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Key points  34 

Question: Does the X chromosome play a role in the genetics of Alzheimer’s Disease (AD)? 35 

Findings: In a genetic meta-analysis across 1,152,284 individuals, several X chromosome loci were 36 

associated with AD. Four loci showed evidence of shared genetic associations between AD risk and 37 

regulation of nearby gene expression in brain tissue. The top association signal was intronic on SLC9A7 38 

and linked to its expression. 39 

Meaning: We performed the first large-scale X chromosome-wide association study of AD and prioritized 40 

SLC9A7 as a novel risk locus. This study significantly advances our knowledge of AD genetics and provides 41 

novel biological drug targets.  42 
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Abstract  43 

Importance: The X chromosome has remained enigmatic in Alzheimer’s disease (AD), yet it makes up 5% 44 

of the genome and carries a high proportion of genes expressed in the brain, making it particularly 45 

appealing as a potential source of unexplored genetic variation in AD. 46 

Objectives: Perform the first large-scale X chromosome-wide association study (XWAS) of AD. Primary 47 

analyses are non-stratified, while secondary analyses evaluate sex-stratified effects. 48 

Design: Meta-analysis of genetic association studies in case-control, family-based, population-based, and 49 

longitudinal AD-related cohorts from the US Alzheimer’s Disease Genetics Consortium (ADGC) and 50 

Alzheimer’s Disease Sequencing Project (ADSP), the UK Biobank (UKB), the Finnish health registry 51 

(FinnGen), and the US Million Veterans Program (MVP). Risk for AD evaluated through case-control logistic 52 

regression analyses. Data were analyzed between January 2023 and March 2024. 53 

Setting: Genetic data available from high-density single-nucleotide polymorphism (SNP) microarrays and 54 

whole-genome sequencing (WGS). Summary statistics for multi-tissue expression and protein quantitative 55 

trait loci (QTL) available from published studies, enabling follow-up genetic colocalization analyses. 56 

Participants: 1,629,863 eligible participants were selected from referred and volunteer samples, of which 57 

477,596 were excluded for analysis exclusion criteria. Number of participants who declined to participate 58 

in original studies was not available.  59 

Main Outcome and Measures: Risk for AD (odds ratio; OR) with 95% confidence intervals (CI). 60 

Associations were considered at X-chromosome-wide (P-value<1e-5) and genome-wide (P-value<5e-8) 61 

significance.  62 

Results: Analyses included 1,152,284 non-Hispanic White European ancestry subjects (57.3% females), 63 

including 138,558 cases. 6 independent genetic loci passed X-chromosome-wide significance, with 4 64 

showing support for causal links between the genetic signal for AD and expression of nearby genes in 65 

brain and non-brain tissues. One of these 4 loci passed conservative genome-wide significance, with its 66 

lead variant centered on an intron of SLC9A7 (OR=1.054, 95%-CI=[1.035, 1.075]) and colocalization 67 

analyses prioritizing both the SLC9A7 and nearby CHST7 genes. 68 

Conclusion and Relevance: We performed the first large-scale XWAS of AD and identified the novel 69 

SLC9A7 locus. SLC9A7 regulates pH homeostasis in Golgi secretory compartments and is anticipated to 70 
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have downstream effects on amyloid beta accumulation. Overall, this study significantly advances our 71 

knowledge of AD genetics and may provide novel biological drug targets.  72 
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Introduction 73 

      The X chromosome has remained enigmatic, not just in AD, but in the broader field of genome-wide 74 

association studies. It is typically excluded due to technical challenges and power limitations because of 75 

its complex inheritance pattern1. The X chromosome however makes up 5% of the genome and carries a 76 

high proportion of genes expressed in the brain. Additionally, it may contribute to the well-established 77 

higher prevalence of AD in women relative to men2. We thus set out to fill in this gap by performing the 78 

first meta-analysis of XWAS conducted on various publicly available AD-related cohorts, as well as multiple 79 

biobanks where AD phenotypes were available. To ensure maximal power, this study was designed as a 80 

large-scale discovery combining all available samples.   81 
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Methods 82 

An in-depth overview of all methodologies is provided in the eMethods. The current study followed 83 

STREGA reporting guidelines. Participants or their caregivers provided written informed consent in the 84 

original studies. The current study protocol was granted an exemption by the Stanford Institutional 85 

Review Board because the analyses were carried out on “de-identified, off-the-shelf” data; therefore, 86 

additional informed consent was not required. 87 

Data Ascertainment  88 

     Case-control, family-based, and longitudinal AD genetic cohorts from the ADGC and ADSP (release-3) 89 

were available through public repositories, with genetic data from SNP microarrays and WGS (eTable1-90 

2)3,4. These cohorts contributed clinically diagnosed AD cases (40.0% pathology verified; eTable3). 91 

Analyses in UKB, FinnGen, and MVP used genetic data from SNP microarrays5–8. UKB data and FinnGen 92 

summary results (v10) were publicly available. UKB contributed health-registry-confirmed AD cases and 93 

proxy Alzheimer’s disease-and-dementia (ADD) cases; FinnGen contributed health-registry-confirmed AD 94 

cases; MVP contributed health-registry-confirmed and proxy ADD cases. 95 

Quality Control and Processing 96 

     ADGC and ADSP data underwent extensive quality control (QC) and imputation to the TOPMed 97 

reference panel (eTable4-5). Specific consideration was given to X-chromosome QC as in prior work (cf. 98 

eMethods)9. Genetic data processing for UKB, FinnGen, and MVP followed cohort-specific protocols5–8. 99 

Non-Hispanic White, European ancestry cases and controls, carrying XX or XY with concordant self-100 

reported sex and ages >60 years (>18 and median=63 in FinnGen), were retained for analyses (eFigure1; 101 

eTable3). Variants were filtered using cohort-specific minor allele frequency (MAF) criteria, which on 102 

average correspond to MAF>0.05% (eTable5).  103 

X chromosome Considerations 104 

     X chromosome analyses considered non-pseudoautosomal regions. Genotype encoding was 0/2 in men 105 

(XY) and 0/1/2 in women (XX), following a random X chromosome inactivation (XCI) model in women. In 106 

UKB, most cases were proxy cases, i.e. family history of ADD in first-degree relatives. This proxy approach 107 

has been established to replicate AD autosomal genetic risk factors and be adaptable to XWAS10. To 108 

maximize power, the health-registry and proxy status were unified into a single phenotype for which 109 
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association coefficients were adjusted onto a regular case-control scale (eTable6-7). After rescaling, UKB 110 

showed consistent coefficient distributions with ADGC+ADSP (eFigure2). A similar approach was used in 111 

MVP, but in line with MVP protocols, analyses were separated for health-registry and proxy phenotypes7. 112 

Statistical Analyses  113 

     XWAS evaluated case-control logistic regressions on AD risk, adjusting for sex, age, technical covariates, 114 

and genetic principal components (capturing population stratification) as applicable per dataset. Mixed 115 

models to include related subjects were used in ADGC, ADSP, UKB (LMM-BOLT v2.4)11, and FinnGen 116 

(Regenie)6. Association results across datasets were combined through fixed effects inverse-variance 117 

weighted meta-analyses. Primary analyses were non-stratified. Secondary analyses were sex-stratified, 118 

and conducted across ADGC, ADSP, and UKB. Association results were considered at the X-chromosome-119 

wide (P-value<1e-5) and conservative genome-wide thresholds (P-value<5e-8). Sex effects were 120 

evaluated through heterogeneity tests and considered significant at P<0.05. Evidence for escape from XCI 121 

was evaluated by comparing variant beta coefficients derived from men and women-stratified XWAS 122 

(ratio=1 indicates escape; ratio=2 indicates no escape)12. 123 

Genetic Colocalization  124 

    To identify potentially causal genes in associated risk loci, statistical colocalization was evaluated 125 

between the local genetic association signal for AD and the genetic association signal for molecular traits 126 

such as expression levels of genes within that locus (R-v.4.2.1, coloc)13. We leveraged public datasets 127 

where quantitative trait loci (QTL) for expression and protein levels were available for the X chromosome 128 

in brain and non-brain tissues (cf. eMethods).   129 
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Results 130 

    The study design is provided in Figure1A. 1,152,284 individuals (138,558 cases: 15,081 clinically 131 

diagnosed cases, 41,091 health-registry-confirmed cases, and 82,386 proxy cases) were included in the 132 

XWAS (eTable3). There was no sign of genomic inflation (eFigure3). We associated 2 rare (MAF<1%) lead 133 

variants in the NLGN4X and MID1 loci, and 4 common lead variants in the SLC9A7, ZNF280C, ARGRG4, and 134 

MTM1 loci (Table1; locus zoom and forest plots in eFigures4-5). All common variant loci showed 135 

colocalization for at least one nearby gene in brain tissue (Table2; eTable8). The overall top association 136 

signal (cross-cohort allele frequencies in eTable9), intronic on SLC9A7, passed conservative significance 137 

criteria and showed colocalization for several genes, most notably SLC9A7 and CHST7. Colocalization plots 138 

for top prioritized genes are in eFigures6-10.  139 

     The ZNF280C and ARGRG4 lead variants showed evidence for escape from XCI, while the MID1 variant 140 

appeared female-specific (eTable10). Sex-stratified XWAS only revealed 1 X-chromosome-wide 141 

significant, female-specific rare variant association without colocalization support (eFigure11, eTable11) 142 

and indicated that evidence for escape from XCI was apparent only for a few common, small effect size 143 

variants (eFigure12).  144 
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Discussion 145 

     We performed an XWAS of AD in 1,152,284 individuals, making this the largest genetic association 146 

study of AD to date14. The top signal showed support for a causal link between the genetic regulation of 147 

SLC9A7 or CHST7 expression and AD risk. CHST7 encodes a chondroitin 6-sulfotransferase that confers 148 

negatively charged sulfate groups to glycosaminoglycans, which may relate to promoting tau fibrillization 149 

and spreading15.  Notably, SLC9A7 (a.k.a NHE7) is a paralog of SLC9A6 (a.k.a NHE6), previously implicated 150 

in experimental work as an X-linked AD modifying gene16. These are highly conserved genes that regulate 151 

pH homeostasis in Golgi secretory compartments and endosomes and might thus be expected to 152 

contribute to increased amyloid accumulation across aging when their expression levels are increased (a 153 

detailed background and rationale are provided in Appendix-A). In line with this expectation, QTL data 154 

support that the top risk allele is associated with increased expression of SLC9A7 in brain tissue, increasing 155 

expression by 17-44% for an active allele (eTable12). Although the SLC9A7 top variant has a small effect 156 

size (OR=1.054, 95%-CI=[1.035, 1.075]), given this relatively small effect on SLC9A7 expression in the brain, 157 

it may be that more substantial reduction or pharmacological inhibition of SLC9A7 would prove to be an 158 

effective therapeutic strategy for AD.  159 

     Despite this study’s formidable sample size, only the SLC9A7 locus reached conservative significance 160 

criteria with a small effect size, suggesting the X chromosome contributes relatively little to AD 161 

prevalence. In addition, only 2 lead variants of small effect size indicated escape from XCI and only 1 rare 162 

lead variant appeared female-specific, such that these XWAS results have little bearing on sex-stratified 163 

AD prevalence. Similarly, sex-stratified XWAS did not reveal striking results, which would have been 164 

expected if the X chromosome played a significant role in the observations that 2/3 of AD patients across 165 

the lifespan are women2. Overall, our results suggest that while the X chromosome plays only a small role 166 

in the population prevalence of AD, the specific pathways highlighted here open the door to novel 167 

pathogenic pathways and associated drug targets. 168 

Limitations 169 

     This study focused on European ancestry individuals. When larger cross-ancestry samples become 170 

available, future studies should extend AD XWAS into these populations. Similarly, future, larger sex-171 

stratified AD XWAS may help identify sex-specific risk genes and genes escaping from XCI. Lastly, this study 172 

did not provide conclusive insight into the causal gene at the SLC9A7 locus, which future experimental 173 

studies should interrogate. 174 
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Conclusion 175 

     We performed the first large-scale XWAS of AD and identified the novel SLC9A7 risk locus. Overall, this 176 

study significantly advances our knowledge of the genetics of AD and may provide novel biological drug 177 

targets.      178 
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Consent for publication 179 

Not applicable. 180 

Availability of data and materials 181 

Data used in the XWAS are available upon application to:  182 

- dbGaP (https://www.ncbi.nlm.nih.gov/gap/) 183 

- NIAGADS (https://www.niagads.org/) 184 

- LONI (https://ida.loni.usc.edu/) 185 

- AMP-AD knowledge portal / Synapse (https://www.synapse.org/) 186 

- Rush (https://www.radc.rush.edu/) 187 

- NACC (https://naccdata.org/) 188 

- UKB (https://www.ukbiobank.ac.uk/) 189 

- FinnGen (https://www.finngen.fi/en) 190 

- MVP (https://www.mvp.va.gov/)  191 

The specific data repository and identifier for ADGC and ADSP data are indicated in eTable1 of the 192 

supplement.  193 

The data, code, and phenotypes used to generate MVP results are accessible to researchers with MVP 194 

data access. Due to VA policy, MVP is currently only accessible to VA researchers with a funded MVP 195 

project, either through a VA Merit Award, career development award, or NIH R01. Additional information 196 

is available at https://genhub.va.gov/file/view/897656. GWAS summary results for the MVP cohort will 197 

be posted to dbGAP after publication.  198 

Colocalization datasets are available from: 199 

- AMP-AD knowledge portal / Synapse (https://www.synapse.org/; identifier: syn51150434) 200 

- eQTL catalogue (https://www.ebi.ac.uk/eqtl/) 201 

- GTEx (https://www.gtexportal.org/home/) 202 

Summary statistics generated by this study will be deposited in both NIAGADS and the EMBL-EBI GWAS 203 

Catalog. 204 
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(CHAP) (R01 AG11101, RC4 AG039085, K23 AG030944), Indianapolis Ibadan (R01 AG009956, P30 263 

AG010133), the Memory and Aging Project (MAP) ( R01 AG17917), Mayo Clinic (MAYO) (R01 AG032990, 264 

U01 AG046139, R01 NS080820, RF1 AG051504, P50 AG016574), Mayo Parkinson’s Disease controls 265 

(NS039764, NS071674, 5RC2HG005605), University of Miami (R01 AG027944, R01 AG028786, R01 266 

AG019085, IIRG09133827, A2011048), the Multi-Institutional Research in Alzheimer’s Genetic 267 

Epidemiology Study (MIRAGE) (R01 AG09029, R01 AG025259), the National Cell Repository for 268 

Alzheimer’s Disease (NCRAD) (U24 AG21886), the National Institute on Aging Late Onset Alzheimer's 269 

Disease Family Study (NIA- LOAD) (R01 AG041797), the Religious Orders Study (ROS) (P30 AG10161, R01 270 

AG15819), the Texas Alzheimer’s Research and Care Consortium (TARCC) (funded by the Darrell K Royal 271 

Texas Alzheimer's Initiative), Vanderbilt University/Case Western Reserve University (VAN/CWRU) (R01 272 

AG019757, R01 AG021547, R01 AG027944, R01 AG028786, P01 NS026630, and Alzheimer’s Association), 273 

the Washington Heights-Inwood Columbia Aging Project (WHICAP) (RF1 AG054023), the University of 274 

Washington Families (VA Research Merit Grant, NIA: P50AG005136, R01AG041797, NINDS: 275 

R01NS069719), the Columbia University HispanicEstudio Familiar de Influencia Genetica de Alzheimer 276 

(EFIGA) (RF1 AG015473), the University of Toronto (UT) (funded by Wellcome Trust, Medical Research 277 

Council, Canadian Institutes of Health Research), and Genetic Differences (GD) (R01 AG007584). The 278 

CHARGE cohorts are supported in part by National Heart, Lung, and Blood Institute (NHLBI) infrastructure 279 
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grant HL105756 (Psaty), RC2HL102419 (Boerwinkle) and the neurology working group is supported by the 280 

National Institute on Aging (NIA) R01 grant AG033193. 281 

The CHARGE cohorts participating in the ADSP include the following: Austrian Stroke Prevention Study 282 

(ASPS), ASPS-Family study, and the Prospective Dementia Registry-Austria (ASPS/PRODEM-Aus), the 283 

Atherosclerosis Risk in Communities (ARIC) Study, the Cardiovascular Health Study (CHS), the Erasmus 284 

Rucphen Family Study (ERF), the Framingham Heart Study (FHS), and the Rotterdam Study (RS). ASPS is 285 

funded by the Austrian Science Fond (FWF) grant number P20545-P05 and P13180 and the Medical 286 

University of Graz. The ASPS-Fam is funded by the Austrian Science Fund (FWF) project I904),the EU Joint 287 

Programme - Neurodegenerative Disease Research (JPND) in frame of the BRIDGET project (Austria, 288 

Ministry of Science) and the Medical University of Graz and the Steiermärkische Krankenanstalten 289 

Gesellschaft. PRODEM-Austria is supported by the Austrian Research Promotion agency (FFG) (Project No. 290 

827462) and by the Austrian National Bank (Anniversary Fund, project 15435. ARIC research is carried out 291 

as a collaborative study supported by NHLBI contracts (HHSN268201100005C, HHSN268201100006C, 292 

HHSN268201100007C, HHSN268201100008C, HHSN268201100009C, HHSN268201100010C, 293 

HHSN268201100011C, and HHSN268201100012C). Neurocognitive data in ARIC is collected by U01 294 

2U01HL096812, 2U01HL096814, 2U01HL096899, 2U01HL096902, 2U01HL096917 from the NIH (NHLBI, 295 

NINDS, NIA and NIDCD), and with previous brain MRI examinations funded by R01-HL70825 from the 296 

NHLBI. CHS research was supported by contracts HHSN268201200036C, HHSN268200800007C, 297 

N01HC55222, N01HC85079, N01HC85080, N01HC85081, N01HC85082, N01HC85083, N01HC85086, and 298 

grants U01HL080295 and U01HL130114 from the NHLBI with additional contribution from the National 299 

Institute of Neurological Disorders and Stroke (NINDS). Additional support was provided by R01AG023629, 300 

R01AG15928, and R01AG20098 from the NIA. FHS research is supported by NHLBI contracts N01-HC-301 

25195 and HHSN268201500001I. This study was also supported by additional grants from the NIA (R01s 302 

AG054076, AG049607 and AG033040 and NINDS (R01 NS017950). The ERF study as a part of EUROSPAN 303 

(European Special Populations Research Network) was supported by European Commission FP6 STRP 304 

grant number 018947 (LSHG-CT-2006-01947) and also received funding from the European Community's 305 

Seventh Framework Programme (FP7/2007-2013)/grant agreement HEALTH-F4- 2007-201413 by the 306 

European Commission under the programme "Quality of Life and Management of the Living Resources" 307 

of 5th Framework Programme (no. QLG2-CT-2002- 01254). High-throughput analysis of the ERF data was 308 

supported by a joint grant from the Netherlands Organization for Scientific Research and the Russian 309 

Foundation for Basic Research (NWO-RFBR 047.017.043). The Rotterdam Study is funded by Erasmus 310 

Medical Center and Erasmus University, Rotterdam, the Netherlands Organization for Health Research 311 
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and Development (ZonMw), the Research Institute for Diseases in the Elderly (RIDE), the Ministry of 312 

Education, Culture and Science, the Ministry for Health, Welfare and Sports, the European Commission 313 

(DG XII), and the municipality of Rotterdam. Genetic data sets are also supported by the Netherlands 314 

Organization of Scientific Research NWO Investments (175.010.2005.011, 911-03-012), the Genetic 315 

Laboratory of the Department of Internal Medicine, Erasmus MC, the Research Institute for Diseases in 316 

the Elderly (014-93-015; RIDE2), and the Netherlands Genomics Initiative (NGI)/Netherlands Organization 317 

for Scientific Research (NWO) Netherlands Consortium for Healthy Aging (NCHA), project 050-060-810. 318 

All studies are grateful to their participants, faculty and staff. The content of these manuscripts is solely 319 

the responsibility of the authors and does not necessarily represent the official views of the National 320 

Institutes of Health or the U.S. Department of Health and Human Services. 321 

The FUS cohorts include: the Alzheimer’s Disease Centers (ADC) ( P30 AG019610, P30 AG013846, P50 322 

AG008702, P50 AG025688, P50 AG047266, P30 AG010133, P50 AG005146, P50 AG005134, P50 323 

AG016574, P50 AG005138, P30 AG008051, P30 AG013854, P30 AG008017, P30 AG010161, P50 324 

AG047366, P30 AG010129, P50 AG016573, P50 AG016570, P50 AG005131, P50 AG023501, P30 325 

AG035982, P30 AG028383, P30 AG010124, P50 AG005133, P50 AG005142, P30 AG012300, P50 326 

AG005136, P50 AG033514, P50 AG005681, and P50 AG047270), Alzheimer's Disease Neuroimaging 327 

Initiative (ADNI) (U19AG024904), Amish Protective Variant Study (RF1AG058066), Cache County Study 328 

(R01AG11380, R01AG031272, R01AG21136, RF1AG054052), Case Western Reserve University Brain Bank 329 

(CWRUBB) (P50AG008012), Case Western Reserve University Rapid Decline (CWRURD) (RF1AG058267, 330 

NU38CK000480), CubanAmerican Alzheimer's Disease Initiative (CuAADI) (3U01AG052410), Estudio 331 

Familiar de Influencia Genetica en Alzheimer (EFIGA) (5R37AG015473, RF1AG015473, R56AG051876), 332 

Genetic and Environmental Risk Factors for Alzheimer Disease Among African Americans Study 333 

(GenerAAtions) (2R01AG09029, R01AG025259, 2R01AG048927), Gwangju Alzheimer and Related 334 

Dementias Study (GARD) (U01AG062602), Hussman Institute for Human Genomics Brain Bank (HIHGBB) 335 

(R01AG027944, Alzheimer's Association "Identification of Rare Variants in Alzheimer Disease"), Ibadan 336 

Study of Aging (IBADAN) (5R01AG009956), Mexican Health and Aging Study (MHAS) (R01AG018016), 337 

Multi-Institutional Research in Alzheimer's Genetic Epidemiology (MIRAGE) (2R01AG09029, 338 

R01AG025259, 2R01AG048927), Northern Manhattan Study (NOMAS) (R01NS29993), Peru Alzheimer's 339 

Disease Initiative (PeADI) (RF1AG054074), Puerto Rican 1066 (PR1066) (Wellcome Trust 340 

(GR066133/GR080002), European Research Council (340755)), Puerto Rican Alzheimer Disease Initiative 341 

(PRADI) (RF1AG054074), Reasons for Geographic and Racial Differences in Stroke (REGARDS) 342 

(U01NS041588), Research in African American Alzheimer Disease Initiative (REAAADI) (U01AG052410), 343 

 . CC-BY-NC 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted April 23, 2024. ; https://doi.org/10.1101/2024.04.22.24306094doi: medRxiv preprint 

https://doi.org/10.1101/2024.04.22.24306094
http://creativecommons.org/licenses/by-nc/4.0/


17 
 

Rush Alzheimer's Disease Center (ROSMAP) (P30AG10161, R01AG15819, R01AG17919), University of 344 

Miami Brain Endowment Bank (MBB), and University of Miami/Case Western/North Carolina A&T African 345 

American (UM/CASE/NCAT) (U01AG052410, R01AG028786). 346 

The four LSACs are: the Human Genome Sequencing Center at the Baylor College of Medicine (U54 347 

HG003273), the Broad Institute Genome Center (U54HG003067), The American Genome Center at the 348 

Uniformed Services University of the Health Sciences (U01AG057659), and the Washington University 349 

Genome Institute (U54HG003079). 350 

Biological samples and associated phenotypic data used in primary data analyses were stored at Study 351 

Investigators institutions, and at the National Cell Repository for Alzheimer’s Disease (NCRAD, 352 

U24AG021886) at Indiana University funded by NIA. Associated Phenotypic Data used in primary and 353 

secondary data analyses were provided by Study Investigators, the NIA funded Alzheimer’s Disease 354 

Centers (ADCs), and the National Alzheimer’s Coordinating Center (NACC, U01AG016976) and the 355 

National Institute on Aging Genetics of Alzheimer’s Disease Data Storage Site (NIAGADS, U24AG041689) 356 

at the University of Pennsylvania, funded by NIA This research was supported in part by the Intramural 357 

Research Program of the National Institutes of health, National Library of Medicine. Contributors to the 358 

Genetic Analysis Data included Study Investigators on projects that were individually funded by NIA, and 359 

other NIH institutes, and by private U.S. organizations, or foreign governmental or nongovernmental 360 

organizations. 361 

An up to date acknowledgment statement can be found on the ADSP 362 

site: https://www.niagads.org/adsp/content/acknowledgement-statement. 363 

Data collection and sharing for this project was funded by the Alzheimer's Disease Neuroimaging Initiative 364 

(ADNI) (National Institutes of Health Grant U01 AG024904) and DOD ADNI (Department of Defense award 365 

number W81XWH-12-2-0012). ADNI is funded by the National Institute on Aging, the National Institute of 366 

Biomedical Imaging and Bioengineering, and through generous contributions from the following: AbbVie, 367 

Alzheimer’s Association; Alzheimer’s Drug Discovery Foundation; Araclon Biotech; BioClinica, Inc.; Biogen; 368 

Bristol-Myers Squibb Company; CereSpir, Inc.; Cogstate; Eisai Inc.; Elan Pharmaceuticals, Inc.; Eli Lilly and 369 

Company; EuroImmun; F. Hoffmann-La Roche Ltd and its affiliated company Genentech, Inc.; Fujirebio; 370 

GE Healthcare; IXICO Ltd.; Janssen Alzheimer Immunotherapy Research & Development, LLC.; Johnson & 371 

Johnson Pharmaceutical Research & Development LLC.; Lumosity; Lundbeck; Merck & Co., Inc.; Meso 372 

Scale Diagnostics, LLC.; NeuroRx Research; Neurotrack Technologies; Novartis Pharmaceuticals 373 
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Corporation; Pfizer Inc.; Piramal Imaging; Servier; Takeda Pharmaceutical Company; and Transition 374 

Therapeutics. The Canadian Institutes of Health Research is providing funds to support ADNI clinical sites 375 

in Canada. Private sector contributions are facilitated by the Foundation for the National Institutes of 376 

Health (www.fnih.org). The grantee organization is the Northern California Institute for Research and 377 

Education, and the study is coordinated by the Alzheimer’s Therapeutic Research Institute at the 378 

University of Southern California. ADNI data are disseminated by the Laboratory for Neuro Imaging at the 379 

University of Southern California. 380 

Additional information to include in an acknowledgment statement can be found on the LONI 381 

site: https://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Data_Use_Agreement.pdf. 382 

The Alzheimer’s Disease Genetics Consortium (ADGC) supported sample preparation, whole exome 383 

sequencing and data processing through NIA grant U01AG032984. Sequencing data generation and 384 

harmonization is supported by the Genome Center for Alzheimer’s Disease, U54AG052427, and data 385 

sharing is supported by NIAGADS, U24AG041689. Samples from the National Centralized Repository for 386 

Alzheimer’s Disease and Related Dementias (NCRAD), which receives government support under a 387 

cooperative agreement grant (U24 AG021886) awarded by the National Institute on Aging (NIA), were 388 

used in this study. We thank contributors who collected samples used in this study, as well as patients 389 

and their families, whose help and participation made this work possible. NIH grants supported 390 

enrollment and data collection for the individual studies including: GenerAAtions R01AG20688 (PI M. 391 

Daniele Fallin, PhD); Miami/Duke R01 AG027944, R01 AG028786 (PI Margaret A. Pericak-Vance, PhD); NC 392 

A&T P20 MD000546, R01 AG28786-01A1 (PI Goldie S. Byrd, PhD); Case Western (PI Jonathan L. Haines, 393 

PhD); MIRAGE R01 AG009029 (PI Lindsay A. Farrer, PhD); ROS P30AG10161, R01AG15819, R01AG30146, 394 

TGen (PI David A. Bennett, MD); MAP R01AG17917, R01AG15819, TGen (PI David A. Bennett, MD). The 395 

NACC database is funded by NIA/NIH Grant U01 AG016976. NACC data are contributed by the NIA-funded 396 

ADCs: P30 AG019610 (PI Eric Reiman, MD), P30 AG013846 (PI Neil Kowall, MD), P30 AG062428-01 (PI 397 

James Leverenz, MD) P50 AG008702 (PI Scott Small, MD), P50 AG025688 (PI Allan Levey, MD, PhD), P50 398 

AG047266 (PI Todd Golde, MD, PhD), P30 AG010133 (PI Andrew Saykin, PsyD), P50 AG005146 (PI Marilyn 399 

Albert, PhD), P30 AG062421-01 (PI Bradley Hyman, MD, PhD), P30 AG062422-01 (PI Ronald Petersen, MD, 400 

PhD), P50 AG005138 (PI Mary Sano, PhD), P30 AG008051 (PI Thomas Wisniewski, MD), P30 AG013854 (PI 401 

Robert Vassar, PhD), P30 AG008017 (PI Jeffrey Kaye, MD), P30 AG010161 (PI David Bennett, MD), P50 402 

AG047366 (PI Victor Henderson, MD, MS), P30 AG010129 (PI Charles DeCarli, MD), P50 AG016573 (PI 403 

Frank LaFerla, PhD), P30 AG062429-01(PI James Brewer, MD, PhD), P50 AG023501 (PI Bruce Miller, MD), 404 

P30 AG035982 (PI Russell Swerdlow, MD), P30 AG028383 (PI Linda Van Eldik, PhD), P30 AG053760 (PI 405 
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Henry Paulson, MD, PhD), P30 AG010124 (PI John Trojanowski, MD, PhD), P50 AG005133 (PI Oscar Lopez, 406 

MD), P50 AG005142 (PI Helena Chui, MD), P30 AG012300 (PI Roger Rosenberg, MD), P30 AG049638 (PI 407 

Suzanne Craft, PhD), P50 AG005136 (PI Thomas Grabowski, MD), P30 AG062715-01 (PI Sanjay Asthana, 408 

MD, FRCP), P50 AG005681 (PI John Morris, MD), P50 AG047270 (PI Stephen Strittmatter, MD, PhD). 409 

This work was supported by grants from the National Institutes of Health (R01AG044546, P01AG003991, 410 

RF1AG053303, R01AG058501, U01AG058922, RF1AG058501 and R01AG057777). The recruitment and 411 

clinical characterization of research participants at Washington University were supported by NIH P50 412 

AG05681, P01 AG03991, and P01 AG026276. This work was supported by access to equipment made 413 

possible by the Hope Center for Neurological Disorders, and the Departments of Neurology and Psychiatry 414 

at Washington University School of Medicine. 415 

We thank the contributors who collected samples used in this study, as well as patients and their families, 416 

whose help and participation made this work possible. Members of the National Institute on Aging Late-417 

Onset Alzheimer Disease/National Cell Repository for Alzheimer Disease (NIA-LOAD NCRAD) Family Study 418 

Group include the following: Richard Mayeux, MD, MSc; Martin Farlow, MD; Tatiana Foroud, PhD; Kelley 419 

Faber, MS; Bradley F. Boeve, MD; Neill R. Graff-Radford, MD; David A. Bennett, MD; Robert A. Sweet, MD; 420 

Roger Rosenberg, MD; Thomas D. Bird, MD; Carlos Cruchaga, PhD; and Jeremy M. Silverman, PhD. 421 

This work was partially supported by grant funding from NIH R01 AG039700 and NIH P50 AG005136. 422 

Subjects and samples used here were originally collected with grant funding from NIH U24 AG026395, 423 

U24 AG021886, P50 AG008702, P01 AG007232, R37 AG015473, P30 AG028377, P50 AG05128, P50 424 

AG16574, P30 AG010133, P50 AG005681, P01 AG003991, U01MH046281, U01 MH046290 and U01 425 

MH046373. The funders had no role in study design, analysis or preparation of the manuscript. The 426 

authors declare no competing interests. 427 

This work was supported by the National Institutes of Health (R01 AG027944, R01 AG028786 to MAPV, 428 

R01 AG019085 to JLH, P20 MD000546); a joint grant from the Alzheimer’s Association (SG-14-312644) 429 

and the Fidelity Biosciences Research Initiative to MAPV; the BrightFocus Foundation (A2011048 to 430 

MAPV). NIA-LOAD Family-Based Study supported the collection of samples used in this study through NIH 431 

grants U24 AG026395 and R01 AG041797 and the MIRAGE cohort was supported through the NIH grants 432 

R01 AG025259 and R01 AG048927. We thank contributors, including the Alzheimer’s disease Centers who 433 

collected samples used in this study, as well as patients and their families, whose help and participation 434 

made this work possible. Study design: HNC, BWK, JLH, MAPV; Sample collection: MLC, JMV, RMC, LAF, 435 

JLH, MAPV; Whole exome sequencing and Sanger sequencing: SR, PLW; Sequencing data analysis: HNC, 436 
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BWK, KLHN, SR, MAK, JRG, ERM, GWB, MAPV; Statistical analysis: BWK, KLHN, JMJ, MAPV; Preparation of 437 

manuscript: HNC, BWK. The authors jointly discussed the experimental results throughout the duration 438 

of the study. All authors read and approved the final manuscript. 439 

Data collection and sharing for this project was supported by the Washington Heights-Inwood Columbia 440 

Aging Project (WHICAP, PO1AG07232, R01AG037212, RF1AG054023) funded by the National Institute on 441 

Aging (NIA) and by the National Center for Advancing Translational Sciences, National Institutes of Health, 442 

through Grant Number UL1TR001873. This manuscript has been reviewed by WHICAP investigators for 443 

scientific content and consistency of data interpretation with previous WHICAP Study publications. We 444 

acknowledge the WHICAP study participants and the WHICAP research and support staff for their 445 

contributions to this study. 446 

This work was supported by grants from the National Institutes of Health (R01AG044546, P01AG003991, 447 

RF1AG053303, R01AG058501, U01AG058922, RF1AG058501 and R01AG057777). The recruitment and 448 

clinical characterization of research participants at Washington University were supported by NIH P50 449 

AG05681, P01 AG03991, and P01 AG026276. This work was supported by access to equipment made 450 

possible by the Hope Center for Neurological Disorders, and the Departments of Neurology and Psychiatry 451 

at Washington University School of Medicine. 452 

We thank the contributors who collected samples used in this study, as well as patients and their families, 453 

whose help and participation made this work possible. Members of the National Institute on Aging Late-454 

Onset Alzheimer Disease/National Cell Repository for Alzheimer Disease (NIA-LOAD NCRAD) Family Study 455 

Group include the following: Richard Mayeux, MD, MSc; Martin Farlow, MD; Tatiana Foroud, PhD; Kelley 456 

Faber, MS; Bradley F. Boeve, MD; Neill R. Graff-Radford, MD; David A. Bennett, MD; Robert A. Sweet, MD; 457 

Roger Rosenberg, MD; Thomas D. Bird, MD; Carlos Cruchaga, PhD; and Jeremy M. Silverman, PhD. 458 

This work was supported by grants from the National Institutes of Health (R01AG044546, P01AG003991, 459 

RF1AG053303, R01AG058501, U01AG058922, RF1AG058501 and R01AG057777). The recruitment and 460 

clinical characterization of research participants at Washington University were supported by NIH P50 461 

AG05681, P01 AG03991, and P01 AG026276. This work was supported by access to equipment made 462 

possible by the Hope Center for Neurological Disorders, and the Departments of Neurology and Psychiatry 463 

at Washington University School of Medicine. 464 

We thank the contributors who collected samples used in this study, as well as patients and their families, 465 

whose help and participation made this work possible. Members of the National Institute on Aging Late-466 
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Onset Alzheimer Disease/National Cell Repository for Alzheimer Disease (NIA-LOAD NCRAD) Family Study 467 

Group include the following: Richard Mayeux, MD, MSc; Martin Farlow, MD; Tatiana Foroud, PhD; Kelley 468 

Faber, MS; Bradley F. Boeve, MD; Neill R. Graff-Radford, MD; David A. Bennett, MD; Robert A. Sweet, MD; 469 

Roger Rosenberg, MD; Thomas D. Bird, MD; Carlos Cruchaga, PhD; and Jeremy M. Silverman, PhD. 470 

Mayo RNAseq Study- Study data were provided by the following sources: The Mayo Clinic Alzheimer's 471 

Disease Genetic Studies, led by Dr. Nilufer Ertekin-Taner and Dr. Steven G. Younkin, Mayo Clinic, 472 

Jacksonville, FL using samples from the Mayo Clinic Study of Aging, the Mayo Clinic Alzheimer's Disease 473 

Research Center, and the Mayo Clinic Brain Bank. Data collection was supported through funding by NIA 474 

grants P50 AG016574, R01 AG032990, U01 AG046139, R01 AG018023, U01 AG006576, U01 AG006786, 475 

R01 AG025711, R01 AG017216, R01 AG003949, NINDS grant R01 NS080820, CurePSP Foundation, and 476 

support from Mayo Foundation. Study data includes samples collected through the Sun Health Research 477 

Institute Brain and Body Donation Program of Sun City, Arizona. The Brain and Body Donation Program is 478 

supported by the National Institute of Neurological Disorders and Stroke (U24 NS072026 National Brain 479 

and Tissue Resource for Parkinson's Disease and Related Disorders), the National Institute on Aging (P30 480 

AG19610 Arizona Alzheimer's Disease Core Center), the Arizona Department of Health Services (contract 481 

211002, Arizona Alzheimer's Research Center), the Arizona Biomedical Research Commission (contracts 482 

4001, 0011, 05-901 and 1001 to the Arizona Parkinson's Disease Consortium) and the Michael J. Fox 483 

Foundation for Parkinson's Research 484 

ROSMAP- We are grateful to the participants in the Religious Order Study, the Memory and Aging Project. 485 

This work is supported by the US National Institutes of Health [U01 AG046152, R01 AG043617, R01 486 

AG042210, R01 AG036042, R01 AG036836, R01 AG032990, R01 AG18023, RC2 AG036547, P50 AG016574, 487 

U01 ES017155, KL2 RR024151, K25 AG041906-01, R01 AG30146, P30 AG10161, R01 AG17917, R01 488 

AG15819, K08 AG034290, P30 AG10161 and R01 AG11101. 489 

Mount Sinai Brain Bank (MSBB)- This work was supported by the grants R01AG046170, RF1AG054014, 490 

RF1AG057440 and R01AG057907 from the NIH/National Institute on Aging (NIA). R01AG046170 is a 491 

component of the AMP-AD Target Discovery and Preclinical Validation Project. Brain tissue collection and 492 

characterization was supported by NIH HHSN271201300031C. 493 

This study was supported by the National Institute on Aging (NIA) grants AG030653, AG041718, AG064877 494 

and P30-AG066468. 495 
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874 
Figure 1. X chromosome-wide association study of Alzheimer’s disease. A) Overview of study design and 875 

sample sizes. To increase specificity to AD (rather than ADD), the XWAS meta-analysis was intersected to 876 

variants with association results in ADGC (which used only clinically confirmed cases and controls). B) 877 

Manhattan plot for the XWAS meta-analysis. The dotted line indicates X-chromosome-wide significance 878 

(P-value<1e-5) and full line indicates genome-wide significance (P-value<5e-8). Lead variants for 879 

independent loci are annotated with their nearest protein-coding gene (Gencode v42). 880 
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Table 1. X chromosome-wide association study of Alzheimer’s disease: Associated lead variants. The Direction column indicates the association 881 

effect direction across meta-analyzed cohorts following the order of ADGC, ADSP, UKB, FinnGen, MVP-1 (using health registry status), and MVP-2 882 

(using proxy status). A question mark indicates the variant was not available in the respective cohort. Variants are annotated using dbSNP153. 883 

Association signals passing genome-wide significance are bolded. 884 

 885 

‡ The odds ratios are reported with regard to a single active allele. In women, due to random XCI, the relative risk conferred would be half that 886 
reported here. 887 

† Rs5975709 was the lead variant in its respective locus, but it had no association results in ADSP and FinnGen. The second most significant variant 888 
in this locus, rs5930938, did have association results in FinnGen and was therefore additionally listed to provide additional insight. 889 

Abbreviations: OR, odds ratio; CI, confidence interval; EA, effect allele; OA, other allele; EAF, effect allele frequency; BP, base pair; No., number.  890 

Lead variant
Nearest protein 
coding gene Consequence BP EA OA No. Subjects EAF OR [95%-CI] ‡ P

rs150798997 NLGN4X intergenic 5,733,126 A T 1,145,553 0.32% 0.644 [0.537, 0.772] 2.08E-06 - ? - - - -
rs12852495 MID1 intronic 10,458,864 T C 1,151,353 0.26% 1.538 [1.276, 1.855] 6.60E-06 + + + + + +
rs2142791 SLC9A7 intronic 46,691,127 C A 1,152,185 46.12% 1.054 [1.035, 1.075] 3.78E-08 + + + + + +
rs209215 ZNF280C intronic 130,251,839 T C 1,145,797 39.90% 1.048 [1.028, 1.069] 2.70E-06 + ? + + + +
rs5975709 † MAP7D3 intronic 136,256,153 C T 1,145,797 43.25% 0.953 [0.935, 0.972] 1.02E-06 - ? - - - -
rs5930938 † ADGRG4 intronic 136,380,525 T C 733,616 32.62% 0.943 [0.921, 0.965] 7.55E-07 - ? - ? - -
rs146964414 MTM1 intronic 150,608,170 T C 1,152,184 8.23% 1.096 [1.060, 1.133] 8.10E-08 + - + + + +

Direction

 . CC-BY-NC 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted April 23, 2024. ; https://doi.org/10.1101/2024.04.22.24306094doi: medRxiv preprint 

https://doi.org/10.1101/2024.04.22.24306094
http://creativecommons.org/licenses/by-nc/4.0/


35 
 

Table 2. Genetic colocalization with quantitative trait locus data. Colocalization was evaluated for genes in each AD associated locus using a 2Mb 891 

window centered on the lead variant. Evidence for colocalization was considered at colocalization posterior probability (PP4)>0.7 (bolded). The 892 

table presents PP4 results and is restricted to genes and datasets/tissues where at least one colocalization reached PP4>0.7. As such, the table is 893 

partitioned into 4 common variant loci that showed colocalization support. Bolded entries with an asterisk (*) indicate the lead variant was also a 894 

significant QTL in the respective data/tissue. Missing entries indicate that no QTL data were available. The total number of times a gene was 895 

prioritized (PP4>0.7) is summarized to help identify the most likely causal gene per locus (blue bolded genes and numbers). Overlapping datasets 896 

were considered as those where subjects partially or fully overlapped (non-overlapping datasets are separated by dashed lines). 897 

 898 

Abbreviations: QTL, quantitative trait locus; eQTL, expression quantitative trait locus; pQTL, protein quantitative trait locus; No., number.899 

MTM1

Dataset Tissue QTL EN
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.2
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R1

Wingo et al. 2023 (AD Knowledge Portal) Brain - Dorsolateral prefrontal cortex pQTL 0.56 0.89* 0.05 0.02 0.12 0.05 0.03 0.01
Wingo et al. 2023 (AD Knowledge Portal) Brain - Dorsolateral prefrontal cortex eQTL 0.77* 0.95* 0.56 0.04 0.70* 0.04 0.00 0.16 0.45 0.00 0.78* 0.93* 0.05 0.05
CommonMind (eQTL Catalogue) Brain - Dorsolateral prefrontal cortex eQTL 0.88 0.04 0.92* 0.86* 0.07 0.07 0.93* 0.04 0.05 0.12 0.09 0.29 0.13 0.92* 0.04 0.03 0.16
GTEx Brain - (9 brain areas) eQTL 0.74 0.86* 0.64 0.13 0.51 0.12 0.33 0.11 0.56 0.77* 0.07 0.10 0.77* 0.04 0.04 0.07 0.88
GTEx Whole blood eQTL 0.23 0.20 0.39 0.03 0.06 0.07 0.03 0.02 0.19 0.05 0.02 0.02 0.92* 0.01 0.02 0.01
GTEx Other (20 tissues not brain or blood) eQTL 0.92 0.71 0.98* 0.14 0.76 0.10 0.16 0.78* 0.78* 0.92* 0.77 0.13 0.89* 0.73 0.87* 0.77 0.79
Fairfax et al. 2014 (eQTL Catalogue) Monocytes (4 conditions) eQTL 0.10 0.27 0.93* 0.50 0.10 0.13 0.86 0.01 0.73 0.19 0.04 0.85 0.13 0.04 0.07 0.18
CEDAR (eQTL Catalogue) Monocytes eQTL 0.05 0.15 0.93* 0.05 0.43 0.12 0.08 0.06 0.78* 0.04 0.05 0.29 0.08 0.04 0.06 0.11

1 4 10 12 1 2 1 1 1 6 17 1 2 10 1 2 1 2
1 2 3 4 1 2 1 1 1 3 1 1 2 3 1 1 1 1

SLC9A7 ZNF280C ADGRG4

No. times prioritized in non-overlapping datasets
No. times prioritized across datasets & tissues
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