 500 SNPs and
250kb and tested for association with tau-positron emis-
sion tomography, covarying for age, sex and the first five
genetic principal components. Separately, a variety of
public databases were utilized for functional annotation
of variants of interest, with the goals of assessing poten-
tial SNP-gene relationships as well as LD and tissue-spe-
cific gene expression patterns. These resources included
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LDLink (Machiela and Chanock, 2015), Ensembl version
98 (Hunt et al., 2018), the Human Protein Atlas (Uhlen
et al., 2015) and the Single Cell Atlas of the Entorhinal
Cortex in Human Alzheimer’s disease database (Grubman
et al., 2019).

Data from this study are available from the authors upon
reasonable request.

Results

The GWAS sample included 754 individuals over
50years of age with tau-positron emission tomography
imaging, with mean age 71.9years (standard deviation
10.4 years) and with men comprising 55% of the sample
(Table 1). The preponderance of individuals in the sample
was cognitively unimpaired (87.6%). Comparable to pre-
vious estimates of APOE allele frequency in individuals
of European descent (Heffernan et al., 2016), 29% of the
GWAS sample carried at least one €4 allele. A majority
of individuals were classified as amyloid negative by posi-
tron emission tomography (61%).

Neither the APOE €2 nor €4 allele demonstrated associ-
ation with tau burden in the primary meta ROI, with the
summary statistics for the €4 allele being marginally non-
significant prior to correction for multiple comparisons (P
=0.06, § = 0.07). These results did not appreciably
change when using a dominant ( versus additive) genetic
model. A significant association of APOE €4 with ento-
rhinal cortex tau-positron emission tomography burden
(P =3.30 x 107°, p = 0.14) and a nominal association
with inferior temporal cortex tau-positron emission tom-
ography burden (P =0.03, § = 0.08) were identified,
both of which were completely attenuated after covarying
for global amyloid burden, consistent with prior analyses
of a smaller sample from the MCSA cohort (Ramanan
et al., 2019). Three SNPs within MAPT displayed nomin-
al associations with tau burden, including rs1467967
which tags a common MAPT haplotype (Heckman et al.,
2019), though none survived correction for multiple com-
parisons (Supplementary Table 1). No nominal associa-
tions with tau were identified for any of the SNPs
reported as associated with Alzheimer’s disease clinical
diagnosis in prior large consortium case—control studies
(Supplementary Table 1).


https://academic.oup.com/braincommsarticle-lookup/doi/10.1093/braincomms/fcaa159#supplementary-data
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6 | BRAIN COMMUNICATIONS 2020: Page 6 of 15

Table | Characteristics of the study sample
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Characteristic All subjects Age <65 65 <Age< 80 Age > 80
N=1754 N=197 N =360 N=197
Mean (SD) or Mean (SD) or Mean (SD) or Mean (SD) or
number (%) number (%) number (%) number (%)

Age (years) 71.9(10.4) 59.1 3.7) 724 (4.4) 85.7 (3.9)

Sex 412 (55%) men 110 (56%) men 187 (52%) men 115 (58%) men
344 (45%) women 87 (44%) women 173 (48%) women 82 (42%) women

Education (years) 14.8 (2.6) 152 (1.2) 14.8 (2.6) 14.3 (2.9)

CMC 2.0 (1.6) I.1(1.2) 2.0(1.4) 2.9 (1.6)

Mini mental status exam score 283 (1.7) 29.1 (1.0) 284 (1.6) 27.5(2.2)

Clinical diagnosis® 659 (87.6%) CU 187 (95.4%) CU 324 (90.0%) CU 148 (75.5%) CU

Meta tau-PET SUVR
Tau status via PET

Amyloid PET SUVR
Amyloid status via PET®

75 (10.0%) MCI
I8 (2.4%) DEM
1.21 (0.13)

549 (72.8%) NEG
205 (27.2%) POS
1.60 (0.44)

460 (61%) NEG
293 (39%) POS

9 (4.6%) MCl
0 (0%) DEM

.16 (0.09)

178 (90.4%) NEG
19 (9.6%) POS
137 (0.13)

175 (88.8%) NEG
22 (11.2%) POS

31 (8.6%) MCI
5 (1.4%) DEM
121 (0.11)

261 (72.5%) NEG
99 (27.5%) POS
1.57 (0.37)

221 (61.6%) NEG
138 (38.4%) POS

35 (17.9%) MCI
I3 (6.6%) DEM
1.26 (0.17)

110 (55.8%) NEG
87 (44.2%) POS
1.90 (0.56)

64 (32.5%) NEG
133 (67.5%) POS

Clinical diagnosis unavailable for two individuals in the sample.
bAmyloid PET imaging unavailable for one individual in the sample.

CMC, index score of cardiovascular and metabolic conditions (range: 0-7); CU, cognitively unimpaired; DEM, dementia; MCI, mild cognitive impairment; NEG, negative; POS,

positive.

There was no evidence of spurious systematic inflation of
P-values in the GWAS due to population stratification or
other confounding factors (A = 1.00; Supplementary Fig.
1). Novel genome-wide significant associations with tau-
positron emission tomography burden were identified for
rs76752255 (P =9.91 x 1079, p = 0.20), an intronic
SNP in PPP2R2B (protein phosphatase 2, regulatory sub-
unit B, beta) on chromosome 5, and rs117402302 (P
=4.00 x 1078 p = 0.19), an intergenic SNP near
(11kb) IGE2BP3 (insulin like growth factor 2 mRNA-
binding protein 3) on chromosome 7 (Fig. 1). Strong
association signals (P <1 x 107°) not meeting the strin-
gent threshold for genome-wide significance were identi-
fied for 14 SNPs (Supplementary Table 2). These
included rs11722856 (JAKMIP1; janus kinase and micro-
tubule interacting protein 1) and rs117603268
(DLGAP2; DLG-associated protein 2), both within genes
known to have neuronal functions and enriched brain ex-
pression. Following regional imputation using a 500kb
window, a nearby IGF2BP3 intronic SNP (rs138919567)
in strong LD with rs117402302 showed similarly strong
association (Fig. 1B), while the LD profiles and associ-
ation statistics of chromosome 5 SNPs flanking PPP2R2B
rs76752255 were modest (Fig. 1C).

The MAFs for PPP2R2B rs76752255-C and IGF2BP3
rs117402302-A (1.5%/1.5%) were comparable to their

frequencies in European reference populations (2.0%/
2.5%) aggregated in dbSNP (Sherry et al, 2001).
Individuals with the PPP2R2B 1s76752255-TC and
IGF2BP3 rs117402302-GA genotypes each displayed
higher levels of tau compared to their rs75546066-TT
and IGF2BP3 rs117402302-GG counterparts (Fig. 3A
and C and Supplementary Fig. 2). For comparison with
the primary meta-ROI outcome, robust association signals
were also observed in the inferior temporal (rs76752255:
P =879 x 1077, p = 0.20; rs117402302: P =2.44 x
1073, B = 0.19) and entorhinal (rs76752255: P =7.60
x 1075, B = 0.14; rs117402302: P =8.55 x 107%
= 0.15) cortex ROIs. No individuals in the study sample
were  homozygous for either 1rs76752255-C or
rs117402302-A, and only two individuals had the minor
allele for both SNPs. After accounting for age, sex, genet-
ic principal components and global amyloid burden,
which together explained 27.9% of the phenotypic vari-
ance, PPP2R2B rs76752255 and IGF2BP3 rs117402302
accounted for an additional 3.4% and 1.6% of the vari-
ance in tau-positron emission tomography, respectively,
based on stepwise entry linear regression.

The associations of PPP2R2B rs76752255 and IGF2BP3
rs117402302 with higher tau remained genome-wide signifi-
cant when including APOE €4 (P =7.94 x 107% f =


https://academic.oup.com/braincommsarticle-lookup/doi/10.1093/braincomms/fcaa159#supplementary-data
https://academic.oup.com/braincommsarticle-lookup/doi/10.1093/braincomms/fcaa159#supplementary-data
https://academic.oup.com/braincommsarticle-lookup/doi/10.1093/braincomms/fcaa159#supplementary-data
https://academic.oup.com/braincommsarticle-lookup/doi/10.1093/braincomms/fcaa159#supplementary-data
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Figure | Manhattan plots for the GWAS of tau-positron emission tomography burden. Observed —log,q P-values are displayed (y-
axis) for all single SNPs tested in the GWAS. Genome-wide significant associations (P < 5 x 1072, red line) with tau-positron emission
tomography burden were identified on chromosomes 5 (rs76752255) in PPP2R2B and on chromosome 7 (rs|17402302) near IGF2BP3.
Suggestive associations (P < | x 107% blue line) were identified on additional chromosomes.

0.20, and P =2.81 x 107% B = 0.19, respectively) or
cardiovascular and metabolic condition (P =4.31 x 1077
B = 020, and P =4.63 x 107% p = 0.19, respectively)
as additional covariates to the main regression model.
When global amyloid burden was included as a covariate,
the association of PPP2R2B rs76752255 remained genome-
wide significant (P =2.17 x 107% p = 0.19), while the
association of IGF2BP3 rs117402302 was partially attenu-
ated (P =7.81 x 107% p = 0.14). Post hoc analyses
stratified by amyloid-positron emission tomography status
(positive versus negative) revealed the same direction of as-
sociation for these SNPs regardless of amyloid status,
though the magnitudes of tau-positron emission tomog-
raphy SUVR difference were greater in amyloid positive
individuals (Fig. 3B and D). Based on logistic regression,
carriers of PPP2R2B rs76752255-C were more likely than
non-carriers to be tau-positive [P =0.01, OR = 3.24
(95% CI 1.27-8.23)] when covarying for age, sex, genetic
principal components and global amyloid burden. No allelic
differences in tau status were identified for IGF2BP3
rs1174024302 after accounting for global amyloid burden.

Overall, carriers of rs76752255-C were significantly
more impaired than non-carriers based on the Clinical
Dementia Rating scale (P <0.001) despite having no or
marginally significant differences in age, sex, education,
cerebrovascular disease risk and brain amyloid burden
(Supplementary Table 3). Carriers of rs117402302-A
similarly displayed greater impairment than non-carriers

on the Clinical Dementia Rating (P <0.001) and had
higher amyloid burden (P <0.001) but no differences in
age, sex, education or cerebrovascular disease risk. When
a stronger relatedness threshold was wused (PI_HAT
>0.125) resulting in removal of an additional subject
from analysis, the associations of PPP2R2B rs76752255
(P =101 x 107% B = 020) and IGF2BP3
rs117402302 (P =4.09 x 10°% B = 0.19) with higher
tau remained genome-wide significant with unchanged
beta weights, indicating no spurious effect from cryptic
relatedness in the primary sample.

Voxel-wise analyses find associations
of PPP2R2B rs76752255 and IGF2BP3
rsl 17402302 with higher tau-
positron emission tomography
burden

We performed whole-brain voxel-wise analyses to assess
the broader spatial distribution for the associations of the
two target SNPs with tau-positron emission tomography
burden. Compared to minor allele noncarriers, individuals
with either the PPP2R2B rs76752255-C or IGF2BP3
rs117402302-A alleles displayed higher tau on a voxel level
in an Alzheimer’s disease-pattern distribution, with predom-
inant clusters in the medial, lateral and inferior temporal
and posterior cingulate regions (Fig. 4 and Supplementary
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Figure 2 Regional manhattan plots for the GWAS of tau-positron emission tomography burden. All genotyped and imputed SNPs
within a 500 kb region surrounding PPP2R2B rs76752255 (A) and IGF2BP3 rs117402302 (B) are plotted based on their association P-values,
NCBI build 37 genomic position, and recombination rates calculated from the 1000 Genomes Project reference data. The colour scale of r?
values is used to label SNPs based on their degree of LD with the target SNP. Top SNP associations in the region are labelled. Genes in the region
are labelled below the plots, with arrows denoting 5'-to-3’ orientation. Plots were created using the LocusZoom software suite.
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Figure 3 Associations of PPP2R2B rs76752255 and IGF2BP3 rs117402302 with higher tau. Tau-positron emission tomography SUVR
data for a composite ‘meta’ ROl are shown in relation to PPP2R2B rs76752255 and IGF2BP3 rs| 17402302 genotype. (A) and (C) In the full study
sample, the rs76752255-TC and rs|17402302-GA genotypes were associated with higher tau-positron emission tomography burden. (B) and
(D) In post hoc stratified analyses, these alleles demonstrated the same direction of association (protective) for tau-positron emission
tomography burden regardless of amyloid status, though the magnitude of SUVR difference was relatively greater in amyloid-positive individuals
than in amyloid-negative individuals. One individual from the full study sample was not included in these analyses due to not having an available

amyloid-positron emission tomography scan.

Table 5). The results were unchanged when additionally
correcting for partial volume, and corresponding voxel-wise
grey matter analyses revealed no significant differences be-
tween minor allele carriers versus noncarriers for either
SNP, indicating that the tau associations were not driven
by partial volume effects related to neurodegeneration. For
comparison, voxel-wise analyses for APOE €4 showed
only modest focal medial temporal signal (Supplementary
Fig. 3), in contrast to the robust Alzheimer’s disease

pattern of association seen for the PPP2R2B and IGF2BP3
SNPs identified through GWAS.

Proxy analyses suggest that
PPP2R2B rs76752255 may tag a
nearby haplotype

Using regional imputed data to maximize genomic cover-
age, we screened for haplotypic multi-SNP combinations
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IGF2BP3 rs117402302: GA > GG
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Figure 4 Voxel-wise whole brain analyses of the associations of PPP2R2B rs76752255 and IGF2BP3 rs| 17402302 with higher
tau. Glass brain surface renderings from whole-brain voxel-wise analyses are displayed. Intensity scales are shown below, with brighter colours
on the primary red-orange-yellow scale indicating progressively stronger association signals, and with individual regions comprising the
composite ‘meta-ROI’ overlayed and denoted by distinct colour scales as labelled. Significant clusters of association are shown for PPP2R2B
rs76752255-C (left panel) and IGF2BP3 rs| 17402302 (right panel) with higher tau-positron emission tomography burden, with predominant
effects observed in the medial, lateral and inferior temporal and posterior cingulate regions.

that may tag the top association signals from the GWAS.
Within the region surrounding PPP2R2B rs76752255, des-
pite no single SNPs displaying substantial LD with
rs76752255, 6 haplotypes (combinations of 2-5 SNPs)
exhibited evidence for serving as proxies (#* > 0.8). Among
these, the haplotype consisting of 1rs77205756-T/
rs17105275-T displayed strong LD with rs76752255 and
association with the tau-positron emission tomography
phenotype at an even more robust significance level (P
=520 x 107!, ¥ = 0.83 with rs76752255, § = 0.17,
frequency = 1.7%), suggesting that the GWAS discovery in
PPP2R2B may be tagging a nearby haplotype. In contrast,
no haplotypes within the region of IGF2BP3 rs117402302/
rs138919567 were found to be proxies for these SNPs.

Discussion

To our knowledge, this study of a population-based sam-
ple of older adults represents the first reported GWAS of
tau-positron emission tomography burden. Using this ap-
proach, we discovered novel associations of PPP2R2B
and IGF2BP3 variants with higher tau deposition in
older adults. These findings advance extant knowledge
about the potential heritable factors associated with tau
pathology in older adults, and highlight the importance
of accounting for differential susceptibility and resistance
to tau deposition when considering risk of developing

Alzheimer’s disease dementia. Our data also support the
inference that the genetic and molecular underpinnings of
tau deposition in Alzheimer’s disease may be distinct
from established Alzheimer’s disease susceptibility genes,
arguing for a broadening of thought regarding models of
risk stratification and therapeutic targeting.

The influences on tau deposition in aging and neurode-
generative disease are presumed to be complex and multi-
factorial. f-amyloidosis is a risk factor for tau
accumulation within and outside of the medial temporal
lobe (He et al., 2018; Jack et al, 2018, 2019;
Pontecorvo et al., 2019; Ramanan et al, 2019).
However, a substantial proportion of older individuals
who are cognitively unimpaired harbor amyloid path-
ology (Sperling et al., 2013; Jansen et al., 2015; Petersen
et al., 2016), including some individuals who meet bio-
marker criteria for amyloid positivity but not for tau
positivity. These different biomarker profiles result in dif-
ferences in longitudinal clinical trajectories (Jack et al.,
2019). Given that cognitive decline in Alzheimer’s disease
is more closely related to tau accumulation than to amyl-
oid accumulation (Nelson et al., 2012; Ossenkoppele
et al., 2016; Bejanin et al., 2017), understanding why
certain individuals may have relatively more resistance
(avoidance) or resilience (coping) against tau deposition
may be crucial for improved risk stratification and thera-
peutic targeting in Alzheimer’s disease (Arenaza-Urquijo
and Vemuri, 2018).
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Our new findings support the concept that heritable
factors can influence susceptibility and resistance to tau
pathology. It is noteworthy that individuals with the
PPP2R2B susceptibility allele in this study displayed sig-
nificantly higher levels of tau and clinical impairment des-
pite having no or marginally significant differences with
their counterparts in age, sex, education, cerebrovascular
disease risk, APOE €4 status, and brain amyloid burden,
supporting the concept that tau-associated genetic vari-
ation may impact clinically-relevant Alzheimer’s disease
pathophysiology independently from other Alzheimer’s
disease dementia-associated risk factors. However, indi-
viduals with the IGF2BP3 susceptibility allele had higher
amyloid load compared to their counterparts even though
both groups had similar ages, suggesting that this allele
may impact multiple components of the Alzheimer’s dis-
ease biomarker cascade. The complementary voxel-wise
analyses also demonstrated that the whole-brain topog-
raphy of higher tau burden associated with the PPP2R2B
and IGF2BP3 variants was of a frank Alzheimer’s disease
pattern, and was not driven by isolated focal signal hot-
spots or partial volume effects related to neurodegenera-
tion. Collectively, these notions lend additional credence
to the theory that Alzheimer’s disease is etiologically
complex and that a combination of multiple genetic and
lifestyle/environmental factors can influence its key patho-
physiologic processes on an individualized basis (Reitz,
2016).

Plausible biological mechanisms can be inferred from
existing literature to account for these novel associations.
PPP2R2B is highly expressed in the brain (Uhlen et al.,
2015) and regulates the activity of the PP2A (protein
phosphatase 2A) family of enzymes, which serve as a
principal factor in controlling the phosphorylation status
of tau and whose inhibition or downregulation have been
shown to promote tau phosphorylation (Torrent and
Ferrer, 2012; Sontag and Sontag, 2014). Triplet expan-
sion in PPP2R2B causes spinocerebellar ataxia type 12
(Srivastava et al., 2017), but variation in this gene had
not previously been associated with Alzheimer’s disease
in humans. Based on an atlas of single cell gene expres-
sion from entorhinal cortex tissue samples (Grubman
et al, 2019), PPP2R2B has lower expression in
Alzheimer’s disease compared to controls in numerous
cell types, with the strongest association in oligodendro-
cytes (FDR-corrected P =8.92 x 10~'"'). This back-
ground supports the potential of genetic
variation in PPP2R2B for impacting neurodegenerative
processes and highlights the value of our GWAS discov-
ery in this region.

IGF2BP3 has well-known roles in a number of cancers
(Lederer et al., 2014), including as a glioblastoma marker
(Suvasini et al, 2011). An orthologue of IGF2BP3
(IGF2BP1, also known as IMP1) is known to bind the 3’
untranslated region of tau mRNA (Atlas et al., 2004).
More broadly, insulin and insulin-like growth factor
pathways represent targets of active interest in

relevance
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Alzheimer’s disease (Arvanitakis et al., 2020). This back-
drop includes Alzheimer’s disease model system data
which support a neuroprotective role for IGFs, and a hy-
pothesis that resistance to this signaling may lead to dis-
inhibition of pro-apoptotic and pro-inflammatory
pathways as well as tau phosphorylation related to phos-
phatidylinositol 3-kinase, protein kinase B (Akt) and
glycogen synthase kinase 3 pathways (Benarroch, 2012).
Nevertheless, the import of these potential mechanisms in
relation to tau in Alzheimer’s disease is still unclear, and
our findings suggest that additional study of the
IGF2BP3 locus may be warranted. More broadly, since
top association signals may not always be indicative of
the true causal genetic change and given that both coding
and non-coding variants can exert functional impacts at
distance (Kapranov et al., 2007; Consortium, 2012), our
findings argue for further study of the wider loci contain-
ing rs76752255 and rs117402302 to more precisely char-
acterize the functional architectures of these genomic
regions.

Nominal associations with tau burden were identified
for 3 SNPs within MAPT, including the haplotype-tag-
ging SNP rs1467967 which was previously associated
with brain MAPT expression (Allen et al., 2014) and lev-
els of cerebrospinal fluid tau (Babi¢ Leko et al., 2018).
Mutations in MAPT are well-known causes of certain
tau-related frontotemporal lobar degenerative and atypical
Parkinsonian syndromes (Rademakers et al., 2004;
Hoglinger et al., 2011; Strang et al., 2019), some of
which include tau pathology that can be effectively
assessed by AV-1451 tau-positron emission tomography
(Spina et al., 2017). Our data provide some additional
support for the association of MAPT genetic variation
with tau burden, and more broadly reinforces prior work
suggesting roles for MAPT in the pathophysiology of
Alzheimer’s disease and other tauopathies (Allen et al.,
2014; Desikan et al., 2015; Heckman et al., 2019).

There continues to be strong interest in whether a
mechanistic relationship exists between APOE and brain
parenchymal tau that is independent of amyloid, as has
been suggested by analyses of primary tauopathies and
selected studies using cellular and animal model systems
(Shi et al., 2017; Zhao et al., 2018; Wadhwani et al.,
2019). Human in wvivo imaging studies along the
Alzheimer’s disease spectrum have also assessed this issue,
which may be impacted by the population being analysed
(Ossenkoppele et al., 2016; Ramanan et al., 2019). The
findings from this study support the hypothesis that in
the general population of older adults, the association of
APOE with tau accumulation would appear to be amyl-
oid-dependent and at minimum may be substantially
weaker than its association with amyloidosis.

In addition, our study found no associations with tau-
positron emission tomography burden for other SNPs
previously associated with clinically defined probable
Alzheimer’s disease risk in large case—control studies.

Given that several of these genetic variants have
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displayed associations with amyloid-positron emission
tomography burden in prior studies (Ramanan et al.,
2014, 2015; Apostolova et al., 2018), our findings sug-
gest that the genetic background influencing tau path-
ology may meaningfully differ from the set of genes
typically proposed as top loci for Alzheimer’s disease clin-
ical diagnosis. This seeming dichotomy argues for a
broadening of thought about potential targets for risk
prediction and clinically meaningful interventions in
Alzheimer’s disease, with particular mind to the potential
value of multi-pronged therapy given that factors both
related and unrelated to amyloid are likely to influence
the disease.

This work has limitations. Although larger than many
of the published genome-wide studies of amyloid-positron
emission tomography and other Alzheimer’s disease endo-
phenotypes, our GWAS of tau-positron emission tomog-
raphy included a relatively modest sample size compared
to non-biomarker-based studies. As such, the novel asso-
ciations reported in this study warrant a degree of cau-
tion. In addition, given the novelty of this approach and
its setting consisting of a large, single-site, population-
based sample with tau-positron emission tomography, no
comparable replication cohort was available. As the first
study on a new imaging genetics dataset, we focused on
directly genotyped SNPs in the GWAS, which is an ad-
vantage relative to the robustness of our top findings.
However, follow-up studies utilizing genome-wide
imputed SNP data will provide higher density genomic
coverage and facilitate complementary  analytical
approaches. The relatively low MAFs and lack of minor
allele homozygotes for the top SNPs in our study also
limited evaluation for potential interactions with other
factors and precluded assessment for dosage effects of
these alleles. In addition, the cross-sectional design of our
study was not equipped to test whether longitudinal
imaging and clinical trajectories differ based on genotype
profiles. Although outside the scope of this study, which
focused on common genetic variation, genome sequencing
data would allow for association testing among rare var-
iants, such as the APOE Christchurch variant recently
proposed as protective even in the setting of the PSEN1
(presenilin 1) E280A mutation which causes autosomal
dominant Alzheimer’s disease (Arboleda-Velasquez et al.,
2019). Furthermore, the AV-1451 tracer measures
Alzheimer’s disease-type mixed 3R/4R tau deposits and
not isolated 3R or 4R tau aggregates, and the specificity
and sensitivity of AV-1451 to Alzheimer’s disease-related
tauopathy are not perfect. These features could have im-
port for interpretation of imaging genetics associations
using tau-positron emission tomography (Leuzy et al.,
2019).

Nevertheless, this study highlights the value of pairing
advanced molecular imaging with genetics to illuminate
potential mechanisms underlying Alzheimer’s disease
pathophysiologic features. In particular, the novel associa-
tions of PPP2R2B and IGF2BP3 with susceptibility to

V. K. Ramanan et al.

tau pathology warrant further investigation through val-
idation studies and functional characterization, and may
have significant implications for future risk counseling
and therapeutic development.
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