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Abstract 

Cerebral amyloid angiopathy (CAA) contributes to accelerated cognitive decline in Alzheimer’s disease (AD) dementia 
and is a common finding at autopsy. The APOEε4 allele and male sex have previously been reported to associate with 
increased CAA in AD. To inform biomarker and therapeutic target discovery, we aimed to identify additional genetic 
risk factors and biological pathways involved in this vascular component of AD etiology. We present a genome-wide 
association study of CAA pathology in AD cases and report sex- and APOE-stratified assessment of this phenotype. 
Genome-wide genotypes were collected from 853 neuropathology-confirmed AD cases scored for CAA across 
five brain regions, and imputed to the Haplotype Reference Consortium panel. Key variables and genome-wide 
genotypes were tested for association with CAA in all individuals and in sex and APOEε4 stratified subsets. Pathway 
enrichment was run for each of the genetic analyses. Implicated loci were further investigated for functional conse‑
quences using brain transcriptome data from 1,186 samples representing seven brain regions profiled as part of the 
AMP-AD consortium. We confirmed association of male sex, AD neuropathology and APOEε4 with increased CAA, and 
identified a novel locus, LINC-PINT, associated with lower CAA amongst APOEε4-negative individuals (rs10234094-C, 
beta = −3.70 [95% CI −0.49—−0.24]; p = 1.63E-08). Transcriptome profiling revealed higher LINC-PINT expression lev‑
els in AD cases, and association of rs10234094-C with altered LINC-PINT splicing. Pathway analysis indicates variation 
in genes involved in neuronal health and function are linked to CAA in AD patients. Further studies in additional and 
diverse cohorts are needed to assess broader translation of our findings.
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Introduction
Alzheimer’s disease (AD), the most common form of 
dementia affecting the elderly, is definitively diagnosed 
at autopsy by the presence of both extracellular amyloid 

plaques (NP) and intracellular neurofibrillary tangles 
(NFT). Amyloid beta peptide (Aβ), the primary con-
stituent of amyloid plaques, can also be found deposited 
in the brain cerebrovasculature, referred to as cerebral 
amyloid angiopathy (CAA). The majority of AD cases 
exhibit some degree of CAA, which impairs blood vessel 
integrity and leads to more rapid cognitive decline [10, 
18]. AD neuropathologic change (ADNC), male sex and 
the APOEε4 AD risk allele are associated with increased 
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CAA at autopsy [12, 44]. Identifying additional genetic 
risk factors for CAA, in AD, can nominate genes and 
pathways underlying this aspect of the disease, providing 
key insights for biomarker discovery and development of 
targeted therapies.

Genetic association studies have implicated a role for 
some known AD risk loci in CAA [8, 29, 59]. A genome-
wide association study (GWAS) identified significant 
association at the APOE locus [7], and pleiotropy analy-
sis with ADNC (NP and NFT) nominated novel loci [14]. 
This prior work focused on combined assessment of 
both AD cases and controls, and a dichotomous or ordi-
nal CAA phenotype. Given that CAA is associated with 
ADNC, it is feasible that the risk profile for CAA in AD 
cases may differ from that in controls; however, with the 
exception of APOEε4 [44], the impact of genetic variants 
on CAA in AD specifically is currently unknown. Fur-
thermore, GWAS for Alzheimer’s disease and AD neu-
ropathology have identified sex and genotype-specific 
genetic risk factors [17, 22, 49]. We hypothesize that 
similar genetic analysis for CAA in the context of the 
major risk factors of sex and APOEε4 may likewise lead 
to novel insights. Moreover, enrichment strategies lev-
eraging the full spectrum of genome-wide association 
results can identify biological pathways that may play a 
role in disease regardless of whether individual variants 
achieve genome-wide significance (GWS); however these 
approaches have not yet been reported for CAA GWAS. 
In summary, the genetic architecture underlying risk for 
CAA in AD cases, and in the context of sex and APOEε4 
genotype, is yet to be established.

In this study we aimed to capture the genetic landscape 
of CAA susceptibility in neuropathologically defined 
AD cases, characterize sex and APOEε4 context-specific 
genetic associations, and identify biological pathways 
involved in the disease. Importantly we focused on AD 
cases only and leveraged a continuous CAA phenotype. 
The functional significance of implicated variants was 
explored using brain transcriptomic data.

Materials and methods
Post‑mortem series
The Mayo Clinic Brain Bank was queried to identify 
participants with available tissue samples that met neu-
ropathological criteria for Alzheimer’s disease (NINCDS-
ADRDA [31]), with a Braak stage ≥ four, scored for CAA 
pathology, and an age at death of greater than 55 years. 
The study size was maximized to include all available 
samples that met these criteria (MC-CAA dataset). To 
assess key findings in the absence of significant ADNC, 
the Mayo Clinic Brain Bank was also queried to identify 
participants that were scored for CAA but did not meet 
criteria for a diagnosis of AD (non-AD dataset). Due to 

availability, only individuals recorded as North American 
Caucasian were included. This study was approved by the 
appropriate Mayo Clinic Institutional Review Board.

Neuropathology
CAA severity was scored using Thioflavin-S staining 
across five brain regions (inferior parietal cortex, mid-
dle frontal cortex, motor cortex, superior temporal cor-
tex and visual cortex). Semi-quantitative scores were 
assigned for each of the regions defined as; zero = no 
amyloid positive vessels; 0.5 = scattered amyloid depo-
sition only in leptomeninges; one = scattered amyloid 
deposition in both leptomeningeal and cortical vessels; 
two = strong circumferential amyloid deposition in mul-
tiple cortical and leptomeningeal vessels; three = wide-
spread strong amyloid deposition in leptomeningeal and 
cortical vessels; four = same as score three plus extrava-
sation of amyloid deposition accompanied by dyshoric 
amyloid. Notably only eleven individuals had a score of 
four in any one brain region. Scores were averaged and 
square root transformed (sqrtCAA) in order to meet the 
assumptions of parametric statistical tests. Thal phase 
[52] and Braak stage [11] were likewise collected using 
established approaches, as previously described [34, 
35]. To reduce the number of variables, the distribu-
tion of CAA scores across Thal phases and Braak stages 
were evaluated and categories combined when not vari-
able (Table  S1). Furthermore, Braak stage was provided 
with intermediate levels and redefined as follows: zero (0 
&0.5), one (1 &1.5), two (2 & 2.5), three (3 & 3.5), four (4 
& 4.5), five (5 & 5.5) or six (6).

MC‑CAA genetic data
Genomic DNA was isolated from brain tissue of 853 AD 
cases using the AutoGen245T instrument (AutoGen) 
according to manufacturer’s protocols, incubated with 
two µl (4 mg/ml) RNAseA solution (Qiagen) and stored 
at −80 degrees Celsius prior to transfer to the Mayo 
Clinic Genome Analysis Core (GAC) in Rochester MN, 
for genotyping. Genome-wide genotypes (GWG) were 
generated for study participants in two batches (Addi-
tional file  1: Table  S1), batch A (N = 477) and batch B 
(N = 376), using the Infinium Omni2.5 Exome8 v1.3 (A) 
or v1.4 (B) array. Genotypes were exported to a comma-
separated final report file using Illumina’s GenomeStu-
dio software v1.9.4 and v2.0.3, respectively. Final report 
files were converted to PLINK (v1.9) [13, 38] formatted 
lgen, fam, and map files using in-house scripts. Follow-
ing quality control (Additional file  1: Figures  S1-S2) 32 
samples were removed resulting in a total of 821 samples 
for analysis. Data was imputed to the haplotype reference 
consortium (HRC) panel [28] (Additional file  1: Figure 
S1); variants with in imputation R2 ≥ 0.7 and a MAF ≥ 2% 
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were retained resulting in 1,282,922 genotyped variants 
and 5,441,346 imputed variants. PLINK [13] was used to 
generate minor allele frequency and Hardy–Weinberg 
p-value annotation for all reported variants [57]. Where 
applicable, imputed dosages were converted to hard calls 
with uncertainty > 0.1 set to missing.

AMP‑AD brain transcriptome datasets
Brain transcriptome datasets on the AD Knowledge Por-
tal (Additional file 1: Table S2) were utilized for functional 
annotations. For gene and exon QTL analysis (statistical 
analysis) independently processed gene and exon counts, 
and accompanying whole-genome sequencing (WGS) 
genotypes from the Mayo RNASeq dataset [1, 2] were 
utilized. The Mayo RNAseq dataset comprises transcrip-
tome measures from temporal cortex (TCX) and cerebel-
lum (CER); RNA isolation, data collection, sequencing 
alignment, counting and QC has been described in detail 
elsewhere [1, 2]. Gene counts were normalized using 
conditional quantile normalization (CQN) [20], RPKM 
exon counts ((10^9 × exon counts) / (total mapped reads 
x length of exon)), mapped to ensembl GRCh37/hg19 
assembly, were transformed by log2 (1 + RPKM). Whole-
genome sequencing (WGS) data was collected from indi-
viduals who passed prior QC, and was likewise shared on 
the AD Knowledge Portal along with detailed methods 
(Additional file 1: Table S2). Independent processing and 
QC of WGS data is outlined in additional file 1: Figure S3. 
Genotypes were extracted from VCF files using PLINK 
[13]. Selected variants were annotated using online data-
bases [9, 40].

For transcriptome profiling analysis, consensus repro-
cessed counts from the Mayo RNASeq and two addi-
tional brain transcriptome datasets; the Religious Orders 
Study and Rush Memory Aging Project (ROSMAP) [16, 
33], and the Mount Sinai Brain Bank (MSBB) study [56] 
were collectively assessed (Additional file  1: Figure S4). 
To reduce between-study variability, the AMP-AD con-
sortium reprocessed the raw format RNASeq data from 
these three studies through a consensus alignment, 
counting and quality control pipeline, as detailed on the 
AD Knowledge Portal (https://​adkno​wledg​eport​al.​synap​
se.​org/, Synapse ID: syn17010685) and elsewhere [55]. 
Gene counts and metadata for all three studies were 
downloaded from the AD Knowledge Portal (Additional 
file 1: Table S2), and underwent subsequent quality con-
trol (Additional file 1: Table S3), and CQN normalization. 
Neuropathological information provided in the available 
metadata files was used to assign individuals as AD, con-
trol, or other (Additional file 1: Table S3); only AD cases 
or controls were utilized for transcriptome profiling 
analysis.

Statistical analysis
In the MC-CAA dataset, to assess for any genotyping 
batch effects, key variables were tested for their asso-
ciation with genotyping batch using the Wilcoxon rank 
sum test (sqrtCAA), linear regression (age at death), or 
chi-square test (Sex, APOEε4 dose, Thal phase, and Braak 
stage) Additional file 1: Table S1 & Figures S5-S10. These 
same variables were tested for association with sqrtCAA 
in a multivariable linear regression model in the full data-
set, and in subsets based on sex (Male-only, Female-only) 
or APOEε4 genotype (“APOEε4-neg” = APOEε22, ε23, or 
ε33; “APOEε4-pos” = APOEε24, ε34, or ε44) where sex or 
APOE were excluded from the model respectively. These 
analyses were carried out using R statistical software ver-
sion 3.6.2.

For the genome-wide association study (GWAS), vari-
ant dosages were tested for association with sqrtCAA 
using linear regression in PLINK (v2.00a2LM) [13, 38], as 
an additive model adjusting for age, sex, batch, the first 
three principal components (PCs) accounting for popu-
lation substructure, Thal phase and Braak stage. Models 
were also run without Thal phase and Braak stage, and 
both with and without APOEε2 and ε4 alleles, for com-
parison. Sex (male-only or female-only), and APOEε4 
(APOEε4-pos, or APOEε4-neg) stratified analysis were 
likewise performed, adjusting for the same covariates, 
excluding sex as appropriate. Sex and APOEε4 interac-
tion models were run in R (v3.5.2) by including an inter-
action term (SNP*Sex, or SNP*APOEε4) in the regression 
model. Key variants were tested for association with dys-
horic CAA by creating a binary variable where individu-
als with an average CAA score of 0.5–3 were grouped 
together and compared to those with a score of 4, using 
logistic regression run in R.

For all analysis p-values are reported. To determine 
genome-wide significance we applied a p-value thresh-
old of 2.97E-08 which applies a Bonferroni adjustment 
for 1,679,420 SNPs that remained after filtering on an r2 
of 0.8 [19] Further adjustments for analyses of subsets of 
the dataset were not applied. Association results of vari-
ants with a dbSNP reference SNP identifier, v142 from 
GWAS and interaction analyses were tested for enrich-
ment of gene sets in the Gene Ontology [4, 53] database 
using GSA-SNP2 [36] software with selected options of 
European, padding of 20  kb, build GRCh37 (hg19), and 
pathway size window of 10–200.

WGS genotypes at the LINC-PINT locus were assessed 
for MAF and linkage disequilibrium (LD) with the index 
SNP using PLINK [13]. SNPs were tested for association 
with CQN gene expression levels (eQTL) using a linear 
mixed model implemented with the lme4 package [6] in 
R statistical software version 3.5.2. CQN expression value 
was the dependent variable, variant dosage (0, 1 or 2) was 
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the independent variable. Similarly, for exon QTL (splic-
ing QTL = sQTL), the variant genotypes were tested for 
association with the normalized log2FPKM exon expres-
sion values. All QTL models were adjusted for diagnosis, 
sex, age at death, RIN, tissue source, flowcell and the first 
three principle components, with flowcell being the ran-
dom effects variable. Denominator degrees of freedom 
for test statistic was obtained using Kenward-Roger [23] 
restricted maximum likelihood approximation in the 
lmerTest package [25] in R.

LINC-PINT expression levels were assessed for dif-
ferential expression between AD cases and controls, 
and for association with the expressed transcriptome in 
the reprocessed AMP-AD datasets using linear regres-
sion implemented in R statistical software version 3.5.2. 
Normalized LINC-PINT expression measures were the 
dependent variable, and either diagnosis or normalized 
gene expression levels were the independent variable; all 
analyses were adjusted for age at death, sex, RNA integ-
rity number (RIN), and sequencing batch. In compliance 
with HIPAA, samples with age over 90 were censored 
and coded as “90” in all datasets for the purpose of analy-
sis. Gene sets were tested for enrichment of gene ontol-
ogy (GO) terms using the “anRichment” R package with 
p-values computed via the hypergeometric test. Tests 
for enrichment of cell type marker genes were carried 
out using Fisher’s exact test and previously defined cell 
type marker genes [2, 61]. False-discovery rate adjusted 
(Benjamini-Hochberg) q-values were calculated using R, 
as appropriate.

REVIGO [50] was used to organize significant GO 
terms from GSA-SNP2 and “anRichment” outputs based 
on similarity, and to generate summary figures using the 
“treemap” package implemented in R statistical software 
version v3.6.2. REVIGO settings used were “medium 
(0.7)” for allowed similarity, “Homo Sapiens” (Gene 
Ontology Jan 2017) as the database and “SimRel for the 
semantic similarity measure.

RNAscope
To further validate and visualize the RNAseq expres-
sion measures for LINC-PINT we performed RNAscope 
using cerebellum tissue from 8 AD cases that were part 
of the Mayo RNAseq study and identified as having high 
or low LINC-PINT expression. Single nuclei suspen-
sions were collected from human cerebellum following 
an established approach [39]. Nuclei were then stained 
with anti-HNA (ab216943) antibodies and sorted using 
FANS (BD FACSAria™ II Cell Sorter) to increase purity. 
Sorted nuclei were seeded to PLL-coated 8-well chamber 
slides and fixed with 4% PFA for 60 min at room temper-
ature. An RNA probe that targets the LINC-PINT tran-
script was utilized in RNAscope® Fluorescent Multiplex 

(ACDBiotech—477,631) assay according to manufac-
turer’s instructions. DAPI was used to mark and visual-
ize the cerebellar nuclei and five images per condition 
were captured via 63X objective of Confocal Laser Scan-
ning Microscope (Zeiss). Images were processed via ZEN 
Black software (Zeiss). Cell Profiler pipeline was estab-
lished to relate and assign the dots to respective nuclei; 
the pipeline was applied to each image. LINC-PINT 
intensity per image was calculated according to scoring 
criteria developed by manufacturer and an H-score was 
assigned to each image. Mann–Whitney test was used 
to assess the statistical significance of the variation in 
H-score.

non‑AD dataset
The Mayo Clinic Brain Bank was queried to identify addi-
tional participants scored for CAA pathology, and an age 
at death of greater than 55 years, without a pathological 
diagnosis of Alzheimer’s disease (non-AD). Amongst 
these participants, 265 were identified with existing avail-
able genotypes from a prior GWAS [21], 100 with exist-
ing whole genome sequence genotypes (Mayo RNAseq, 
genetic data, Table  S2), and 217 with available DNA 
for genotyping, resulting in a sample size of 582 non-
AD individuals. Taqman genotyping assays (Thermo 
Fisher Scientific, USA) were not available for the index 
variant, rs10234094, so we elected to investigate a SNP, 
rs1588770, that is in strong linkage disequilibrium 
(r2 = 1, D’ = 1, in the AD dataset) and had an available 
assay. Genotypes for rs1588770 were extracted from the 
prior GWAS and WGS study data for 365 participants. 
For the remaining 217 individuals, DNA was genotyped 
on 384 well plates according to manufacturer’s directions 
using the QuantStudio 7 Flex system (Thermo Fisher Sci-
entific, USA). Similarly genotypes for the APOE tagging 
variants rs429358 and rs7412 were extracted from exist-
ing GWAS or WGS data, or from an in-house database 
based on prior Taqman genotyping. Variant rs1588770 
(dominant model) was tested for association with sqrt-
CAA in the APOEε4 defined subsets (Table  S1) using 
multi-variable linear regression, with Age at death, 
Sex, Braak stage and Thal phase included as covariates. 
APOEε4 status ( ±) was similarly tested for association 
with sqrtCAA in the overall non-AD dataset. AD diagno-
sis was tested for association with sqrt CAA adjusting for 
Age, Sex, APOEε2 and APOEε4. All statistical analyses 
for the non-AD dataset were performed using R statisti-
cal software v4.0.2.

Data sharing
The data in this manuscript are available via the AD 
Knowledge Portal (https://​adkno​wledg​eport​al.​synap​se.​
org). The AD Knowledge Portal is a platform for accessing 
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data, analyses and tools generated by the Accelerating 
Medicines Partnership (AMP-AD) Target Discovery Pro-
gram and other National Institute on Aging (NIA)-sup-
ported programs to enable open- science practices and 
accelerate translational learning. The data, analyses and 
tools are shared early in the research cycle without a pub-
lication embargo on secondary use. Data is available for 
general research use according to the following require-
ments for data access and data attribution (https://​adkno​
wledg​eport​al.​synap​se.​org/​DataA​ccess/​Instr​uctio​ns). 
For access to content described in this manuscript see 
https://​doi.​org/​10.​7303/​syn22​228853.

Results
Cerebral amyloid angiopathy associates with sex, APOEε4 
and AD neuropathology
A total of 821 neuropathologically confirmed AD cases 
from the Mayo Clinic Brain bank that were scored for 
CAA and passed genetic data quality control (Additional 
file 1: Figure S1) were included in this study. Participants 
had a mean age at death of 80.1 years. There are slightly 
more females than males, and a range of ADNC (Braak 
stage and Thal phase) is represented (Table 1, Additional 
file 1: Table S1). We confirmed that increased CAA lev-
els associated (p < 1E-02) with the known risk factors of 
male sex, APOEε4 and ADNC (Additional file 1: Table S4 
& Figures  S5-S8). Stratification based on sex revealed 
that APOEε4 dose is similarly associated with CAA in 
both males and females. Thal phase and Braak stage are 
associated with higher CAA in the APOEε4 negative 
and positive subsets, respectively (Additional file 1: Fig-
ures S9-S10). These results suggest that the contribution 
of known risk factors to CAA may vary depending on the 
APOE genotype.

In AD patients, variants at the APOE locus represent 
the strongest genetic risk factor for CAA​
To identify genetic risk factors for CAA we performed 
a genome-wide association study. Analysis models were 
run with and without adjustment for AD neuropathol-
ogy (Thal phase and Braak stage), and APOEε2 and 
APOEε4 alleles. There was no evidence of genomic infla-
tion (λ < 1.010) and the results from the tested models 
are highly similar (Additional file 1; Figures S11-S12). We 
focused on AD neuropathology adjusted models without 
APOE as our primary analysis, but provide results for 
the other models where appropriate. CAA was most sig-
nificantly associated with rs5117 (beta = 0.18, p = 9.42E-
18), located in an intron of APOC1 (Additional file  1: 
Table S5 & Figures S13-S14). This SNP is in linkage dis-
equilibrium (r2 = 0.89, D’ = 0.98) with rs429358 which 
tags the APOEε4 allele. Rs5117 is no longer significant 
following adjustment for APOEε2 and ε4 alleles, but the 

most significant variant (rs35136575) in this model is 
also at the APOE locus. Rs35136575 has similar asso-
ciation results with CAA in both APOEε2/ε4 adjusted 
and unadjusted models, beta = 0.13, p = 3.24E-07; 
beta = 0.13, p = 8.61E-07, respectively (Additional file  1: 
Table S5 & Figure S15). This variant is not in LD with the 
APOEε4 allele tagging variant rs429358 in our dataset 
(r2 = 0.00032, D’ = 0.03) indicating that it represents an 
association signal independent of APOE at this locus. The 
APOEε4 allele has been implicated in capillary CAA [5, 
41, 51]. In support of this we found significant associa-
tion of the tagging variant rs429358 with a CAA score of 
4 when compared to a score of 0.5–3 (p = 5.8E-03). How-
ever, this variant was also associated with CAA when 
individuals with a score of 4 were removed (p = 3.90e-14), 
indicating that the APOEe4 allele confers risk for CAA 
both in the presence and absence of dyshoric pathol-
ogy in our dataset of AD cases, although its effect may 
be stronger in the former. Outside of chr19q13, no addi-
tional variants reach genome-wide significance (GWS), 
although 28 variants at 13 loci have p-values of < 1E-05 
(Additional file 1 Table S6). The results for these variants 
are largely consistent regardless of the model considered.

Gene-set enrichment analysis for results from the pri-
mary model identified 43 significant (q < 0.05) gene ontol-
ogy biological processes (GO-BP) that broadly organize 
into seven groups (Additional file  1: Figure S16). The 
most significant terms in each group include regulation 
of axonogenesis, positive regulation of excitatory post-
synaptic potential, xenobiotic catabolism, social behavior, 
guanosine-containing compound metabolism, response 
to ischemia, and synaptic vesicle localization (Addi-
tional file 1: Table S7). Many of these GO terms remain 
significant when using results adjusted for APOEε4 and 
ε2 alleles, indicating that the implicated pathways likely 
reflect genetic contributions to CAA etiology independ-
ent of APOE (Additional file 1: Figure S17).

Variants at the LINC‑PINT locus are associated 
with CAA in AD patients who lack the APOEε4 risk 
allele
To identify genetic risk factors for CAA that may differ 
based on the biological context, we performed genome-
wide association analysis in sex- or APOEε4-stratified 
datasets. We also completed SNP-interaction analyses 
with these variables. Variants in LD with the APOEε4 
tagging variant rs429358 represent the most significant 
locus when males and females were assessed separately 
(Additional file 1: Figures S18-S19). In the sex interaction 
analysis no variants reached GWS (p < 2.9E-08), although 
a total of 115 variants at 15 loci had a p-value < 1E-05 
(Additional file 1: Table S8 & Figure S20).

https://adknowledgeportal.synapse.org/DataAccess/Instructions
https://adknowledgeportal.synapse.org/DataAccess/Instructions
https://doi.org/10.7303/syn22228853
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Variants at the APOE locus were the most significant 
genetic risk factor for CAA in the APOEε4pos subset. 
However, in the APOEε4 negative (APOEε4neg) subset 
we identified a genome-wide significant (GWS) asso-
ciation for variant rs10234094, located in an intron of 
LINC-PINT on chromosome 7. The minor allele of this 
variant is associated with lower CAA (beta =  −  0.37, 
p = 1.63E-08, Fig. 1a, Table2). Rs10234094 was also the 
lead SNP in the APOEε4 interaction analysis, (Addi-
tional file 1: Table S9 & Figure S21). The association of 
the LINC-PINT index variant with CAA remained sig-
nificant in the analysis that utilized hard calls, instead 
of imputed dosages, and under a dominant model 
(Fig.  1b). The association was also consistent across 
the two genotyping batches (Additional file  1: Figure 
S22). Exclusion of individuals with the highest score of 
CAA (four) in any one brain region did not substan-
tially impact the result (p = 5.25E-08). These findings 
indicate that the rs10234094-C allele affords protec-
tion from a higher burden of CAA pathology in AD 
cases in the absence of APOEε4 and is unlikely to be 
driven by the presence of dyshoric CAA. This protec-
tive effect is negated by the strong risk of the APOEε4 
allele. Indeed, a single copy of the APOEε4 allele is 
sufficient to neutralize the benefit of rs10234094-C 
(Additional file 1: Figures S23-S24).

Gene-set enrichment analysis for the APOEε4 and 
sex—interaction results indicates the presence of addi-
tional genetic changes in specific pathways that may 
drive context disparate vulnerability to CAA amongst 
AD cases. These include cell migration in sprout-
ing angiogenesis, neuromuscular process and T cell 
costimulation (Additional file  1: Table  S7 & Figure 
S25).

CAA risk factors in the absence of ADNC
To determine the association of CAA risk factors 
in the absence of substantial ADNC we evaluated a 
group of 582 non-AD individuals from the Mayo Clinic 
Brain Bank, with available CAA scores. We observed 
a significant increase in CAA with APOEε4 positiv-
ity (p = 1.0E-07) amongst these participants, and these 
non-AD cases had significantly lower CAA than AD 
cases (p = 1.74E-65). To evaluate the LINC-PINT locus 
we identified a variant, rs1588770, in strong LD (r2 = 1, 
D’ = 1) with the index variant. This variant was not 
associated with CAA in either of the APOEε4 subsets 
(Figure S26). These results confirm that ADNC and 
APOEε4 are risk factors for vascular amyloid, and indi-
cate that in the absence of ADNC the LINC-PINT vari-
ant does not afford significant protection regardless of 
APOEε4 genotype.

LINC‑PINT exon splicing is associated with the CAA 
GWAS index variant
To fine-map the LINC-PINT locus and explore the puta-
tive functional consequences of the lead variant, we 
used our existing data from a complementary study with 
available whole genome sequence (WGS) and RNASeq 
brain expression data from two brain regions (temporal 
cortex = TCX and cerebellum = CER; Additional file  1: 
Table  S10). This dataset enables evaluation of a greater 
breadth of genetic variation at this locus, and assessment 
for association with gene expression measures collected 
from brain tissue. We identified 4,678 bi-allelic variants in 
the WGS data proximal (± 1 Mb) to the lead CAA GWAS 
variant, rs10234094, with a MAF ≥ 2%, of which nine 
met linkage disequilibrium (LD) thresholds of D’ ≥ 0.8 
and r2 ≥ 0.2. These ten variants are located within a 
17 kb window, in an intron of LINC-PINT (Fig. 2a). We 
hypothesized that these variants might influence brain 
gene expression of LINC-PINT or other proximal genes. 
Analysis of the nine genes in-cis with the lead SNP 
(± 1  MB) did not identify any eQTL that remained sig-
nificant after Bonferroni adjustment for the number of 
tests. (Additional file  1: Table  S11). LINC-PINT has 23 
ensembl [60] defined exons (13 non-overlapping), some 
of which are alternatively spliced (Fig.  2a). Assessment 
of measured exon levels in TCX and CER revealed sig-
nificantly higher levels of exon 4 (ENSE00001802751) in 
ensembl transcript 001 (ENST00000451786.1) associated 
with rs10234094-C, that remained significant after Bon-
ferroni adjustment for 23 tests (Fig. 2b). Results from the 
GTEx portal (https://​www.​gtexp​ortal.​org/​home/) pro-
vides strong independent support of these LINC-PINT 
splicing association results with rs10234094-C in brain 
tissue (Fig. 2c). No other LINC-PINT splicing events were 
associated with this variant in brain tissue [15] in GTEx 
or our dataset.

Brain expression profiling of LINC‑PINT reveals 
upregulation in AD and uncovers associated biological 
pathways
Increased brain expression of LINC-PINT has been pre-
viously reported for individuals with various neuropatho-
logical diseases, including AD [45]; given that ADNC is 
a risk factor for CAA, we decided to explore this further. 
We assessed levels of LINC-PINT, a non-coding RNA 
(ncRNA), for differential expression between neuro-
pathological AD cases and controls across seven brain 
regions in a total of 1,186 samples from 800 individuals 
profiled as part of the AMP-AD consortium (Additional 
file  1: Table  S12) [1, 16, 27, 56]. LINC-PINT expression 
was significantly higher in AD cases than controls in six 
of the brain regions, with a consistent direction of change 
across all seven (Table 3). This was further supported by 

https://www.gtexportal.org/home/
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Fig. 1  A variant at the LINC-PINT locus is associated with lower CAA levels in AD cases without the APOEε4 risk allele. A. Miami plot illustrating 
results of genome-wide association study conducted in APOEε4 non-carriers (ε4-neg, upper panel) and carriers (ε4-pos, lower panel) separately. B. 
Locus Zoom plot [37] showing association of variants at the LINC-PINT locus with CAA in the ε4-neg group. The most significant variant (rs10234094, 
Chr7: 130,961,759) is indicated in purple, with 500 kb flanking region 5’ and 3’ of this variant included in the plot. The association p-value is shown 
on the Y-axis and linear position on the chromosome on the X axis. Each point on the plot represents one variant; the colors of the points indicate 
the linkage disequilibrium (r2) value with the index variant (rs10234094). C. Boxplot illustrating distribution of sqrtCAA score (Y-axis) across 817 AD 
cases with respect to APOEε4 carrier status and rs10234094 genotype under a dominant model (CT + CC vs TT). β = regression coefficient beta, 
p = p-value
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RNAscope visualization of LINC-PINT expression in fro-
zen cerebellum nuclei, from 4 cases with low and 4 cases 
with high expression based on prior RNAseq (Additional 
file 1: Figure S27).

We hypothesized that LINC-PINT levels may play a 
regulatory role and tested its levels for correlations with 
the expressed transcriptome across all AMP-AD data-
sets. There were 1,104 LINC-PINT correlated genes with 

a false-discovery rate (FDR) adjusted q-value < 0.05 in 
all seven brain regions. Of these, 95% were consistent in 
their direction of correlation. There were 494 genes with 
consistent positive (up regulated) and 558 with consist-
ent negative correlations (downregulated) with brain 
LINC-PINT levels. Figure 3a depicts the top 10 correlated 
genes, in the largest dataset, ROSMAP DLPFC (N = 455), 
with consistent LINC-PINT correlations across all seven 
brain regions. LINC-PINT correlated genes were largely 
protein coding (86% of downregulated and 73% of upreg-
ulated genes); although other gene biotypes were also 
present (Fig.  3b). The sets of consistently up and down 
regulated genes were not enriched for cell-type specific 
marker genes [2, 61] indicating that these correlations 
are unlikely to reflect tissue co-expression due to pre-
dominant representation in a common cell type (data 
not shown). LINC-PINT correlated protein coding genes 
were evaluated for enrichment of gene ontology (GO) 
terms [4, 53]. This revealed biological pathways involved 
in metabolism, carbohydrate biosynthesis, ribosome 
biogenesis and chaperone-mediated protein transport 
enriched for downregulated genes (Fig.  3c, Additional 
file  1: Figure S28). Chromosome organization, cellular 
response to heat, cell cycle, protein folding and metabo-
lism related terms are enriched for upregulated genes 

Fig. 2  LINC-PINT variant rs10234094 is associated with alternative splicing of exon-001.4. A. LINC-PINT gene structure based on Ensembl 
[60] genome build GRCh37/hg19 (release 75)26, illustrates alternatively spliced exons, resulting transcripts, and Ensembl regulatory build 
annotation. Lead SNP, rs10234094, is indicated in red; the region identified to harbor SNPs in LD with the lead SNP is indicated in orange; 
Exon-001.4 (ENSE00001802751) and Exon-001.5 (ENSE00001786709) are indicated in blue. B normalized read counts that map to Exon-001.4 
(ENSE00001802751) from RNAseq measures in temporal cortex (TCX) and cerebellum (CER) brain tissue are shown with respect to rs10234094 
genotypes. C Normalized intron excision ratios for the intron between Exon-001.4 and Exon-001.5 from GTEx RNAseq data in Brain Frontal Cortex 
and Brain Cortex samples are shown with respect to rs10234094 genotypes, adapted from the GTEx online resource [15]. GTEx resource is based 
on genome build GRCh38/hg38 where co-ordinates for the intron between Exon-001.4 and Exon-001.5 are 130,984,109 to 131,002,197, which 
correspond to 130,686,955 to 130,668,869 for build GRCh37/hg19

Table 3  LINC-PINT (ENSG00000231721) has higher tissue level 
expression in neuropathologically defined AD cases than in 
controls

Differential expression assessed in seven datasets representing six brain 
regions. ROS = Religious Orders Study, MAP = Memory and Aging Project, 
MSBB = Mount Sinai Brain bank. CER = Cerebellum, TCX = Temporal Cortex, 
DLPFC = dorsolateral prefrontal cortex, BM = Brodmann area. se = standard error

Dataset Brain region N BETA (95%CI) p-value

ROSMAP DLPFC 475 0.09 (0.04—0.13) 2.91E-04

Mayo Clinic CER 144 0.36 (0.20—0.52) 1.90E-05

Mayo Clinic TCX 148 0.01 (-0.07—0.10) 7.95E-01

MSBB BM10 124 0.15 (0.01—0.29) 3.26E-02

MSBB BM22 103 0.24 (0.02—0.45) 3.07E-02

MSBB BM36 86 0.20 (0.04—0.37) 1.45E-02

MSBB BM44 106 0.29 (0.10—0.48) 3.03E-03
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(Fig.  3c, Additional file  1: Figure S29). Many of the sig-
nificant GO terms are enriched for both up and down 
regulated genes indicating these pathways may be par-
ticularly relevant to the brain expression and function of 
LINC-PINT.

Discussion
We report the first genome-wide association study 
of quantitative CAA neuropathology in AD cases 
exclusively, and assessment of sex and APOEε4 spe-
cific effects. Genome-wide significant association was 

identified at a novel locus, LINC-PINT—rs10234094, 
with lower CAA in APOEε4 negative AD cases. Analysis 
of the brain transcriptome indicates that this intronic 
variant likely functions through altered splicing of 
a LINC-PINT exon. Further examination identified 
higher overall LINC-PINT levels in neuropathologic 
AD cases, and a set of 1,052 genes that show reproduc-
ible co-expression with LINC-PINT across seven brain 
regions. Pathway enrichment analysis implicates a role 
for LINC-PINT in protein folding and various meta-
bolic processes in the brain.

Fig. 3  1,052 genes consistently associated with LINC-PINT expression across seven brain regions are enriched in gene ontology biological 
pathways. A Ten genes with the greatest degree of brain level correlations (beta) with LINC-PINT expression, either negatively (blue) or positively 
(red), in the largest dataset (ROSMAP) were selected. These genes have significant (q < 0.05) LINC-PINT level correlations across all datasets. The 
regression coefficient is shown in a heatmap for all seven brain regions; ROSMAP = religious order study (ROS) and memory and aging project 
(MAP); DLPFC = dorsolateral prefrontal cortex; CER = Cerebellum; TCX = Temporal Cortex; MSBB = Mount Sinai Brain Bank; BM = Brodmann area. 
B. Distribution of gene biotypes that are consistently negatively (blue) or positively (red) associated with LINC-PINT identifies a greater proportion 
of protein coding genes in the negatively associated gene set. Protein coding genes are expected to be over-represented overall due to three of 
the brain regions (DLPFC, TCX, CER) utilizing a poly-A selection library preparation approach. C. The five most significant (q < 0.05) gene ontology 
biological processes enriched for genes that are consistently negatively (blue) or positively (red) associated with LINC-PINT across seven brain 
regions. Biological process term is on the Y axis and the –log10 p-value for enrichment is on the X axis
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LINC-PINT, located on chromosome 7q32.3, is a long 
non-coding RNA (lncRNA) that is regulated by p53 and 
implicated as a tumor suppressor in multiple forms of 
cancer, likely functioning via interaction with the Poly-
comb Repressive Complex 2 (PRC2) [30]. The GTEx 
resource [15] demonstrates LINC-PINT is expressed in 
multiple tissues and across multiple brain regions. Data 
from sorted populations of cells indicate that in the brain 
LINC-PINT has the highest expression in neuronal [45, 
48] and microglial [61] cells; notably two cell types invari-
ably involved in AD pathophysiology. In a recent lncRNA 
screen of brain tissue samples with multiple neurodegen-
erative conditions, increased expression of LINC-PINT 
was observed to be associated with Parkinson’s disease 
(PD), Huntington’s disease (HD) and AD [45]. Linc-Pint 
is also expressed in most mouse tissues including brain 
and its knock-out leads to growth retardation [42]. 
Knock-down of LINC-PINT in neuronal cells exacerbated 
cell death induced by oxidative stress, suggestive of a role 
for this lncRNA in neuroprotection [45].

More generally, a role for ncRNA in neurodegenera-
tive diseases is emerging [58]. Many lncRNAs were found 
to be differentially expressed in brains of AD patients 
or mouse models and involved in biological processes 
including Aß metabolism, tau phosphorylation, neuroin-
flammation, synaptic plasticity and neuronal death [26]. 
Our results provide evidence for LINC-PINT specifi-
cally in modulating CAA pathology in AD. We nominate 
altered LINC-PINT splicing as the likely mechanism by 
which the index variant influences CAA. That we also 
find increased LINC-PINT in AD brains; as well as > 1,000 
transcripts consistently correlated with it across seven 
brain regions suggest that this lncRNA may also have a 
broader role in AD pathophysiology.

The LINC-PINT locus was not previously identified in 
a GWAS of neuropathological AD endophenotypes that 
included CAA [7], however there are several key differ-
ences in the approaches used. The prior study included 
both AD cases and controls, a binary CAA phenotype 
(presence/absence) was employed, and neither sex nor 
APOEε4- stratified analyses were reported. We were like-
wise unable to identify association of the LINC-PINT 
locus in a collection of individuals that did not meet neu-
ropathological criteria for AD (non-AD). However we 
note that the level of CAA in these individuals is very low 
and postulate that the LINC-PINT variant may not afford 
discernable protection from vascular amyloid pathology 
in the absence of ADNC. Alternatively, any protection 
provided by this LINC-PINT variant may be difficult to 
detect due to the already lower levels of CAA in these 
non-AD individuals. Previous studies have indicated 
that APOEε4 and ADNC are differentially associated 
with CAA when in the presence (CAA type I) or absence 

(CAA type II) of capillary involvement [5, 41, 51]. In the 
collection of AD cases studied here with advanced ADNC 
(88% Braak stage ≥ 5; 84% Thal phase = 5) a minority of 
cases (N = 11) had a CAA score of four, indicative of cap-
illary involvement. The removal of these individuals did 
not substantially impact our key findings. Further stud-
ies in expanded cohorts will be needed to evaluate our 
findings in the context of disease (AD, non-AD, Control), 
capillary CAA, and disease severity (degree of AD neu-
ropathologic change). The observed association for the 
LINC-PINT variant in AD cases lacking the APOEε4 risk 
allele highlights the importance of stratification based on 
risk factors to discover novel loci that behave in a con-
text-specific manner [22, 49].

Indeed, our study confirms that the APOE locus is the 
major genetic risk factor for CAA in AD cases both as 
a whole and in sex-stratified GWAS. Closer assessment 
of the locus identified a set of variants that maintain 
strong association with CAA after taking the APOEε4 
and ε2 alleles into account. The most significant of 
these, rs35136575 (p = 3.24E-07), is located in the APOE 
hepatic control region 3’ of APOE, between APOC1P1 
and APOC4, and has previously been reported to asso-
ciate with plasma levels of LDL-C and apoE, independ-
ent of APOEε2/3/4 alleles [24]. These results lead to the 
hypothesis that variation at the APOE locus beyond 
APOEε4 and ε2 influences risk for CAA. In-depth func-
tional assessment of APOE locus variants including 
rs35136575 is needed to further define the mechanisms 
by which variation at this locus impacts CAA in AD.

The gene-set enrichment analysis results indicate that 
additional genetic variation likely contributes to CAA 
in AD cases. We identified several enriched biological 
processes related to neuronal/synaptic development and 
function. Dendritic spine and synaptic loss is reported 
in amyloid mouse models of AD as a consequence of 
amyloid pathology [47, 54], and neuronal death is a 
prominent feature of AD [46]. It should be noted that 
the gene-set enrichment results for CAA are driven by 
genetic associations and while they are not secondary 
to neuronal/synaptic loss due to AD pathology they may 
reflect selective vulnerability in the presence of CAA. We 
hypothesize this may occur as an event downstream of 
CAA, which induces reduced blood flow, or an upstream 
event leading to impairment in the neurovascular unit 
culminating in CAA [32]. Future studies should aim to 
determine if the observed gene-set enrichment is distinct 
to CAA, or common to accumulation of amyloid beta 
more generally, indicating a shared etiology with AD. 
This distinction may be important for application of bio-
marker or therapeutic strategies based on these findings.

There are multiple strengths to this study, including 
the focus on neuropathologically confirmed AD cases, 
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the use of a continuous CAA phenotype, assessment of 
sex and APOEε4-specific associations, and an integra-
tive genomics approach that incorporates brain tran-
scriptome and exon splicing data leading to mechanistic 
implications for the genetic findings. There are also sev-
eral limitations. The sample size is relatively modest for 
a GWAS, although we utilized a quantitative trait that 
affords greater power than a dichotomous outcome 
[3]. This study was focused on individuals of northern 
European descent. It will be critical to extend this work 
to neuropathologic cohorts of non-European descent, 
as such cohorts become more available. The measures 
collected in this study are post-mortem and so reflect 
terminal neuropathological and transcriptional profiles. 
Future studies that evaluate neuroimaging outcomes 
reflective of CAA such as cerebral microbleeds and 
white matter hyperintensities can assess translation of 
our findings to the clinical disease course in AD. The 
neuropathological scale used to quantify extent of CAA 
does not account for CAA-related pathologic features 
such as concentric vessel splitting, fibrinoid necro-
sis, or paravascular blood deposits that reflect other 
aspects of CAA progression. Finally, while all AD cases 
met neuropathological criteria, many also harbor other 
neuropathological lesions [43]. Therefore, an imbalance 
of these or other comorbidities between subsets of indi-
viduals could potentially confound results, although 
our findings are robust to adjustment of Braak and Thal 
measures.

There are currently no treatments that can effectively 
delay or treat AD, of which CAA is an important com-
ponent. We have characterized the genetic landscape 
of CAA in AD cases, providing evidence of additional 
genetic contribution to variability of this phenotype 
beyond APOE. We identified a novel CAA locus, LINC-
PINT and a splice variant that attenuates CAA levels in 
AD patients lacking APOEε4. Importantly this study pro-
vides biological insights that narrow the search space for 
identifying therapeutic targets to address this key neuro-
vascular aspect of AD pathophysiology and highlights a 
precision medicine approach for future discoveries.
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