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Fig. 1 Graphical model of gruyere. Each rectangle (plate) denotes a dimension – variants, indi-
viduals, and genes; Filled circles represent observed variables; Unfilled circles are learned parameters;
Arrows represent directional relationships between variables e.g. genotype Gij contributes to pheno-
type yi.

Fig. 2 Correlations of gruyere features in simulation analysis. For each simulation performed,
final loss, average test set AUROC, genetic and total heritability estimates, and Pearson correlation
recoveries for gruyere variant effects β, and learned gene weight wg are recorded. Each tile is filled
and labeled by the Pearson correlation of these values across 100 random simulations.
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Fig. 3 Comparing gruyere results to gene expression in brain tissues, microglia QTLs
colocalization, and a known AD gene database. A) GTEx gene expression across brain tissues
for gruyere genes. The X-axis shows whether or not a gene is among the 16 gruyere-significant genes.
The Y -axis shows the − log(expression) in TPM across thirteen brain tissues. B) Microglia QTL
colocalization for AD and PD GWAS’s. The X-axis shows gruyere-significant genes present in the
colocalization analysis and the Y -axis has the colocalization posterior probability. Points are filled
based on the associated GWAS and shaped by QTL label. C) Density plot of ADVP genes versus
gruyere p-values. The X-axis contains gruyere − log10(p) filled by whether or not the gene is listed
in the ADVP database (N = 956).

Table 1 Summary of Baseline Methods

Method + Annotations Description
Burden FST-Burden Assumes same effect for all variants
SKAT FST-SKAT Assumes different directional effects for variants

SKAT-O FST-SKAT-O Linear combination of Burden and SKAT
ACAT-O STAAR-O Cauchy aggregation of Burden, SKAT, and ACAT-V

2



B)A)

Fig. 4 Comparing and combining p-values across RV methods. A) Correlations of− log10(p-
values). Each tile is filled and labeled by the Pearson correlation of these values across cell types and
genes. B) Combined p-values with versus without gruyere. The X-axis contains Cauchy-aggregated
(ACAT) p-values from burden, SKAT, SKAT-O, ACAT-V, FST, and STAAR tests, and the Y -axis
additionally integrates gruyere p-values. Each point represents a − log10(p-value) colored by cell
type. The dashed line shows X = Y .

Annotation Variant
Class(s)

Functional Category

MAP20 C, NC conservation
phyloP17way primate C, NC conservation

phyloP30way mammalian C, NC conservation
phastCons30way mammalian C, NC conservation

phastCons17way primate rankscore C, NC conservation
integrated fitCons score C, NC conservation
H1-hESC fitCons score C, NC conservation

bStatistic C, NC conservation
GERP RS C, NC conservation

Roadmap E074 GenoSkyline Plus score NC roadmap
Roadmap E068 GenoSkyline Plus score NC roadmap
Roadmap E069 GenoSkyline Plus score NC roadmap
Roadmap E072 GenoSkyline Plus score NC roadmap
Roadmap E067 GenoSkyline Plus score NC roadmap
Roadmap E073 GenoSkyline Plus score NC roadmap
Roadmap E070 GenoSkyline Plus score NC roadmap
Roadmap E030 GenoSkyline Plus score NC roadmap
Roadmap E050 GenoSkyline Plus score NC roadmap
Roadmap E051 GenoSkyline Plus score NC roadmap
Roadmap E124 GenoSkyline Plus score NC roadmap

fathmm-MKL coding score C pathogenicity
fathmm-MKL coding group B C pathogenicity
fathmm-MKL coding group D C pathogenicity
fathmm-MKL coding group F C pathogenicity
fathmm-MKL coding group H C pathogenicity
fathmm-MKL coding group I C pathogenicity
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fathmm-MKL coding group J C pathogenicity
fathmm-MKL coding group C C pathogenicity
fathmm-MKL coding group G C pathogenicity

BayesDel addAF score C pathogenicity
LIST-S2 nonsyn C pathogenicity
MVP missense C pathogenicity

funseq2 noncoding score NC pathogenicity
fathmm-MKL non-coding score NC pathogenicity

fathmm-MKL non-coding group D NC pathogenicity
fathmm-MKL non-coding group C NC pathogenicity

CADD raw C, NC pathogenicity
CADD phred C, NC pathogenicity
DANN score C, NC pathogenicity
Eigen-raw C, NC pathogenicity

Eigen-PC-raw C, NC pathogenicity
fathmm-XF score C, NC pathogenicity

gnomAD genomes POPMAX AF C, NC MAF
gnomAD genomes AFR AF C, NC MAF
gnomAD genomes AMR AF C, NC MAF
gnomAD genomes NFE AF C, NC MAF

control maf C, NC MAF
SpliceAI DS AG C, NC splice
SpliceAI DS AL C, NC splice
SpliceAI DS DG C, NC splice
SpliceAI DS DL C, NC splice

RegulomeDB score NC enhancer
FANTOM5 CAGE peak robust NC enhancer
EnhancerFinder brain enhancer NC enhancer

isSelfPromoter NC enhancer
hic contact NC enhancer

powerlaw.Score.Numerator NC enhancer
ABC.Score NC enhancer

len NC enhancer
activity base NC enhancer
promoter NC enhancer
genic NC enhancer

intergenic NC enhancer
TargetGenePromoterActivityQuantile NC enhancer
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Table 2: Overview of Functional Annotations and their
Categories: Variant class is either coding variants (C) or cell-type
associated non-coding variants (NC). NC variants: 9 annotations
grouped to form conservation category, 11 for ROADMAP 10 for
pathogenicity, 5 for MAF, 4 for splicing, and 13 for enhancers.
For coding variants, the same 9 annotations are used to determine
the conservation category, 5 for MAF, and 4 for splicing. There
are additional pathogenicity measures available for coding variants,
summing to 18 pathogenic annotations. For each annotation, we
use a genome-wide min-max scaling to restrict values between 0
and 1.

2 Supplemental Methods

2.1 Calculating Heritability

We test gruyere on simulated data that resembles the estimated heritability of disease.
For complex diseases, generating synthetic data that can be ”perfectly” learned does
not accurately represent model performance on data where this is not the case. We
therefore calculate heritability

h2 = H2p(1− p)/z2

where h2 is for the liability scale, H2 is on the binary scale, p is prevalence, and z is
such that p = normcdf(z). We simulate the underlying liability, defining the underlying
variable as u. Under the threshold model, an individual has a trait y if u > t. More
specifically,

y = I[u− t > 0].

Suppose

u = z + ϵ

where z is a genetic component on the logit scale and ϵ is noise or environment. We
can specify

ϵ ∼ Logistic(µ = 0, s = 1)

y ∼ Bernoulli(Logistic(z))

and use,

var(ϵ) = s2π2/3 and h2 =
var(z)

var(z) + var(ϵ)

We are able to use this equation to estimate total and genetic heritabilities:

Genetic heritability:
var(

∑M
g=1 Ggβg)

var(Xα+
∑M

g=1 Ggβg) + var(ϵ)
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Total heritability:
var(Xα+

∑M
g=1 Ggβg)

var(Xα+
∑M

g=1 Ggβg) + var(ϵ)

3 Supplemental Acknowledgements

The Alzheimer’s Disease Sequencing Project (ADSP) is comprised of two Alzheimer’s
Disease (AD) genetics consortia and three National Human Genome Research Insti-
tute (NHGRI) funded Large Scale Sequencing and Analysis Centers (LSAC). The
two AD genetics consortia are the Alzheimer’s Disease Genetics Consortium (ADGC)
funded by NIA (U01 AG032984), and the Cohorts for Heart and Aging Research in
Genomic Epidemiology (CHARGE) funded by NIA (R01 AG033193), the National
Heart, Lung, and Blood Institute (NHLBI), other National Institute of Health (NIH)
institutes and other foreign governmental and non-governmental organizations. The
Discovery Phase analysis of sequence data is supported through UF1AG047133 (to
Drs. Schellenberg, Farrer, Pericak-Vance, Mayeux, and Haines); U01AG049505 to
Dr. Seshadri; U01AG049506 to Dr. Boerwinkle; U01AG049507 to Dr. Wijsman; and
U01AG049508 to Dr. Goate and the Discovery Extension Phase analysis is supported
through U01AG052411 to Dr. Goate, U01AG052410 to Dr. Pericak-Vance and U01
AG052409 to Drs. Seshadri and Fornage.

Sequencing for the Follow Up Study (FUS) is supported through U01AG057659
(to Drs. PericakVance, Mayeux, and Vardarajan) and U01AG062943 (to Drs. Pericak-
Vance and Mayeux). Data generation and harmonization in the Follow-up Phase is
supported by U54AG052427 (to Drs. Schellenberg andWang). The FUS Phase analysis
of sequence data is supported through U01AG058589 (to Drs. Destefano, Boerwinkle,
De Jager, Fornage, Seshadri, and Wijsman), U01AG058654 (to Drs. Haines, Bush,
Farrer, Martin, and Pericak-Vance), U01AG058635 (to Dr. Goate), RF1AG058066
(to Drs. Haines, Pericak-Vance, and Scott), RF1AG057519 (to Drs. Farrer and
Jun), R01AG048927 (to Dr. Farrer), and RF1AG054074 (to Drs. Pericak-Vance and
Beecham).

The ADGC cohorts include: Adult Changes in Thought (ACT) (U01 AG006781,
U19 AG066567), the Alzheimer’s Disease Research Centers (ADRC) (P30 AG062429,
P30 AG066468, P30 AG062421, P30 AG066509, P30 AG066514, P30 AG066530,
P30 AG066507, P30 AG066444, P30 AG066518, P30 AG066512, P30 AG066462,
P30 AG072979, P30 AG072972, P30 AG072976, P30 AG072975, P30 AG072978,
P30 AG072977, P30 AG066519, P30 AG062677, P30 AG079280, P30 AG062422,
P30 AG066511, P30 AG072946, P30 AG062715, P30 AG072973, P30 AG066506,
P30 AG066508, P30 AG066515, P30 AG072947, P30 AG072931, P30 AG066546,
P20 AG068024, P20 AG068053, P20 AG068077, P20 AG068082, P30 AG072958,
P30 AG072959), the Chicago Health and Aging Project (CHAP) (R01 AG11101,
RC4 AG039085, K23 AG030944), Indiana Memory and Aging Study (IMAS) (R01
AG019771), Indianapolis Ibadan (R01 AG009956, P30 AG010133), the Memory and
Aging Project (MAP) ( R01 AG17917), Mayo Clinic (MAYO) (R01 AG032990,
U01 AG046139, R01 NS080820, RF1 AG051504, P50 AG016574), Mayo Parkin-
son’s Disease controls (NS039764, NS071674, 5RC2HG005605), University of Miami

6



(R01 AG027944, R01 AG028786, R01 AG019085, IIRG09133827, A2011048), the
Multi-Institutional Research in Alzheimer’s Genetic Epidemiology Study (MIRAGE)
(R01 AG09029, R01 AG025259), the National Centralized Repository for Alzheimer’s
Disease and Related Dementias (NCRAD) (U24 AG021886), the National Insti-
tute on Aging Late Onset Alzheimer’s Disease Family Study (NIA- LOAD) (U24
AG056270), the Religious Orders Study (ROS) (P30 AG10161, R01 AG15819), the
Texas Alzheimer’s Research and Care Consortium (TARCC) (funded by the Darrell
K Royal Texas Alzheimer’s Initiative), Vanderbilt University/Case Western Reserve
University (VAN/CWRU) (R01 AG019757, R01 AG021547, R01 AG027944, R01
AG028786, P01 NS026630, and Alzheimer’s Association), the Washington Heights-
Inwood Columbia Aging Project (WHICAP) (RF1 AG054023), the University of
Washington Families (VA Research Merit Grant, NIA: P50AG005136, R01AG041797,
NINDS: R01NS069719), the Columbia University Hispanic Estudio Familiar de Influ-
encia Genetica de Alzheimer (EFIGA) (RF1 AG015473), the University of Toronto
(UT) (funded by Wellcome Trust, Medical Research Council, Canadian Institutes of
Health Research), and Genetic Differences (GD) (R01 AG007584). The CHARGE
cohorts are supported in part by National Heart, Lung, and Blood Institute (NHLBI)
infrastructure grant HL105756 (Psaty), RC2HL102419 (Boerwinkle) and the neurol-
ogy working group is supported by the National Institute on Aging (NIA) R01 grant
AG033193.

The CHARGE cohorts participating in the ADSP include the following: Aus-
trian Stroke Prevention Study (ASPS), ASPS-Family study, and the Prospective
Dementia Registry-Austria (ASPS/PRODEM-Aus), the Atherosclerosis Risk in
Communities (ARIC) Study, the Cardiovascular Health Study (CHS), the Eras-
mus Rucphen Family Study (ERF), the Framingham Heart Study (FHS), and the
Rotterdam Study (RS). ASPS is funded by the Austrian Science Fond (FWF)
grant number P20545-P05 and P13180 and the Medical University of Graz. The
ASPS-Fam is funded by the Austrian Science Fund (FWF) project I904), the EU
Joint Programme – Neurodegenerative Disease Research (JPND) in frame of the
BRIDGET project (Austria, Ministry of Science) and the Medical University of
Graz and the Steiermärkische Krankenanstalten Gesellschaft. PRODEM-Austria
is supported by the Austrian Research Promotion agency (FFG) (Project No.
827462) and by the Austrian National Bank (Anniversary Fund, project 15435.
ARIC research is carried out as a collaborative study supported by NHLBI
contracts (HHSN268201100005C, HHSN268201100006C, HHSN268201100007C,
HHSN268201100008C, HHSN268201100009C, HHSN268201100010C,
HHSN268201100011C, and HHSN268201100012C). Neurocognitive data in ARIC is
collected by U01 2U01HL096812, 2U01HL096814, 2U01HL096899, 2U01HL096902,
2U01HL096917 from the NIH (NHLBI, NINDS, NIA and NIDCD), and with previous
brain MRI examinations funded by R01-HL70825 from the NHLBI. CHS research was
supported by contracts HHSN268201200036C, HHSN268200800007C, N01HC55222,
N01HC85079, N01HC85080, N01HC85081, N01HC85082, N01HC85083, N01HC85086,
and grants U01HL080295 and U01HL130114 from the NHLBI with additional contri-
bution from the National Institute of Neurological Disorders and Stroke (NINDS).
Additional support was provided by R01AG023629, R01AG15928, and R01AG20098

7



from the NIA. FHS research is supported by NHLBI contracts N01-HC-25195 and
HHSN268201500001I. This study was also supported by additional grants from the
NIA (R01s AG054076, AG049607 and AG033040 and NINDS (R01 NS017950). The
ERF study as a part of EUROSPAN (European Special Populations Research Net-
work) was supported by European Commission FP6 STRP grant number 018947
(LSHG-CT-2006-01947) and also received funding from the European Community’s
Seventh Framework Programme (FP7/2007-2013)/grant agreement HEALTH-F4-
2007-201413 by the European Commission under the programme “Quality of Life
and Management of the Living Resources” of 5th Framework Programme (no.
QLG2-CT-2002- 01254). High-throughput analysis of the ERF data was supported
by a joint grant from the Netherlands Organization for Scientific Research and the
Russian Foundation for Basic Research (NWO-RFBR 047.017.043). The Rotterdam
Study is funded by Erasmus Medical Center and Erasmus University, Rotterdam,
the Netherlands Organization for Health Research and Development (ZonMw), the
Research Institute for Diseases in the Elderly (RIDE), the Ministry of Education,
Culture and Science, the Ministry for Health, Welfare and Sports, the European
Commission (DG XII), and the municipality of Rotterdam. Genetic data sets are
also supported by the Netherlands Organization of Scientific Research NWO Invest-
ments (175.010.2005.011, 911-03-012), the Genetic Laboratory of the Department of
Internal Medicine, Erasmus MC, the Research Institute for Diseases in the Elderly
(014-93-015; RIDE2), and the Netherlands Genomics Initiative (NGI)/Netherlands
Organization for Scientific Research (NWO) Netherlands Consortium for Healthy
Aging (NCHA), project 050-060-810. All studies are grateful to their participants,
faculty and staff. The content of these manuscripts is solely the responsibility of the
authors and does not necessarily represent the official views of the National Institutes
of Health or the U.S. Department of Health and Human Services.

The FUS cohorts include: the Alzheimer’s Disease Research Centers (ADRC)
(P30 AG062429, P30 AG066468, P30 AG062421, P30 AG066509, P30 AG066514,
P30 AG066530, P30 AG066507, P30 AG066444, P30 AG066518, P30 AG066512, P30
AG066462, P30 AG072979, P30 AG072972, P30 AG072976, P30 AG072975, P30
AG072978, P30 AG072977, P30 AG066519, P30 AG062677, P30 AG079280, P30
AG062422, P30 AG066511, P30 AG072946, P30 AG062715, P30 AG072973, P30
AG066506, P30 AG066508, P30 AG066515, P30 AG072947, P30 AG072931, P30
AG066546, P20 AG068024, P20 AG068053, P20 AG068077, P20 AG068082, P30
AG072958, P30 AG072959), Alzheimer’s Disease Neuroimaging Initiative (ADNI)
(U19AG024904), Amish Protective Variant Study (RF1AG058066), Cache County
Study (R01AG11380, R01AG031272, R01AG21136, RF1AG054052), Case West-
ern Reserve University Brain Bank (CWRUBB) (P50AG008012), Case Western
Reserve University Rapid Decline (CWRURD) (RF1AG058267, NU38CK000480),
CubanAmerican Alzheimer’s Disease Initiative (CuAADI) (3U01AG052410), Estu-
dio Familiar de Influencia Genetica en Alzheimer (EFIGA) (5R37AG015473,
RF1AG015473, R56AG051876), Genetic and Environmental Risk Factors for
Alzheimer Disease Among African Americans Study (GenerAAtions) (2R01AG09029,
R01AG025259, 2R01AG048927), Gwangju Alzheimer and Related Dementias Study
(GARD) (U01AG062602), Hillblom Aging Network (2014-A-004-NET, R01AG032289,

8



R01AG048234), Hussman Institute for Human Genomics Brain Bank (HIHGBB)
(R01AG027944, Alzheimer’s Association “Identification of Rare Variants in Alzheimer
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of Pennsylvania, funded by NIA. Harmonized phenotypes were provided by the ADSP
Phenotype Harmonization Consortium (ADSP-PHC), funded by NIA (U24 AG074855,
U01 AG068057 and R01 AG059716) and Ultrascale Machine Learning to Empower
Discovery in Alzheimer’s Disease Biobanks (AI4AD, U01 AG068057). This research
was supported in part by the Intramural Research Program of the National Institutes
of health, National Library of Medicine. Contributors to the Genetic Analysis Data
included Study Investigators on projects that were individually funded by NIA, and
other NIH institutes, and by private U.S. organizations, or foreign governmental or
nongovernmental organizations.

The ADSP Phenotype Harmonization Consortium (ADSP-PHC) is funded by NIA
(U24 AG074855, U01 AG068057 and R01 AG059716). The harmonized cohorts within

9
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Research & Development LLC.; Lumosity; Lundbeck; Merck & Co., Inc.;Meso Scale
Diagnostics, LLC.; NeuroRx Research; Neurotrack Technologies; Novartis Pharma-
ceuticals Corporation; Pfizer Inc.; Piramal Imaging; Servier; Takeda Pharmaceutical
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