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Abstract

INTRODUCTION: Recent data suggest that distinct prion-like amyloid beta and tau
strains are associated with rapidly progressive Alzheimer's disease (rpAD). The role of
genetic factors in rpAD is largely unknown.

METHODS: Previously known AD risk loci were examined in rpAD cases. Genome-
wide association studies (GWAS) were performed to identify variants that influence
rpAD.

RESULTS: We identified 115 pathology-confirmed rpAD cases and 193 clinical rpAD
cases, 80% and 69% were of non-Hispanic European ancestry. Compared to the clinical
cohort, pathology-confirmed rpAD had higher frequencies of apolipoprotein E (APOE)
¢4 and rare missense variants in AD risk genes. A novel genome-wide significant locus
(P < 5x10-8) was observed for clinical rpAD on chromosome 21 (rs2832546); 102 loci
showed suggestive associations with pathology-confirmed rpAD (P < 1x10~>).
DISCUSSION: rpAD constitutes an extreme subtype of AD with distinct features.

GWAS found previously known and novel loci associated with rpAD.
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Highlights

1 | BACKGROUND

Alzheimer’s disease (AD) is the most common cause of dementia. Typ-
ically, AD is characterized by slowly progressive deficits in behavioral
and cognitive functions; however, there can be considerable varia-
tion in clinical phenotype and disease progression across the AD
population.m2 One extreme subtype of AD is rapidly progressive AD
(rpAD), which demonstrates a very rapid progression of dementia
and/or a shortened lifespan.2=® Currently, there is no consensus on
the definition of rpAD. In previous studies, the rapid progression was
either described by the rate of cognitive decline or by the length of
survival.””? Depending on which definition is used, ~ 10% to 30% of
AD cases are classified as rpAD.”

rpAD cases can often be identified through post mortem examina-
tions conducted at prion disease surveillance centers. Prion diseases
are caused by the accumulation of misfolded prion protein (PrP5¢) in
the brain.° The most common form of human prion disease is sporadic
Creutzfeldt-Jakob disease (sCJD). Typical clinical symptoms of sCJD
include rapidly progressive dementia, cerebellar ataxia, myoclonus,
and a short disease duration of 5 to 6 months.2>12 Given the partial
overlap in clinical presentation, the early distinction between rpAD
and prion disease can be challenging. Moreover, similarly elevated
cerebrospinal fluid (CSF) biomarkers of total tau and 14-3-3 proteins
occur in both disorders.?314 Due to the inconsistent definition of rpAD
and difficulties distinguishing it from other types of rapidly progres-
sive dementia,®>1¢ individuals with rpAD can be hard to identify for
clinical management and research studies.

Factors responsible for the heterogeneity in progression rate of AD
are poorly understood, and it is possible that different pathophysiol-
ogy, genetic background, medical and psychiatric comorbidity, or other
factors are involved. Recent data comparing the neuropathology of
typical AD (tAD; having a relatively slow progression) to rpAD found
no differentiating patterns in the morphology of neurofibrillary tan-
gles and amyloid plaques, nor their distribution in different anatomic
areas.* Emerging findings indicate that a unique molecular signature
involving the conformational characteristics and size distribution of
amyloid beta (AB), aggregates of misfolded 4R-Tau protein,*1”~22 and
their interactomes?324 might differentiate rpAD from tAD and suggest
prion-like propagation mechanism.

Although genetic variation has a significant impact on the risk
of developing AD, its role in rpAD has not been extensively exam-
ined. Genome-wide association studies (GWAS) of late-onset AD have
revealed at least 70 loci, among which apolipoprotein E (APOE) ¢4 is
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» Rapidly progressive Alzheimer’s disease (rpAD) was defined with different criteria.
* Whole genome sequencing identified rare missense variants in rpAD.
* Novel variants were identified for clinical rpAD on chromosome 21.

the dominating major risk factor.2>-27 Conversely, previous studies for
rpAD did not find convincing evidence of an effect of the APOE ¢4
allele on rapid disease progression.3->2827 Sherva et al.* conducted
a GWAS on the rate of cognitive decline in AD patients and found
several suggestive genes in neural development, apoptosis, memory,
and inflammatory pathways. However, this study was not designed to
compare rpAD to tAD. There is a lack of knowledge on genetic fac-
tors contributing specifically to rapid disease progression or different
formations of clinicopathological phenotypes in AD. Moreover, pre-
vious studies only relied on cognitive function or survival to define
rpAD; little is known about rpAD cases identified through pathologi-
cal evidence and whether they differ from clinically defined rpAD. By
analyzing data from the National Prion Disease Pathology Surveillance
Center (NPDPSC) and the National Alzheimer’s Coordinating Center
(NACC), we constructed two data sets of rpAD cases based on either
pathological findings or cognitive measurements. This gives us a unique
opportunity to gain a more comprehensive understanding of rpAD.
The primary goal of this study was to identify genetic variations that
contribute to the risk for rpAD. By comparing rpAD cases to individ-
uals with tAD and to individuals with normal cognition, our findings
demonstrate genetic variants and genes associated with different AD
phenotypes.

2 | METHODS

2.1 | Study population
2.1.1 | NPDPSC pathology-confirmed rpAD
(NPDPSC rpAD)

The pathologically confirmed rpAD data set was identified from indi-
viduals examined at NPDPSC at Case Western Reserve University
from 2009 to 2017. The inclusion and exclusion criteria for NPDPSC
rpAD have been previously described.* Briefly, all cases were referred
with rapidly progressive dementia resembling prion disease; neu-
ropathology examinations, immunohistochemistry, molecular typing of
the PrPS¢ protein, sequencing of the prion protein gene (PRNP), and
medical records review to rule out sporadic and familial prion diseases,
other dementias, and neurologic comorbidities were performed. After
carefully assessing the decline in cognitive testing and duration, indi-
viduals with neuropathology and immunohistochemistry evidence of
unequivocal classification as sporadic AD using the National Institute
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RESEARCH IN CONTEXT

1. Systematic review: The authors conducted a literature
review using PubMed. Although genetics play an impor-
tant role in Alzheimer’s disease (AD), the genetic factors
that affect AD progression have not been extensively
studied. Relevant publications are cited properly.

2. Interpretation: The authors found no strong effect of
apolipoprotein E (APOE) ¢4 on rapidly progressive AD
(rpAD). Individuals with pathology-confirmed rpAD had a
higher frequency of rare missense variants in known AD
risk genes than the general population. Most importantly,
this study revealed novel genetic variants associated with
clinical rpAD on chromosome 21. These findings may
inform the design of future studies that seek to identify
genetic factors and treatments for rpAD.

3. Futuredirections: A larger sample size of rpAD is needed
to validate and expand the findings in this study. Future
research is necessary to determine the regulatory func-
tions of the identified loci on chromosome 21.

on Aging-Alzheimer’s Association (NIA-AA) criteria®! were included in

the analysis.

2.1.2 | NACC clinical rpAD (NACC rpAD)

The data from participants enrolled in Alzheimer’s Disease Research
Centers is deposited into the NACC database. Data from 2005 to 2021
were screened for clinically defined rpAD. We analyzed the longitudi-
nal Uniform Data Set (UDS) data3232 to identify eligible NACC rpAD
cases by diagnosis and cognitive measurements at each visit. The crite-
ria for NACC rpAD include: (1) carrying a diagnosis of AD at baseline
or incident AD at a follow-up visit according to the NIA-AA criteria;3!
(2) rapid decline in cognitive function, defined by a decrease in Mini-

5,34

Mental State Examination (MMSE) > 6 points per year and/or an

increase in Clinical Dementia Rating (CDR) global score from <0.5-2 or
35 (

3 within 3 years;>> (3) for deceased individuals, survival since the onset

of symptoms < 3 years.”

2.1.3 | NACC tAD and normal controls

We formed two groups of individuals as controls from those who
contributed more than five visits to NACC. Individuals were classified
as having tAD if they presented with: (1) a diagnosis of AD at baseline
or incident AD on follow-up visits; (2) a slow decline in cognitive
function, characterized by a drop of MMSE score < 6 points per year
and/or CDR global score < 2; (3) more than 5 years of disease duration

since the onset of symptoms for individuals who were deceased. The

group of normal controls consisted of individuals who did not receive
any dementia-related diagnosis and had relatively intact cognitive
function throughout NACC visits (MMSE > 24 and/or CDR global
rating <0.5).

If available in NACC, additional information from the Neuropathol-
ogy Data Set was also reviewed. Among a small subset of NACC rpAD
(n=35) and NACC tAD (n = 142) individuals who went to the autopsy;,
97.7% of them (34 NACC rpAD and 139 NACC tAD) had neuropatho-
logical changes of AD determined by the AB deposition, neurofibrillary
tangles, and neuritic plaques.3¢ The four individuals with inconsistent

neuropathology were dropped from the analysis.

2.2 | Genotyping, sequencing, and quality control

DNA was extracted from the frozen brain tissue of pathology-
confirmed AD cases from the NPDPSC. Whole genome sequencing
(WGS) was performed on the lllumina platform, using the Isaac

alignment®’

and Strelka variant caller for single nucleotide variants
and small indels.®® For NACC samples, DNA was extracted from
blood or saliva for WGS. Sequencing data were obtained from the
Alzheimer’s Disease Sequencing Project (ADSP) and followed the
ADSP workflow.3? In brief, WGS data were processed using the single
nucleotide polymorphism (SNP)/indel variant calling pipeline and data
management tool (VCPA),*? then followed ADSP quality control (QC)
to generate project-level VCF files.*?

Before merging, samples and sequencing data from NPDPSC and
NACC underwent independent downstream QC, and a second round
of QC was performed on the combined data. Using PLINK 1.9, only
biallelic variants were retained for QC, including steps to filter samples
and SNPs based on sex discrepancy, genotyping rate, heterozygosity
rate, sample relatedness, minor allele frequency (MAF), and Hardy-
Weinberg equilibrium (Figure S1A in supporting information). In the
NPDPSC rpAD data set, 114 samples and 6,298,451 variants passed
initial QC, while in the NACC cohort, 2901 samples and 4,807,186
variants passed QC. After the second round of QC on the merged
data, a total of 4,466,093 variants and 2964 samples were kept for
GWAS analyses, including 114 NPDPSC rpAD cases, 2162 NACC
normal controls, 507 NACC tAD cases, and 181 NACC rpAD cases
(Figure S1B). The samples that passed QC were from individuals with
a diverse race/ethnicity background, including those reported to have
a non-Hispanic European (n = 2149), African American (n = 788),
Asian (n = 4), American Indian/Alaska Native (n = 3), and other (n = 3)
ancestry. When the frequency of genetic variants differs among
subpopulations, combining individuals with different ancestries may
lead to spurious associations. However, our sample size was too small
for ancestry-specific GWAS, so principal component analysis (PCA)
was used to account for population stratification. We performed
linkage disequilibrium (LD) pruning to generate a set of independent
genetic variants with an LD threshold of r2 < 0.2 for PCA. Pruned SNPs
were used to create principal components (PCs). We generated the
scree plot and examined the elbow point of the curve, where the slope

begins to level off, to determine the optimum number of PCs for GWAS
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Data Source Diagnosis ) . L
Analysis Individuals for association tests
Number (cases vs. controls)
NPDPSC I I Pathology confirmed rpAD l — Analysis 1 NPDPSC pathology confirmed rpAD vs. NACC normal controls
P
Analysis 2 NPDPSC pathology confirmed rpAD vs. NACC typical AD
® Analysis 3 NPDPSC pathology confirmed rpAD vs. NACC clinical rpAD
l Normal controls ‘ —
® | ® Analysis 4 NACC typical rpAD vs. NACC normal controls
NACC ' I Typical AD ‘ — ®
e 6 Analysis 5 NACC clinical rpAD vs. NACC normal controls
l Clinical rpAD | ——
Analysis 6 NACC clinical rpAD vs. NACC typical AD

FIGURE 1 Ascertainment of AD subtypes and analysis workflow for genetic association tests. AD, Alzheimer’s disease; NACC, National
Alzheimer’s Coordinating Center; NPDPSC, National Prion Disease Pathology Surveillance Center; rpAD, rapidly progressive Alzheimer’s disease

analyses. We calculated the cumulative sum of the variance to check if
the PCs retained explained the majority of the variation.

2.3 | Statistical analysis

In the comparison of demographic and clinical features between differ-
ent groups, P values were calculated by the Kruskal-Wallis or Fisher
exact test. Spaghetti plots were used to visualize the individual trajec-
tory of cognitive function measured by MMSE and CDR Sum of Boxes

scores. The non-genetic analyses were conducted in R (version 4.1.2).

2.3.1 | Examination of known AD risk genes

We performed a thorough examination of rare variants (MAF < 0.01)
within the region of known early-onset AD risk genes, including Pre-
senilin 1 (PSEN1), Presenilin 2 (PSEN2), and amyloid precursor protein
(APP). The frequency of rare variants in our samples was compared
to the population frequency published in the Genome Aggregation
Database (gnomAD),*2 1000 Genomes Project,*®> and Trans-Omics
for Precision Medicine (TOPMed)** database. Additionally, we deter-
mined the APOE ¢2/¢3/¢4 polymorphisms by two SNPs at rs429358
and rs7412, yielding six genotypes (c2/¢2, £2/¢3, €2/¢4,£3/¢3, €3/¢4, and
€4/¢4).*> The APOE genotypes from WGS data were cross-checked with
genotypes reported from the source data.

2.3.2 | Association tests

Individuals included in the GWAS were those aged 60 to 90 years
old, based on age at visit for NACC normal controls and age of onset
for individuals with an AD diagnosis in NPDPSC and NACC. Figure 1
shows the workflow to ascertain different AD subtypes and individuals
in each association test. Analyses 1 through 3 compared pathology-
confirmed rpAD in NPDPSC to normal controls, typical AD, or clinical
rpAD in NACC. Analyses 4 through 6 were pairwise comparisons

between normal controls, typical AD, and clinical rpAD in the NACC

database. The goal of the GWAS was to identify genetic variants that
influence pathology-confirmed or clinical rpAD compared to controls.
For each case in the association test, we randomly selected three
age- and sex-matched controls. Given that the NACC normal and tAD
groups had enough individuals for matching, we used different ran-
dom seeds in R to generate three sets of normal and tAD individuals
as controls to ensure the consistency of GWAS results. For Analyses
1 and 2 and 4 through 6, we conducted GWAS using logistic regres-
sion models, adjusting for the first three PCs. In Analysis 3, due to
insufficient clinical rpAD cases in NACC, we compared the NPDPSC
rpAD to NACC rpAD in a logistic regression model adjusting for age,
sex, and the first three PCs. Genetic variants were considered genome-
wide suggestive with a P value < 1 x 10~° and genome-wide significant
with a P value < 5x 1078, Quantile-quantile (Q-Q) plots were used
to compare the genome-wide distribution of the test statistic to the
expected null distribution. Lambda (1), defined as the median of the
resulting chi-squared test statistics divided by the expected median
of the chi-squared distribution, was calculated to estimate inflation in
each GWAS. Association tests were performed in PLINK 1.9.

2.3.3 | Post-GWAS analysis

By searching the online Genotype-Tissue Expression (GTEx) project*®
database, we investigated the regulatory potential for the most signif-
icant SNPs from the association tests to see whether they represent
expression/splicing quantitative trait loci (€QTLs/sQTLs). While GTEx
provides data on gene expression in 54 tissues, we emphasized genes
expressed in the brain.

To summarize, for SNP associations at the gene level, we conducted
gene-based analyses using the Multimarker Analysis of GenoMic
Annotation (MAGMA, v.1.08) tool in FUMA, accounting for the num-
ber of variants and LD between them.*”8 The LD between SNPs was
estimated with the European reference panel in 1000 Genomes phase
3. Positional mapping was used to map SNPs to genes based on their
physical location, with 10 kb windows as the default. MAGMA runs an
SNP-wise model to obtain gene-based P values. The significance level

was corrected by the Bonferroni method.
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TABLE 1 Demographic and clinical characteristics.
NPDPSC NACC
Pathology-confirmed Normal
rpAD controls tAD Clinical rpAD
n=115 n=2213 n=>525 n=193 P
Male (%) 57 (49.6) 700(31.6) 234 (44.6) 79 (40.9) <0.001
Race (%) <0.001*
Non-Hispanic European 92 (80.0) 1522 (68.8) 412 (78.5) 133 (69.3)
African American 2(1.7) 686 (31.0) 112(21.3) 52(27.1)
Asian 0(0.0) 2(0.1) 1(0.2) 6(3.1)
American Indian/Alaska Native 0(0.0) 3(0.1) 0(0.0) 0(0.0)
Other 2(1.7) 0(0.0) 0(0.0) 1(0.5)
Unknown 17 (14.8) 0(0.0) 0(0.0) 0(0.0)
Hispanic (%) 2(1.7) 24(1.1) 9(1.7) 5(2.6) 0.159*
Years of education, mean (SD) - 15.8(3.0) 15.4(3.0) 14.5 (3.4) <0.001
Age of onset, mean (SD)
Not deceased - - 73.7(11.1) 69.3(11.6) <0.001
Deceased 71.0(10.8) - 76.9(8.8) 80.7 (11.6) <0.001
Age at death, mean (SD) 72.4(10.1) 84.3(7.4) 87.5(8.3) 83.2(11.4) <0.001
Survival in years, median [IQR]** 0.6[0.17-1.4] - 10.0[8.0-13.0] 3.0[2.0-3.0] <0.001

Abbreviations: IQR, interquartile range; NACC, National Alzheimer’s Coordinating Center; NPDPSC, National Prion Disease Pathology Surveillance Center;
rpAD, rapidly progressive Alzheimer’s disease; SD, standard deviation; tAD, typical Alzheimer’s disease.

*P value was obtained from the Fishes exact test.

**In NACC, survival was defined as the disease duration from the onset of symptoms until death.

3 | RESULTS

3.1 | Demographics and clinical features

We identified 115 pathology-confirmed cases of rpAD in NPDPSC. Of
the 2931 subjects in NACC with WGS data available, 2213 individuals
had normal cognition, 525 had tAD, and 193 had clinical rpAD (Table 1).
In the NPDPSC data set, most subjects were female with reported
non-Hispanic European (NHE) ancestry. There was more diversity in
race/ethnicity among NACC individuals; ~ 70.5% had an NHE ances-
try, and 25.6% reported African American ancestry. Only 1.3% of all
individuals reported being Hispanic. NPDPSC rpAD cases had a con-
siderably younger age of onset (71.0 + 10.8, P < 0.001) and age at
death (72.4 + 10.1, P < 0.001), as well as the shortest median sur-
vival of 0.6 years (interquartile range: 0.17-1.4, P < 0.001) than the
deceased individuals with tAD or clinical rpAD in NACC. Compared
to NACC normal controls, NACC rpAD cases had significantly lower
education (14.5 + 3.4, P < 0.001). The average age of onset was 69.3
among non-deceased NACC rpAD cases and 80.7 among deceased
NACC rpAD cases. Among the deceased individuals in NACC, clinical
rpAD had a significantly younger age at death (83.2 + 11.4) compared
to tAD (87.5 + 8.2, P = 0.004) and a shorter median survival of 3 years
than tAD (P < 0.05). While examining the progression of cognitive mea-
sures in NACC, the MMSE score among clinical rpAD cases decreased

by 3.37 + 2.71 points/year, faster than the annual rate of decline in

tAD (0.77 + 0.94) and normal controls (0.03 + 0.57). Meanwhile, clini-
cal rpAD cases had an increase of 2.44 + 1.51 points/year in the CDR
Sum of Boxes scores, higher than the annual rate of increase in tAD
(1.02 + 0.70) and normal controls (0.00 + 0.08). The pattern of changes

in cognitive functions between NACC groups is shown in Figure 2.

3.2 | APOE status and rare variants

In the NPDPSC rpAD data set, the allele frequency of APOE ¢2 was
4.8%, €3 was 63.0%, and €4 was 32.2%. Among clinical rpAD cases in
NACC, the frequency of €2, €3, and €4 was 2.1%, 73.0%, and 24.9%,
respectively. Table S1 in supporting information displays a detailed
breakdown of APOE allele frequencies and genotypes by diagnostic and
ancestry group.

From the NPDPSC and NACC rpAD WGS data, we identified two
rare missense variants (rs63750082 and rs17125721) in the PSEN1
gene, one rare missense variant (rs140501902) in the PSEN2 gene, and
two rare missense variants (rs202074408 and rs202198008) in the
APP gene (Table 2). Within the NPDPSC rpAD cohort, 11 people car-
ried a rare missense variant in PSEN1 (n = 9) or APP (n = 2). Across
all three NACC diagnostic groups, a total of 117 individuals carried a
rare missense variant, mostly in the PSEN1 gene (n = 88), followed by
PSEN2 (n = 16), then APP (n = 13). Compared to the publicly avail-
able MAF, the MAF of these rare variants was often increased in the
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FIGURE 2 The progression of cognitive function for NACC individuals. Longitudinal changes of MMSE and CDR Sum of Boxes scores are
colored in yellow for individuals with normal cognition, blue for tAD, and purple for rpAD cases. CDR-SB, Clinical Dementia Rating Sum of Boxes
scores; MMSE, Mini-Mental State Examination; NACC, National Alzheimer’s Coordinating Center; rpAD, rapidly progressive Alzheimer’s disease;

tAD, typical Alzheimer’s disease

TABLE 2 Rare missense variants in PSEN1, PSEN2, and APP gene.

PSEN1
Variant rs63750082 rs17125721
chr14:73192712:G>C chr14:73206470:A> G
p.G206A p.E318G
Number of carriers, n (MAF)
NPDPSC pathology 2 (0.01304) 7(0.03043)
confirmed rpAD
Total in NACC 3(0.00051) 85(0.01450)
NACC clinical rpAD 2 (0.00045) 6(0.00136)
NACC tAD 1(0.00259) 14 (0.03627)
NACC normal 0(0) 65(0.06190)
controls
Population MAF*
0.00012 0.01497

PSEN2
rs140501902
chrl:226883774:C>T

APP
rs202074408 rs202198008
chr21:26000152:G > A chr21:26021879: T> A

p.R71W - -

0(0) 1(0.00434) 1(0.00434)
16 (0.00273) 0(0) 13(0.00221)
2(0.00045) 0(0) 0(0)
2(0.00518) 0(0) 2(0.00518)
12(0.01143) 0(0) 11(0.01143)
0.00349 0.00001 0.00176

Abbreviations: APP, amyloid precursor protein; MAF, minor allele frequency; NACC, National Alzheimer’s Coordinating Center; NPDPSC, National Prion
Disease Pathology Surveillance Center; PSEN1, presenilin 1; PSEN2, presenilin 2; rpAD, rapidly progressive Alzheimer’s disease; tAD, typical Alzheimer’s

disease.

*Population MAF was obtained from the GnomAD database, 1000 Genomes Project, or TOPMed database.

NPDPSC rpAD. Carriers with NPDPSC rpAD generally had an earlier
age of onset and age at death compared to NACC rpAD (Table S2 in

supporting information).

3.3 | Association tests

Of the 2964 samples that passed two rounds of QC, we selected those
from subjects aged 60 to 90 for association testing, which included
96 NPDPSC pathology-confirmed rpAD cases, 2122 individuals with
normal cognition, 452 tAD individuals, and 142 clinical rpAD cases in
NACC. Using a 1:3 case-control ratio for matching, we selected three

sets of controls to compare to NPDPSC rpAD or NACC rpAD. The exact
number of individuals in each comparison group is shown in Table S3in
supporting information.

No SNPs demonstrated genome-wide significant associations with
NPDPSC pathology-confirmed rpAD compared to individuals with nor-
mal cognition in NACC (Analysis 1, Figure 3A). From regression models
using three different sets of normal controls, we found 51 genome-
wide suggestive loci with P < 1 x 107> (Table S4.1 in supporting
information). Among these, five SNPs were repeatedly observed in two
comparison groups, three on chromosome 19 overlapping with the
APOE (rs429358) and AC011481.3 (rs483082 and rs438811) genes,
and two on chromosome 1 close to the High Mobility Group Box 1
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(A) NPDPSC pathology confirmed rpAD vs. NACC normal controls (Analysis 1)
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(B) NPDPSC pathology confirmed rpAD vs. NACC typical AD (Analysis 2)
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FIGURE 3 Manhattan plots of genome-wide association tests comparing NPDPSC pathology-confirmed rpAD cases to NACC diagnostic
groups. NACC, National Alzheimer’s Coordinating Center; NPDPSC, National Prion Disease Pathology Surveillance Center; rpAD, rapidly

progressive Alzheimer’s disease

Pseudogene 26 (HMGB1P26) and Long Intergenic Non-Protein Coding
RNA 1682 (LINCO1682) genes (rs36017930 and rs67678913). In the
comparisons between NPDPSC rpAD and NACC tAD (Analysis 2), 47
SNPs showed genome-wide suggestive associations (Figure 3B). Four
of these SNPs (rs7116599, rs7129262, rs4753706, and rs10831453)

were identified using two different sets of tAD individuals as con-

trols and are located near the Myotubularin Related Protein 2 (MTMR2)
and AP000870.1 genes on chromosome 11 (Table S4.2). Because there
were only 142 individuals with clinical rpAD in NACC, we applied a
logistic regression model adjusting for age, sex, and the first three
PCs (Analysis 3). Five SNPs showed genome-wide suggestive associa-
tion with NPDPSC rpAD (Figure 3C), including rs6506688 overlapping
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with the RAB31 gene on chromosome 18, and four SNPs (rs874828,
rs13056658,rs13054402, and rs13056139) on chromosome 22 over-
lapping with the Cadherin EGF LAG Seven-Pass G-Type Receptor 1
(CELSR1) gene (Table S4.3). Although P values for these loci in Analy-
ses 1 through 3 are only suggestive across all three sets of controls,
the effect sizes trended in the same direction. In these seven associ-
ation tests comparing NPDPSC rpAD to NACC diagnostic groups, the
genomic inflation factor A ranged between 0.99 and 1.01 (Figure S2).
We conducted sensitivity analyses with both six PCs and eight PCs to
assess the robustness of the results. The main findings from Analyses 1
through 3 remained unchanged.

We also conducted GWAS analyses using just the NACC subjects.
Comparing individuals with tAD to those with normal cognition (Anal-
ysis 4), rs429358 in the APOE gene showed a genome-wide significant
association with NACC tAD across all three sets of normal controls
(Figure 4A). Meanwhile, three SNPs (rs7670598, rs13161859, and
rs7338612 on chromosomes 4, 5, and 13, respectively) consistently
showed suggestive associations with NACC tAD, and 37 more sug-
gestive SNPs were observed in at least one GWAS model (Table S5.1
in supporting information). In the comparisons between clinical rpAD
and normal controls in NACC (Analysis 5), rs2832546 on chromo-
some 21 had a genome-wide significant association with NACC clinical
rpAD (Figure 4B), along with a set of suggestive loci (n = 81) on the
same chromosome that associated with the increased risk for NACC
clinical rpAD (Table S5.2). This SNP remained significant while com-
paring NACC rpAD to NACC tAD (Analysis 6, Figure 4C). Additionally,
on chromosome 21, we observed 6 genome-wide significant loci and
94 suggestive loci for NACC rpAD across all GWAS analyses using
different sets of tAD individuals as controls (Table S5.3). In the asso-
ciation tests comparing the NACC diagnostic groups, A ranged from
0.99 to 1.01 (Figure S3 in supporting information). Sensitivity analy-
ses with six PCs in Analyses 4 through 6 found consistent results. The
most significant SNP on chromosome 21, rs2832546, is 52 kbp down-
stream of the long intergenic non-coding RNA gene AF096876.1 and
~ 97.7 kbp upstream of the Glutamate lonotropic Receptor Kainate Type
Subunit 1 (GRIK1) gene (Table S5.2-55.3). From a further examination
of the region containing rs2832546, variants in the region are in high
LD (r2 > 0.8) with each other and can be mapped to the AF165147.1
gene (Figure 5). No significant eQTLs or sQTLs were found in the GTEx
database for rs2832546.

3.4 | Gene-based analysis

We performed a gene-based analysis using the GWAS statistics derived
from comparing clinical rpAD to tAD in NACC, as the lead SNP demon-
strated the most significant association with NACC clinical rpAD in this
comparison group. Because MAGMA can adjust for LD between SNPs,
all variants included in the GWAS were used in the gene-based analy-
sis; 4,466,093 post-QC variants were mapped to 8919 protein-coding
genes. The Eyes Shut Homolog (EYS), Zinc Finger Matrin-Type 4 (ZMAT4),
and Tenascin N (TNN) genes were significantly associated with NACC
clinical rpAD with Bonferroni-adjusted P < 5.61E-6 (Figure 6).
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4 | DISCUSSION

There has been an enormous interest in understanding the heteroge-
nous clinical phenotypes and disease progression in AD. Emerging evi-
dence suggests that different populations of amyloid and tau deposits
may explain some of the variability in disease state.*?>° We focused on
an extreme subgroup of AD that experienced a rapid disease progres-
sion and/or short survival. The overarching goal was to decipher the
genetic architecture of rpAD and identify genetic variation that might
contribute to its pathophysiology.

Clinically, rpAD exhibits distinct features compared to tAD. In most
cases of late onset AD, progression is gradual and slow. Individuals
> age 65 have an average survival of 4 to 8 years after diagnosis,
while some live up to 20 years.’! We defined pathology-confirmed
rpAD in NPDPSC and clinical rpAD in NACC as having significantly
shorter median survival, with 0.6 years in NPDPSC rpAD and 3 years
in the NACC rpAD. This definition aligns with the median survival of
10 months observed in 96 rpAD cases collected independently at prion
centers in Spain, France, Germany, and Japan.®2%52 Meanwhile, both
NPDPSC and NACC rpAD cases present with noticeably younger age
of onset and earlier age at death than individuals with tAD (Table 1).
These findings support the argument that rpAD is a distinct subtype
of AD. Finally, the different conformers (strains) of AB and misfolded
tau protein interacting with distinct sets of proteins in rpAD suggest
involvement of variable genetic factors.*17-21.23.24

To understand the effect of genetic factors on rpAD, we first exam-
ined the APOE status in our study. In an AD population with NHE
ancestry, the allele frequency of APOE ¢4 was ~ 40%.> We observed
lower APOE ¢4 NHE allele frequencies (33.2% in NPDPSC rpAD and
19.5% in NACC rpAD). Previous studies of pathology-confirmed rpAD
cases reported NHE APOE ¢4 allele frequencies ranging from 22.2%
to 38%.327°% The role of APOE in predicting the rate of disease pro-
gression is an ongoing debate as Cosentino et al.>> found individuals
with mild AD declined rapidly if APOE ¢4 was present, whereas others
observed aweak to no effect of APOE €4 on rpAD.282? These conflicting
results suggest there might be other genetic factors influencing rapid
disease progression in AD.

Overall, we found five rare missense coding variants in known
AD risk genes with a higher frequency in NPDPSC rpAD cases
than observed in the general population. The G206A mutation
(rs63750082) in PSEN1 was found in two NPDPSC rpAD cases, two
NACC rpAD cases, and one NACC tAD. The G206A mutation is a
pathogenic variant®® and associated with variable age at onset.”’ One
of the NPDPSC rpAD cases was a homozygous carrier of G206A with a
-reported Hispanic ethnicity. This person had an early onset at 42 and a
duration of < 1 year. The other rare coding variant in PSEN1, E318G
(rs17125721), is associated with high levels of total tau, phosphory-
lated tau, and a faster cognitive decline under the influence of APOE
€4.°87 There is not yet strong evidence for the pathogenicity of the
rare variants in PSEN2 and APP.

Because rpAD was ascertained using different criteria in the
NPDPSC and NACC cohorts, we performed independent GWAS analy-

sis of these rpAD cases and found several genes potentially influencing
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FIGURE 4 Manhattan plots of genome-wide association tests comparing NACC diagnostic groups. rpAD, rapidly progressive Alzheimer
disease; NACC, National Alzheimer’s Coordinating Center.

pathology-confirmed or clinical rpAD. This study highlights genome-
wide significant GWAS findings on chromosome 21 comparing clinical
rpAD to tAD or normal controls in NACC (Analyses 5 and 6, Figure 4B,
C). The most significant SNP, rs2832546, is an intergenic variant close

to the protein-coding gene GRIK1. GRIK1 encodes the kainate family

of glutamate receptors that function as a ligand-gated ion channel.
The downregulation of GRIK1 is consistent with the hypothesis
that excess AB may eventually suppress long-term potentiation in
AD.?0 152832546 can be mapped to the IncRNA gene AF165147.1

on the regional plot (Figure 5). Because IncRNAs can exhibit a wide
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progressive Alzheimer’s disease; TNN, Tenascin N; ZMAT4, Zinc Finger Matrin-Type 4

range of regulatory functions, SNPs within IncRNA-containing loci
might interfere with their biological function and contribute to AD
pathology.6! Unfortunately, no significant eQTLs or sQTLs were found
for this SNP in the GTEx database, and there is a lack of information in
public databases about the corresponding IncRNA and its expression
pattern.

Due to discordant patterns of LD, GWAS at the SNP level may pro-
duce less consistent results in diverse populations.®? In our GWAS
analysis, PCs adjusted for population stratification; however, there
could be a residual impact of different MAFs and LD patterns across
populations. An alternative would be to perform ancestry-specific
analyses; however, our limited sample sizes make that untenable.
Compared to single SNP association tests, gene-based analysis is
advantageous because genes are more robust across populations, and
it provides greater power by evaluating the aggregated effect of multi-
ple SNPs than that of individual SNPs. Gene-based analyses identified
three genes that were significantly associated with NACC rpAD. No
previous studies have linked EYS or TNN to rpAD. The product of EYS

is expressed in the photoreceptor layer of the retina, and mutation in
EYS is a major cause of recessive retinitis pigmentosa.®®> Meanwhile,
TNN encodes the gene that plays a major role in developing skeletal and
cardiac muscles. ZMAT4 is involved in myopia development. Steffens
et al.?* reported a synonymous SNP (rs17851751) in ZMAT4 asso-
ciated with cognitive decline in late-life depression. Although the P
value in the gene-based analysis for the GABBR2 gene is slightly
below the statistical significance threshold, GABBR2 encodes the pri-
mary inhibitory neurotransmitter in the human brain. Rare variants in
GABBR2 might affect synaptic functioning,®® and the downregulation
of GABA receptors is associated with AD by potentially disrupting the
excitation/inhibition balance.®®

A few limitations should be noted in this work. The relevant clinical
data in NPDPSC were very limited so we could not determine whether
environmental or social conditions might influence the differences in
clinical characteristics (Table 1). Although NACC is designed to collect
longitudinal clinical measurements, the quality of some variables, such
as age of onset, may suffer from recall bias and inaccurate self-report.
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Bias may also exist in NACC data due to the loss of follow-up for unclear
reasons.

We used different criteria to define rpAD in two national cohorts,
which allowed a larger sample size and a unique opportunity to assess
rpAD defined pathologically versus clinically. However, NPDPSC pri-
marily enrolls decreased individuals with a rapid progression of demen-
tia and NACC encourages collecting longitudinal data, but neither
cohort represents the complete rpAD population. rpAD in these two
cohorts may represent biologically different AD mechanisms. Using
conformation-sensitive immunoassays and fluorescent ligands, our
earlier findings indicate a major conformational diversity of A342 accu-
mulating in the neocortex, and at least three distinctly misfolded 4R Tau
conformers associated with pathology-confirmed rpAD in NPDPSC
cohorts.#17:19-21 Additionally, we observed a higher APOE ¢4 allele
frequency in NPDPSC pathology-confirmed rpAD cases, which might
contribute to different biological mechanisms.

Last, compared to genetic studies of typical AD, the sample size of
rpAD is small for GWAS and thus will have limited power. For example,
while comparing NPDPSC rpAD to NACC normal controls (Analysis
1), rs429358 in APOE was suggestively significant (highest odds ratio
[OR] = 2.68, P = 4.9 x 107%). In a meta-analysis, the OR for AD in indi-
viduals carrying one APOE ¢4 allele is 3.68 (95% confidence interval:
3.30-4.11).67 With the weaker effect size of 2.68 that we found, a min-
imum of 250 NPDPSC rpAD cases would be needed for this variant
to be genome-wide significant. If limited to our current sample size,
rs429358 would need at least an OR of 5 to reach genome-wide signif-
icance. We tried to minimize this concern by using a case-control ratio
of 1:3 for each association test, but a larger sample size is needed to
validate our findings.

Despite these issues, our findings are interesting for several
reasons. First, the WGS data empowered the identification of rare
missense variants that were not detected by the genotyping array. The
presence of rare missense variants may play a role in the variability
of the age of onset and survival in rpAD. The significance of the top
SNPs identified in each GWAS was commensurate with a consistent
trend of effect sizes and directions across different case-control sets.
The genome-wide significant SNPs on chromosome 21 were novel
variants associated with clinical rpAD in NACC. Future investiga-
tions are needed to understand the regulatory functions of these
SNPs.

In conclusion, rpAD cases from two different cohorts were iden-
tified to understand an enduring puzzle of heterogenous disease
progression in AD. Our analyses confirmed that rpAD is a distinct sub-
type of AD phenotypically and has started to shed light on possible
genetic risks associated with variable rates of progression in AD.
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