
UC San Diego
UC San Diego Previously Published Works

Title
Polygenic Overlap Between C-Reactive Protein, Plasma Lipids, and Alzheimer Disease

Permalink
https://escholarship.org/uc/item/2xh0j2p6

Journal
Circulation, 131(23)

ISSN
0009-7322

Authors
Desikan, Rahul S
Schork, Andrew J
Wang, Yunpeng
et al.

Publication Date
2015-06-09

DOI
10.1161/circulationaha.115.015489
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2xh0j2p6
https://escholarship.org/uc/item/2xh0j2p6#author
https://escholarship.org
http://www.cdlib.org/


2061

© 2015 American Heart Association, Inc.

Circulation is available at http://circ.ahajournals.org DOI: 10.1161/CIRCULATIONAHA.115.015489

Received June 17, 2014; accepted April 6, 2015.
From Departments of Radiology (R.S.D., L.K.M., C.-H.C., D.S.K., J.B.B., A.M.D.), Cognitive Science (A.J.S., A.M.D.), Neurosciences (Y.W., D.H., 

J.B.B., A.M.D.), and Psychiatry (W.K.T., O.A.A.), University of California, San Diego, La Jolla; NORMENT, Institute of Clinical Medicine, University 
of Oslo, Norway (Y.W., C.-H.C., A.W., O.A.A., A.M.D., T.F.); Division of Mental Health and Addiction (Y.W., C.-H.C., A.W., O.A.A., A.M.D.), 
Norwegian Centre for Dementia Research, Department of Old Age Psychiatry (I.D.U.), and Department of Medical Genetics, (S.D.), Oslo University 
Hospital, Norway; Departments of Epidemiology (A.D., M.A.I., S.J.v.d.L., C.M.v.D.) and Radiology (M.A.I.), Erasmus Medical Center, Rotterdam, The 
Netherlands; Center for Cardiovascular Disease Prevention, Division of Preventative Medicine, Brigham and Women’s Hospital, Harvard Medical School, 
Boston, MA (P.M.R., D.I.C.); Department of Radiology and Biomedical Imaging, University of California, San Francisco (C.P.H.); Medical Research 
Council Centre for Neuropsychiatric Genetics and Genomics, Institute of Psychological Medicine and Clinical Neurosciences, Cardiff University School of 
Medicine, Wales, UK (J.W., R.S., M.C.O.); Department of Biostatistics, School of Public Health, Boston University, MA (S.H.C., A.L.D.); Department of 
Internal Medicine (J.C.B.) and Cardiovascular Health Research Unit, Departments of Medicine, Epidemiology, and Health Services (B.M.P.), University of 
Washington, Seattle (J.C.B.); Icelandic Heart Association, Kopavogur, Iceland (V.G.); Faculty of Medicine, University of Iceland, Reykjavik (V.G., K.S.); 
National Heart, Lung, and Blood Institute’s Framingham Heart Study, Framingham, MA (A.L.D., S. Seshadri); Group Health Research Institute, Group 
Health Cooperative, Seattle, WA (B.M.P.); Laboratory of Epidemiology, Demography, and Biometry, Intramural Research Program, National Institute on 
Aging, Washington, DC (L.L.); Department of Neurology (S. Seshadri) and Departments of Medicine (Biomedical Genetics), Neurology, Ophthalmology, 
Biostatistics, and Epidemiology (L.A.F.), Boston University School of Medicine, MA; John P. Hussman Institute for Human Genomics, University of 
Miami, FL (M.A.P.-V.); Department of Neurology, Taub Institute on Alzheimer’s Disease and the Aging Brain, and Gertrude H. Sergievsky Center, 
Columbia University, New York (R.M.); Department of Epidemiology and Biostatistics and Institute for Computational Biology, Case Western University, 
Cleveland, OH (J.L.H.); Department of Molecular Neuroscience, UCL Institute of Neurology, London, UK (J.H.); Alzheimer’s Disease Research Centre, 
Department of Neurobiology, Care Sciences and Society, Karolinska Institute, Stockholm, Sweden (D.A.); Centre for Age-Related Medicine, Stavanger 
University Hospital, Norway (D.A.); Department of Geriatric Psychiatry, Akershus University Hospital, Oslo, Norway (D.A.); Department of Neurology, 
Akershus University Hospital, Akershus, Norway (T.F.); Department of Neuroscience, Norwegian University of Science and Technology, Trondheim, 
Norway (L.R.W., S.B.S.); Department of Neurology, St. Olav’s Hospital, Trondheim University Hospital, Trondheim, Norway (L.R.W., S.B.S.); Department 
of Psychiatry, Haugesund Hospital, Norway (A.R.); NORMENT, KG Jebsen Centre for Psychosis Research, Department of Clinical Science, University 
of Bergen, Norway (S.D.); Department of Neurology, Massachusetts General Hospital, Boston (B.T.H.); Department of Geriatric Medicine, University 
Hospital Reykjavik, Iceland (J.S.); deCODE Genetics, Reykjavik, Iceland (S. Steinberg, H.S., K.S.); and Department of Pathology and Laboratory 
Medicine, University of Pennsylvania Perelman School of Medicine, Philadelphia (G.D.S.).

*A.J. Schork and Dr Wang contributed equally.
†A complete list of the Inflammation Working Group and IGAP and DemGene Investigators can be found in the online-only Data Supplement.
The online-only Data Supplement is available with this article at http://circ.ahajournals.org/lookup/suppl/doi:10.1161/CIRCULATIONAHA. 

115.015489/-/DC1.
Correspondence to Rahul S. Desikan, MD, PhD, and Anders M. Dale, PhD, Department of Radiology, University of California, San Diego, 8950 

Villa La Jolla Dr, Ste C10, La Jolla, CA 92037-0841. E-mail rdesikan@ucsd.edu or amdale@ucsd.edu or Ole A. Andreassen, MD, PhD, KG Jebsen 
Centre for Psychosis Research, Bldg 49, Oslo University Hospital, Ullevål, Kirkeveien 166, PO Box 4956 Nydalen, 0424 Oslo, Norway. E-mail 
o.a.andreassen@medisin.uio.no

Polygenic Overlap Between C-Reactive Protein, Plasma 
Lipids, and Alzheimer Disease

Rahul S. Desikan, MD, PhD; Andrew J. Schork, MS*; Yunpeng Wang, PhD*;  
Wesley K. Thompson, PhD; Abbas Dehghan, MD, PhD; Paul M Ridker, MD, MPH;  

Daniel I. Chasman, PhD; Linda K. McEvoy, PhD; Dominic Holland, PhD; Chi-Hua Chen, PhD;  
David S. Karow, MD, PhD; James B. Brewer, MD, PhD; Christopher P. Hess, MD, PhD;  

Julie Williams, PhD; Rebecca Sims, PhD; Michael C. O’Donovan, FRCPsych, PhD;  
Seung Hoan Choi, MA; Joshua C. Bis, PhD; M. Arfan Ikram, MD, PhD;  

Vilmundur Gudnason, MD, PhD; Anita L. DeStefano, PhD; Sven J. van der Lee, MD;  
Bruce M. Psaty, MD, PhD; Cornelia M. van Duijn, PhD; Lenore Launer, PhD;  
Sudha Seshadri, MD; Margaret A. Pericak-Vance, PhD; Richard Mayeux, MD;  

Jonathan L. Haines, PhD; Lindsay A. Farrer, PhD; John Hardy, PhD;  
Ingun Dina Ulstein, MD, PhD; Dag Aarsland, MD, PhD; Tormod Fladby, MD, PhD;  

Linda R. White, PhD; Sigrid B. Sando, MD, PhD; Arvid Rongve, MD, PhD;  
Aree Witoelar, PhD; Srdjan Djurovic, PhD; Bradley T. Hyman, MD, PhD; Jon Snaedal, MD;  

Stacy Steinberg, PhD; Hreinn Stefansson, PhD; Kari Stefansson, MD, PhD;  
Gerard D. Schellenberg, PhD; Ole A. Andreassen, MD, PhD; Anders M. Dale, PhD; for the 

Inflammation Working Group and International Genomics of Alzheimer’s Disease Project (IGAP) and 
DemGene Investigators†

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 29, 2018

http://circ.ahajournals.org/lookup/suppl/doi:10.1161/CIRCULATIONAHA.115.015489/-/DC1
http://circ.ahajournals.org/lookup/suppl/doi:10.1161/CIRCULATIONAHA.115.015489/-/DC1
mailto:rdesikan@ucsd.edu
mailto:amdale@ucsd.edu
mailto:o.a.andreassen@medisin.uio.no


2062  Circulation  June 9, 2015

Background—Epidemiological findings suggest a relationship between Alzheimer disease (AD), inflammation, and 
dyslipidemia, although the nature of this relationship is not well understood. We investigated whether this phenotypic 
association arises from a shared genetic basis.

Methods and Results—Using summary statistics (P values and odds ratios) from genome-wide association studies of 
>200 000 individuals, we investigated overlap in single-nucleotide polymorphisms associated with clinically diagnosed 
AD and C-reactive protein (CRP), triglycerides, and high- and low-density lipoprotein levels. We found up to 50-fold 
enrichment of AD single-nucleotide polymorphisms for different levels of association with C-reactive protein, low-density 
lipoprotein, high-density lipoprotein, and triglyceride single-nucleotide polymorphisms using a false discovery rate 
threshold <0.05. By conditioning on polymorphisms associated with the 4 phenotypes, we identified 55 loci associated 
with increased AD risk. We then conducted a meta-analysis of these 55 variants across 4 independent AD cohorts (total: 
n=29 054 AD cases and 114 824 healthy controls) and discovered 2 genome-wide significant variants on chromosome 4 
(rs13113697; closest gene, HS3ST1; odds ratio=1.07; 95% confidence interval=1.05–1.11; P=2.86×10−8) and chromosome 
10 (rs7920721; closest gene, ECHDC3; odds ratio=1.07; 95% confidence interval=1.04–1.11; P=3.38×10−8). We also 
found that gene expression of HS3ST1 and ECHDC3 was altered in AD brains compared with control brains.

Conclusions—We demonstrate genetic overlap between AD, C-reactive protein, and plasma lipids. By conditioning 
on the genetic association with the cardiovascular phenotypes, we identify novel AD susceptibility loci, including 2 
genome-wide significant variants conferring increased risk for AD.  (Circulation. 2015;131:2061-2069. DOI: 10.1161/
CIRCULATIONAHA.115.015489.)

Key Words: Alzheimer Disease ◼ Genome-Wide Association Study ◼ inflammation ◼ lipids 

Late-onset Alzheimer disease (AD) is the most common 
form of dementia, with an estimated prevalence of 30 mil-

lion people worldwide, a number that is expected to quadruple 
in the next 40 years.1 Given the absence of disease-modifying 
therapies and increasing awareness that symptoms develop 
over many years, there is significant interest in identifying 
effective strategies for AD prevention. Delaying dementia 
onset by a modest 2 years could potentially lower the world-
wide prevalence of AD by >22 million cases over the next 40 
years, resulting in significant societal savings.1

Clinical Perspective on p 2069

A growing body of evidence suggests an association 
between AD and potentially modifiable processes, includ-
ing dyslipidemia and inflammation. In observational stud-
ies, high serum cholesterol levels have been associated with 
increased risk of AD,2,3 and molecular4 and biomarker find-
ings5 suggest that phospholipids may play an integral role in 
modulating AD-associated pathogenesis. Complement fac-
tors and activated microglia are established histopathologi-
cal features in brains of AD patients,6 and epidemiological 
studies in older individuals indicate that high serum levels of 
inflammatory proteins are associated with cognitive decline7 
and may predict dementia risk.8 Genome-wide association 
studies (GWASs) in late-onset AD have replicated the estab-
lished association with apolipoprotein E (APOE) and identi-
fied single-nucleotide polymorphisms (SNPs) implicated in 
lipid metabolism such as CLU and ABCA7 and inflammatory 
processes such as CR1 and HLA-DRB5.9,10 In addition, a rare 
sequence variant in TREM-2 with known anti-inflammatory 
function has recently been identified as conferring increased 
risk for AD.11,12 Taken together, these findings suggest that 
processes involved with lipid metabolism and inflammation 
may also affect AD pathogenesis.

Combining GWASs from multiple disorders and pheno-
types provides insights into genetic pleiotropy (defined as a 
single gene or variant being associated with >1 distinct phe-
notype) and could elucidate shared pathobiology. Using this 
approach, we have recently reported genetic overlap between 
a number of diseases and phenotypes and identified novel 
common variants associated with schizophrenia,13,14 bipolar 
disorder,13 prostate cancer,15 hypertension,16 and primary scle-
rosing cholangitis.17 Here, we applied this method to AD, tak-
ing advantage of several large GWASs,18–20 to identify SNPs 
associating with clinically diagnosed AD, C-reactive protein 
(CRP) levels, and plasma lipid levels (specifically triglycer-
ides, high-density lipoprotein [HDL], and low-density lipo-
proteins [LDL]).

Methods
Participant Samples
We evaluated complete GWAS results in the form of summary statis-
tics (P values and odds ratios [ORs]) for clinically diagnosed AD,18 
CRP levels,19 and plasma lipid levels (triglycerides, HDL, and LDL20; 
Table 1). The CRP GWAS summary statistic data consisted of 82 725 
individuals drawn from 25 studies with genotyped or imputed data 
at 2 671 742 SNPs (for additional details, see Reference 19). The 
plasma lipid GWAS summary statistic data consisted of 188 577 
individuals with genotyped or imputed data at 2 508 375 SNPs (for 
additional details, see reference 20). We obtained publicly available 
AD GWAS summary statistic data from the International Genomics 
of Alzheimer’s Disease Project (IGAP stage 1 and 2; for additional 
details, see the online-only Data Supplement and Reference 18). We 
used IGAP stage 1 as our discovery cohort, which consisted of 17 008 
AD cases (mean age, 74.7±7.7 years; 59.4% female) and 37 154 con-
trols (mean age, 76.3±8.1 years; 58.6% female) drawn from 4 differ-
ent consortia across North America and Europe with genotyped or 
imputed data at 7 055 881 SNPs (for a description of the AD cases 
and controls within the IGAP stage 1 substudies, see Reference 18). 
To confirm our findings from IGAP stage 1, we assessed the P values 
of pleiotropic SNPs (conditional false discovery rate [FDR] <0.05; 
see Statistical Analysis) from the discovery analyses in 3 independent 
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AD cohorts, namely the IGAP stage 2 sample, a cohort of AD cases 
and controls drawn from the population of Iceland (deCODE), and a 
cohort of AD cases and controls drawn from the population of Norway 
(DemGene). The IGAP stage 2 sample consisted of 8572 AD cases 
(mean age, 72.5±8.1 years; 61% female) and 11 312 controls (mean 
age, 65.5±8.0 years; 43.3% female) of European ancestry with geno-
typed data at 11 632 SNPs (for additional details, see Reference 18). 
Clinical diagnosis of probable AD within the IGAP stage 2 cohort 
was established according to the Diagnostic and Statistical Manual 
of Mental Disorders–3rd Edition Revised and National Institute of 
Neurological and Communicative Diseases and Stroke/Alzheimer's 
Disease and Related Disorders Association (NINCDS-ADRDA) 
criteria.21 The deCODE data set, drawn from the Icelandic popula-
tion, included 2470 genotyped AD cases (age, 84.9±7.2 years; 65.8% 
female) and 65 347 genotyped controls (age, 68.8±13.7 years; 57.8% 
female; for additional details, see Reference 12). As previously 
described,12 patients from Iceland were diagnosed with definite, prob-
able, or possible AD on the basis of the NINCDS-ADRDA criteria21 or 
according to guidelines for International Classification of Diseases, 
10th Revision F00 and were compared with population controls. The 
Norwegian sample (DemGene) included 1004 cases (age, 74.1±9.6 
years; 60.2% female) and 1011 controls (age, 74.6±9.3 years; 57.7% 
female) with genotyped data at 693 377 SNPs. Clinical diagnosis of 
AD and dementia within the DemGene sample was established with 
International Classification of Diseases, 10th Revision research cri-
teria,22 the recommendations from the National Institute on Aging-
Alzheimer’s Association criteria,23 or the NINCDS-ADRDA criteria21 
(online-only Data Supplement). The relevant institutional review 
boards or ethics committees approved the research protocol of the 
individual GWAS used in the present analysis, and all human partici-
pants gave written informed consent.

For gene expression analyses, we used publicly available total RNA 
expression data from 1647 autopsied brain tissues (from the dorsolat-
eral prefrontal cortex, visual cortex, and cerebellum) in 549 brains 
of 376 AD patients and 173 nondemented healthy controls from the 
Gene Expression Omnibus data set GSE44772.24 As described previ-
ously,24 all subjects were diagnosed at intake, and each brain under-
went extensive neuropathology examination. Tissues were profiled on 
a custom-made Agilent 44K array of 40 638 DNA probes.

Statistical Analysis
Using recently developed statistical methods to evaluate pleiotro-
pic effects,13–17 we evaluated SNPs associating with AD (discovery 
cohort, IGAP stage 1) and CRP levels, as well as AD and plasma lipid 
levels. For given associated phenotypes A and B, pleiotropic enrich-
ment of phenotype A with phenotype B exists if the proportion of 
SNPs or genes associated with phenotype A increases as a function 
of increased association with phenotype B. To assess for enrichment, 
we constructed fold-enrichment plots of nominal –log

10
(P) values for 

all AD SNPs and for subsets of SNPs determined by the significance 

of their associations with CRP and plasma lipids. We also used con-
ditional quantile-quantile plots, which are complementary to fold-
enrichment plots and provide visualization of polygenic enrichment 
(for additional details, see the online-only Data Supplement). In fold-
enrichment plots, the presence of enrichment is reflected as an upward 
deflection of the curve for phenotype A if the degree of deflection 
from the expected null line is dependent on the degree of association 
with phenotype B. To assess for polygenic effects below the standard 
GWAS significance threshold, we focused the fold-enrichment plots 
on SNPs with nominal –log

10
(P)<7.3 (corresponding to P>5×10−8). 

The enrichment seen can be directly interpreted in terms of true dis-
covery rate (true discovery rate=1−FDR; for additional details, see 
the online-only Data Supplement).

To identify specific loci, we computed conditional FDRs.13,14 The 
standard FDR framework derives from a model that assumes that 
the distribution of test statistics in a GWAS can be formulated as a 
mixture of null and nonnull effects, with true associations (nonnull 
effects) having more extreme test statistics, on average, than false 
associations (null effects). The FDR can be interpreted as the prob-
ability that an SNP is null given that its P value is as small or smaller 
than its observed P value. The conditional FDR is an extension of 
the standard FDR, which incorporates information from GWAS sum-
mary statistics of a second phenotype to adjust its significance level. 
The conditional FDR is defined as the probability that an SNP is null 
in the first phenotype given that the P values in the first and second 
phenotypes are as small as or smaller than the observed values. It 
is important to note that ranking SNPs by standard FDRs or by P 
values gives the same ordering of SNPs. In contrast, if the primary 
and secondary phenotypes are related genetically, conditional FDR 
reorders SNPs and results in a different ranking than that based on 
P values alone. We used an overall FDR threshold of <0.05, which 
means 5 expected false discoveries per 100 reported. Additionally, 
we constructed Manhattan plots based on the ranking of conditional 
FDR to illustrate the genomic location. In all analyses, we controlled 
for the effects of genomic inflation by using intergenic SNPs (see the 
online-only Data Supplement). Detailed information on fold-enrich-
ment and conditional quantile-quantile plots, Manhattan plots, and 
conditional FDR can be found in the online-only Data Supplement 
and prior reports.13–17

For loci with conditional FDR <0.05, we performed a fixed-
effects, inverse variance-weighted meta-analysis25 across all available 
AD cohorts (IGAP stages 1 and 2, deCODE, and DemGene; total: 
n=29 054 AD cases and 114 824 healthy controls) using the R pack-
age meta (http://CRAN.R-project.org/package=meta). Briefly, the 
fixed-effects, inverse variance-weighted meta-analysis summarizes 
the combined statistical support across independent studies under the 
assumption of homogeneity of effects. Individual study β estimates 
(log ORs) are averaged, weighted by the estimated standard error.26 
The IGAP stage 1 and 2 β estimates and standard errors were obtained 
from the publicly available summary statistics (for additional details, 
see the online-only Data Supplement and the Supplementary Note in 

Table 1. Summary Data From All GWASs Used in the Present Study

Disease/Trait n SNPs, n Reference

AD, IGAP stages 1+2 74 046
(25 580 AD cases+48 466 controls)

7 055 881 (stage 1)+11 632 (stage 2) Lambert et al18

AD, deCODE 67 817
(2470 cases+65 357 controls)

Whole-genome sequencing Jonsson et al12

AD, DemGene 2015
(1004 cases+1011 controls)

693 377 N/A

TG 188 577 2 508 369 Teslovich et al20

LDL 188 577 2 508 375

HDL 188 577 2 508 370

CRP 82 725 2 671 742 Dehghan et al19

AD indicates Alzheimer disease; CRP, C-reactive protein; HDL, high-density lipoprotein; IGAP, International Genomics of 
Alzheimer’s Disease Project; LDL, low-density lipoprotein; and TG, triglycerides.
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Reference18). For the DeCODE and DemGene cohorts, β estimates 
and standard errors were estimated via logistic regression, predicting 
AD case/control status from SNP risk alleles count and adjusting for 
appropriate covariates, including principal components.

For the gene expression analyses, we focused on transcript expres-
sion (total RNA levels) of genes closest (within 500 kB) to the SNPs 
reaching genome-wide significance in our meta-analysis. Using 
logistic regression, we examined whether transcript expression of 
these genes significantly differed between AD cases and controls.

Results
We observed SNP enrichment for AD (IGAP stage 1, 
discovery cohort) across different levels of significance, 
with CRP, triglycerides, HDL, and LDL levels indicating 
a genetic association between AD and the 4 cardiovascu-
lar phenotypes (Figure 1). For progressively stringent P 
value thresholds for AD SNPs [ie, increasing values of 
nominal −log

10
(P)], we found at least 50-fold enrichment 

using CRP, 30-fold enrichment using triglycerides, 20-fold 
enrichment using HDL, and 40-fold enrichment using LDL 
(Figure 1). Conditional quantile-quantile plots similarly 
demonstrated polygenic enrichment in AD as a function of 
CRP and plasma lipids (Figure I in the online-only Data 
Supplement).

To identify AD-associated polymorphisms that are more 
likely to replicate, we ranked IGAP stage 1 AD SNPs condi-
tional on their genetic association with CRP and plasma lipids 
(conditional FDR). We restricted our analyses to SNPs found 
in both IGAP stages 1 and 2 and focused on those AD vari-
ants that have not previously been described at a genome-wide 
significant level. At a conditional FDR <0.05, we found 55 
AD susceptibility loci from IGAP stage 1 (Figure 2 and Table 
I in the online-only Data Supplement). For these 55 loci, we 
performed a meta-analysis across all available AD cohorts 
and found 2 novel genome-wide significant (P<5×10−8) loci 
associated with increased risk for AD (Table 2). These 2 vari-
ants are rs13113697 (chromosome 4; closest gene, HS3ST1; 
conditioning trait, triglycerides; reference allele, T; OR=1.07; 
95% CI=1.05–1.11; P=2.86×10−8; Figures 3A and 4A) and 
rs7920721 (chromosome 10; closest gene, ECHDC3; condi-
tioning trait, triglycerides; reference allele, G; OR=1.07; 95% 
CI=1.04–1.11; P=3.38×10−8; Figures 3B and 4B).

The meta-analysis also revealed 3 suggestive AD suscepti-
bility loci with values of P<1×10−6 (Table 3 and Figure II in 
the online-only Data Supplement). These 3 loci are rs7396366 
(on chromosome 11; closest gene, AP2A2; conditioning trait, 
CRP; reference allele, C; OR=0.94; 95% CI=0.92–0.96; 

Figure 1. Fold-enrichment plots of enrichment vs nominal −log10 P values (corrected for inflation) in Alzheimer disease (AD) below the 
standard genome-wide association study threshold of P<5×10−8 as a function of significance of association with C-reactive protein (CRP; 
A), high-density lipoprotein (HDL; B), low-density lipoprotein (LDL; C), and triglycerides (TG; D) at the level of −log10(P)≥0, −log10(P)≥1, and 
−log10(P)≥2 corresponding to P≤1, P≤0.1, and P≤0.01, respectively. Blue line indicates all single-nucleotide polymorphisms (SNPs).
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P=6.8×10−7), rs3131609 (on chromosome 15; closest gene, 
USP50; conditioning trait, CRP; reference allele, C; OR=0.93; 
95% CI=0.91–0.96; P=7.21×10−7), and rs2526378 (on chro-
mosome 17; closest gene, BZRAP1; conditioning trait, tri-
glycerides; reference allele, G; OR=0.94; 95% CI=0.92–0.96; 
P=2.73×10−7).

We additionally evaluated the directionality of allelic 
effects in SNPs associated with AD and the 4 cardiovascular 
phenotypes (SNPs with conditional FDR <0.05). Across all 
55 shared loci, we found the same direction of effect between 
SNPs associated with AD and CRP in 72% (18 of 25; P=0.02), 
HDL in 40% (4 of 10; P=0.62), LDL in 20% (1 of 5; P=0.81), 
and triglycerides in 40% (6 of 15; P=0.69; Table I in the 
online-only Data Supplement). For HS3ST1 and ECHD3 vari-
ants, we found an opposite direction of allelic effect between 
increased AD risk and triglyceride levels (Table I in the online-
only Data Supplement).

We assessed whether HS3ST1 and ECHD3 transcript levels 
are altered in AD brains compared with control brains (Gene 
Expression Omnibus data set GSE 4472). We found signifi-
cantly decreased HS3ST1 transcript expression (standardized β 
coefficient=−0.09201; SE=0.01864; P=9.99×10−7) and signifi-
cantly increased ECHDC3 transcript expression (standardized 

β coefficient=0.12715; SE=0.01829; P=8.32×10−12) in AD 
brains compared with control brains.

Discussion
In this study, we show that polymorphisms associated with 
CRP and plasma lipids (triglycerides, HDL, and LDL) are also 
associated with increased risk for AD (genetic pleiotropy). We 
found that genetic enrichment in AD based on SNP association 
with cardiovascular phenotypes results in improved statistical 
power for gene discovery. By conditioning on polymorphisms 
associated with CRP and plasma lipid levels, we identified 55 
AD susceptibility loci. In meta-analyses across 4 indepen-
dent cohorts, we found that 2 of these risk variants, namely 
rs13113697 (on chromosome 4; closest gene, HS3ST1) and 
rs7920721 (on chromosome 10; closest gene, ECHDC3), 
were genome-wide significant. We additionally observed that 
HS3ST1 and ECHDC3 transcript expression was different in 
AD brains compared with control brains.

Our findings provide novel insights into the relationship 
among AD pathogenesis, inflammation, and dyslipidemia 
beyond the known loci associated with AD. We found a con-
sistent direction of allelic effect between SNPs associated with 
AD risk and CRP levels, indicating overlapping pathobiology 

Figure 2. Conditional Manhattan plot of conditional –log10 (false discovery rate [FDR]) values for Alzheimer disease (AD) alone 
(International Genomics of Alzheimer’s Disease Project [IGAP] stage 1 AD cohort; black) and AD given C-reactive protein (CRP; AD CRP; 
green), triglycerides (TG; AD TG; aquamarine), high-density lipoprotein (HDL; AD HDL; orange), and low-density lipoprotein (LDL; AD LDL; 
red). Single-nucleotide polymorphisms (SNPs) with conditional –log10 FDR >1.3 (ie, FDR <0.05) are shown with large points. A black line 
around the large points indicates the most significant SNP in each linkage disequilibrium block, and this SNP was annotated with the 
closest gene, which is listed above the symbols in each locus. For additional details, see the online-only Data Supplement.

Table 2. New Loci Reaching Genome-Wide Significance at Conditional FDR <0.05 (ORs Provided for the Reference Allele)

SNP Position
Chromo -

some
Nearest 

Gene
Reference 

Allele
Associated 
Phenotype

Minimum 
Conditional  

FDR

IGAP  
Stage 1+2 

P Value

IGAP  
Stage 1+2 
OR (95%CI)

deCODE 
 P Value

deCODE  
OR  

(95% CI)

Dem - 
Gene  

P Value

DemGene 
OR

(95% CI)

Meta-
Analysis  
P Value

Meta-
Analysis OR 

(95% CI)

rs13113697 11711232 4 HS3ST1 T TG 9.56E−03 5.03E−07 1.07
(1.04–1.10)

0.031 1.07
(1.01–1.14)

0.088 1.13
(0.98–1.31)

2.86E−08 1.07
(1.05–1.11)

rs7920721 11720308 10 ECHDC3 G TG 4.49E−02 2.89E−07 1.07
(1.04–1.09)

0.12 1.05
(0.99–1.11)

0.08 1.12
(0.99–1.29)

3.38E−08 1.07
(1.04–1.11)

CI indicates confidence interval; FDR, false discovery rate; IGAP, International Genomics of Alzheimer’s Disease Project; OR, odds ratio; SNP, single-nucleotide polymorphism; 
and TG, triglycerides.
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between AD and inflammation. These results are consistent 
with the hypothesis that inflammatory mechanisms influence 
AD pathogenesis9,27,28 and may have implications for treatment 
and prevention strategies in AD. On the other hand, we did not 
find a consistent direction of allelic effect between SNPs associ-
ated with AD risk and plasma lipid levels (LDL, HDL, and tri-
glycerides). Additionally, for HS3ST1 and ECHD3 variants, we 
found an opposite direction of allelic effect between increased 
AD risk and triglycerides levels. One hypothesis for these find-
ings is that the observed pleiotropy between AD and plasma 
lipids could be attributable to different haplotypes/gene alleles 
involving the same SNPs. Another equally plausible hypothesis 
is that the same haplotypes/gene alleles are involved in both AD 
and plasma lipids but the underlying biological mechanisms are 
distinct. From these findings, it seems less likely that the pleio-
tropic SNPs detected in this study influence AD pathogenesis 
via cholesterol-mediated pathways.

Unlike epidemiological studies, coheritability analyses,29 
or bivariate GWAS methods,30 one strength of our present 

approach is the ability to detect genetic pleiotropy even when 
there is no correlation of the signed effects (mixed directional-
ity of effect). The conditional FDR method can detect SNPs 
that have a nonnull effect in one trait and that also tend to have 
a nonnull effect in another trait, independently of directional-
ity. Another strength of this framework is leveraging genetic 
signal in one phenotype to identify variants in a second phe-
notype that would otherwise not be detected with a single phe-
notype approach. We note that the conditional FDR approach 
allows reordering (and reranking) of SNPs based on P value 
significance in the second phenotype (eg, CRP or triglycer-
ides), thus enabling identification of novel SNPs in the primary 
phenotype (eg, AD). In addition, as previously demonstrated, 
these genetic analysis methods result in improved sensitivity 
for a given specificity.13 Using this “pleiotropic” approach, we 
detected 55 novel variants, indicating that genetic enrichment 
improves statistical power for gene discovery.

In meta-analyses, we discovered 2 GWAS significant 
AD susceptibility loci. The closest genes associated with 

Figure 4. Regional association plots for (A) rs13113697 on chromosome 4 and (B) rs7920721 on chromosome 10. Linkage disequilibrium 
measured in the 1000 genomes European populations with plink version 1.07.

Figure 3. Forest plots for (A) rs13113697 on chromosome 4 and (B) rs7920721 on chromosome 10. CI indicates confidence interval; 
IGAP, International Genomics of Alzheimer’s Disease Project; and OR, odds ratio.
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the 2 risk variants showed altered RNA levels in postmor-
tem AD brains compared with control brains, suggesting 
a functional role. The first variant (rs13113697) is closest 
to the HS3ST1 gene on chromosome 4 (Figure 4A), which 
encodes heparan sulfate glucosaminyl 3-O-sulfotransferase, 
an intraluminal Golgi protein enzyme with multiple biologi-
cal activities.31 The second variant (rs7920721) is closest to 
the ECHDC3 gene on chromosome 10 (Figure 4B), which 
encodes an enzyme called enoyl CoA hydratase domain con-
taining 3.32 We note that by conditioning on cardiovascular 
traits and evaluating additional AD cohorts (deCODE and 
DemGene), we were able to find genome-wide significant 
evidence for previously18 suggested signal close to HS3ST1 
and ECHDC3. At a value of P<1.0×10−6, we additionally 
found 3 suggestive variants on chromosome 11 (rs7396366; 
closest gene, APA2A), chromosome 15 (rs3131609; clos-
est gene, USP50), and chromosome 17 (rs2526378; closest 
gene, BZRAP1).

It is important to note that in this study the diagnosis of 
AD was established clinically. Postmortem evidence from 
community- and population-based cohorts indicates that 
vascular brain injury often presents concomitantly with AD 
pathology and correlates with cognitive impairment above and 
beyond AD neuropathology.33 It is feasible that the individuals 
with clinically diagnosed AD from the IGAP, deCODE, and 
DemGene cohorts may have concomitant vascular brain dis-
ease, which may further contribute to their cognitive decline 
and dementia. Therefore, an alternative interpretation of our 
findings is that the susceptibility loci identified in this study 
may increase brain vulnerability to vascular or inflamma-
tory insults, which in turn may exacerbate the clinical conse-
quences of AD pathological changes.

Conclusions
We found polygenic overlap among AD, CRP, and plasma lip-
ids and leveraged this association to identify 2 novel genome-
wide significant variants associated with increased AD risk. 
Careful and considerable effort will be required to further 
characterize the novel candidate genes detected in this study 
and to detect the functional variants responsible for the asso-
ciation of these loci with AD risk. Although no single com-
mon variant may be informative clinically, a combination of 
variants involved with inflammation or lipid metabolism may 
help identify older individuals at increased risk for AD. Our 
findings may also have implications for AD prevention trials 
involving anti-inflammatory agents.
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CLINICAL PeRSPeCTIve
Late-onset Alzheimer disease (AD), the most common form of dementia, places a large economic and financial burden on 
families and society. With the aging of the US population and high costs associated with caring for cognitively impaired 
elderly, identifying strategies that prevent AD is of utmost importance. Cardiovascular disease (CVD) is being increasingly 
recognized as an important etiologic characteristic of AD. Many CVD traits such as dyslipidemia and inflammation can 
serve as therapeutic targets and are modifiable. Thus, focusing on the genetic and molecular overlap between CVD and AD 
may provide avenues to prevent or delay AD pathology. Although a number of epidemiological studies have examined the 
association between AD and CVD, a significant limitation of this approach is the inability to determine causal associations 
between CVD risk factors and AD pathobiology. Large-scale genome-wide association studies provide valuable insights 
into the role of specific biological pathways in disease pathogenesis, and combining genome-wide association studies from 
multiple disorders and phenotypes could elucidate shared pathobiology. Using data from large recent genome-wide asso-
ciation studies, we examined genetic overlap between AD, dyslipidemia, and inflammation. We found that genetic variants 
associated with increased plasma lipid and C-reactive protein levels are also associated with increased AD risk. By con-
ditioning on genetic variants associated with the cardiovascular traits, we found novel AD susceptibility loci, including 2 
genome-wide significant variants conferring increased risk for AD. Our findings provide novel insights into the relationship 
among AD pathogenesis, inflammation, and dyslipidemia and may have implications for AD prevention trials involving 
anti-inflammatory agents.
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