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ARTICLE

The association of GNB5 with Alzheimer disease
revealed by genomic analysis restricted
to variants impacting gene function

Jianhua Zhang,!.7.* Mritunjay Pandey,’.” Adam Awe,! Nicole Lue,! Claire Kittock,! Emma Fikse,!
Katherine Degner,! Jenna Staples,! Neha Mokhasi,! Weiping Chen,? Yanqin Yang,® Poorni Adikaram,!
Nirmal Jacob,! Emily Greenfest-Allen,* Rachel Thomas,! Laura Bomeny,! Yajun Zhang,>

Timothy ]. Petros,> Xiaowen Wang,® Yulong Li,! and William F. Simonds!*

Summary

Disease-associated variants identified from genome-wide association studies (GWASs) frequently map to non-coding areas of the genome
such as introns and intergenic regions. An exclusive reliance on gene-agnostic methods of genomic investigation could limit the identifica-
tion of relevant genes associated with polygenic diseases such as Alzheimer disease (AD). To overcome such potential restriction, we devel-
oped a gene-constrained analytical method that considers only moderate- and high-risk variants that affect gene coding sequences. We report
here the application of this approach to publicly available datasets containing 181,388 individuals without and with AD and the resulting
identification of 660 genes potentially linked to the higher AD prevalence among Africans/African Americans. By integration with transcrip-
tome analysis of 23 brain regions from 2,728 AD case-control samples, we concentrated on nine genes that potentially enhance the risk of AD:
AACS, GNBS, GNS, HIPK3, MED13, SHC2, SLC22AS5, VPS35, and ZNF398. GNBS, the fifth member of the heterotrimeric G protein beta family
encoding GBS, is primarily expressed in neurons and is essential for normal neuronal development in mouse brain. Homozygous or com-
pound heterozygous loss of function of GNB5 in humans has previously been associated with a syndrome of developmental delay, cognitive
impairment, and cardiac arrhythmia. In validation experiments, we confirmed that Gnb5 heterozygosity enhanced the formation of both
amyloid plaques and neurofibrillary tangles in the brains of AD model mice. These results suggest that gene-constrained analysis can com-
plement the power of GWASs in the identification of AD-associated genes and may be more broadly applicable to other polygenic diseases.

Introduction

Disparities in the risk for polygenic diseases, such as type 2
diabetes mellitus (MIM: 125853), obesity (MIM: 601665),
and cardiovascular disease (including MIM: 608446,
601367), result partly from differences in environmental
stressors, socioeconomic determinants, and individual
behaviors,' but are also the result of genetic differences
among populations with different ancestry.” That being
so, ancestry-specific pools of potentially impactful
variants, including those affecting gene coding regions,
constitute the genetic background for the vulnerability to
polygenic diseases among populations in an ancestry-
dependent manner. These considerations apply to Alz-
heimer disease (AD [MIM: 104300]), a progressive and
debilitating polygenic neurodegenerative disease which is
approximately twice as prevalent in individuals of
African/African American ancestry (AFR) compared to
White non-Hispanic/Europeans (EUR).*° The heritable
component of AD risk due to cumulative genetic effects
has been estimated to be ~70% based on twin studies.”

The search for genetic variants associated with complex or
polygenic traits and diseases has traditionally involved
genome-wide association studies (GWASs). Until only
recently GWASs have included mostly participants of EUR
ancestry.”'* Such bias in representation risks limiting our
understanding of diseases such as AD shown to have an un-
equal impact on populations of different ancestry.'>'®
Another feature of GWAS design that could potentially
impair their ability to delineate the genetic basis for disease
risk is the deliberately gene-agnostic approach for the detec-
tion of rare variants, such as single-nucleotide polymor-
phisms (SNPs) and short indels. It is not uncommon in
GWASs that most SNPs detected end up mapping to noncod-
ing regions of the genome.'?*"

The potential functional impact of variants located in in-
tergenic, regulatory, and intronic regions of the genome,
though often representing the majority of signal in
GWASs, may be challenging to predict or interpret in a mech-
anistic biological framework. Given this problem, methods
of statistical fine mapping have been developed in recent
years to refine GWAS signals, help select and prioritize
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genetic variants for further study, and better identify the var-
iants that are truly causal to the phenotype.*' Although var-
iants located in the gene coding regions themselves are not
prioritized by GWASs and in fact represent only ~10% of
the entire GWAS signal,”” alternative methods of analysis
that focus on this small set of variants may be desirable
because such intragenic variants should be more easily inter-
pretable in a functional context.

In the present study, we develop and apply a particular
form of gene-constrained analysis for the identification of
unknown AD-associated genes. Employing an analytical
method that considers only moderate- and high-risk variants
that affect gene coding sequences, denominated by the total
number of variants affecting that gene, we were able to iden-
tify 660 genes potentially linked to the higher AD prevalence
among AFR. In combination with transcriptome profiling of
multiple brain regions, we ultimately concentrated on nine
genes that potentially enhance the risk of AD and experi-
mentally demonstrated that one of them, Gnb5 (GNBS5 in hu-
mans [MIM: 604447]), exacerbated the development of AB
plaque and neurofibrillary tangle (NFT) in a mouse model
of AD. These results suggest that gene-constrained analysis
can complement the power of GWASs in the identification
of AD-associated genes and may be more broadly applicable
to other complex polygenic human diseases.

Material and methods

Mouse husbandry and genotyping

The Gnb5 KO mice containing the germline deletion of exon 3 were a
generous gift from Ching-Kang Jason Chen, PhD (Department of Mo-
lecular Medicine, The University of Texas Health Science Center at San
Antonio).”* The amyloid precursor protein (APP [MIM: 104760])/pre-
senilin 1 (PSEN1 [MIM: 104311]) transgenic mice (B6C3-Tg(APPswe,
PSEN1dE9)85Dbo/Mmijax) as an Alzheimer disease model** were pur-
chased from Jackson laboratory (MMRRC Stock No: 34829-JAX). The
APP/PSEN1 mice are doubly transgenic, expressing a chimeric
mouse/human amyloid precursor protein (Mo/HuAPP695swe) and a
mutant human presenilin 1 (PS1-dE9), both directed to CNS neu-
rons.”* The breeding of C57BL/6 GnbS™'~ with the APP/PSEN1 mice
generated the Gnb5/~/APP/PSENT, triple mutant mice. Mouse hus-
bandry was according to the National Institutes of Health Guide for
Care and Use of Laboratory Animals. Mouse studies were performed
under the oversight of the NIDDK Animal Care and Use Committee,
Animal Study Proposal K164-MDB. Mice were maintained in a path-
ogen-free facility in a temperature-controlled room with a 12-h
light/dark cycle and free access to food and water. The mouse genotyp-
ing was conducted using the DirectPCR (Tail) (Viagen, Cat# 102-T)
lysis buffer for crude DNA extraction and 2x PCR mix (Bioline, Cat#
BIO25048) for PCR reactions. The primers and PCR conditions used
for genotyping Gnb5™'~ mice were described previously” and those
for APP/PSEN1 mice were as indicated at the vendor’s website
(https://www.jax.org/strain/004462).

AB plaque and Tau-associated neurofibrillary tangle
(NFT) staining

Mice were sacrificed and perfused as previously described.”® The
mouse brains were excised and fixed in 4% paraformaldehyde in

PBS for 2 h after perfusion and then stored in 5 mL 30% sucrose so-
lution in a 15 mL centrifuge tube at 4°C for 2-3 days or until they
settled to the bottom of the container. The brains were sectioned
sagittally at 20 pum thickness using a Leica cryostat (Leica
CM3050S, Leica Microsystems Inc.). For Ap plaque staining, brain
sections of desired genotypes from the same litter were processed
in parallel and stained with Thioflavine S (Sigma, Cat# T1892) in
accordance with the modified Guntern protocol.2° In brief, sections
were stained for 8 min with 0.002% Thioflavine Sin 1x TBS. Sections
were then rinsed twice for 1 min each in 50% EtOH followed by
5 min in 1x TBS. For NFT staining, the brain sections were first per-
meabilized in 0.3% Triton X- for 30 min at room temperature,
blocked in 4% BSA solution for 1 h at room temperature, and then
incubated with anti-Tau antibody (EMD Millipore, now Millipore
Sigma, Cat# MAB3420) in 4% BSA at 1:2,000 dilution overnight at
4°C. The sections were washed 3 x 10 min in 1% BSA/PBS and
blocked again in 4% BSA for 30 min at room temperature prior to in-
cubation with the secondary antibody incubation (Invitrogen, now
Thermo Fisher Scientific, Cat# A11032) in 4% BSA at 1:450 dilution
for 2 h atroom temperature. Sections were finally washed 3 x 10 min
in 1x PBS. All the sections were mounted with antifade mounting
medium containing DAPI (Vectashield Cat# H-1200).

The stained sections were imaged on the Keyence fluorescent
microscope (BZ-X810, Keyence). Quantifications of Ap plaque
and NFT numbers were performed by testers blind to the mouse
genotypes. The AB plaque numbers for each section were manu-
ally quantified using the cell counter plugin on ImageJ while the
NFT (>0.32258 um) numbers were quantified automatically using
the Image] cell counter by first converting the color images to
black and white ones and setting the background threshold to
100/255. The data were analyzed using the Prism8 software
(Graphpad Software).

Gene function impacting variant rate analysis
To perform a comprehensive analysis of whole-genome gene func-
tion impacting variant rate (GFIVR), we acquired counts variants
associated with Alzheimer disease and the total variants located
within gene and exon regions. These data were obtained through
programmatic access to the NIAGADS Alzheimer’s GenomicsDB
via REST services and by downloading the reference dataset from
the gnomAD database (https://gnomad.broadinstitute.org/down
loads). Both databases were generated based on the Genome Build,
GRCh37/hg19, at the time of our analysis. After removing duplicate
entries and applying quality control measures, a total of 20,324 genes
common to both datasets were identified for analysis. The datasets
were processed programmatically as follows: the total number of var-
iants for each gene and their expected functional impact were ex-
tracted for two datasets. Functional annotations for the gene variants
were generated using the Ensembl Variant Effect Predictor (VEP), an
open-source toolkit.”” Variants predicted by VEP to have a moderate
or high functional impact were categorized as gene function impact-
ing variants (GFIVs) and counted for each gene in both datasets for
subsequent analysis. GFIVRs were calculated for each gene by
dividing the number of function-impacting variants (the sum of
moderate and high-risk variants) by the total number of variants
for that gene. The fold enrichment for each gene was obtained by
comparing the GFIVR of a gene in the NIAGADS dataset to the
GFIVR of the same gene in the gnomAD reference dataset.

An initial quartile analysis was performed to identify candidate
genes for further investigation. Specifically, genes that overlapped
between the top 50% of genes based on the total number of
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variants and the top 75% of genes based on the GFIV were selected
from both the NIAGADS and gnomAD reference datasets. This se-
lection yielded 6,122 of 20,324 total genes. Subsequently, super-
vised K-median clustering analysis (open source Cluster 3.0 soft-
ware)?® was conducted on these 6,122 selected genes across five
distinct populations. These populations included the four ances-
tral subpopulations within gnomAD: AFR (African/African Amer-
ican), EUR (Ashkenazi Jewish, Finnish, and Non-Finnish Euro-
pean), Latino (Admixed Americans), and Asian (East Asian) and,
as well as the NIAGADS dataset, treated as a single entity. Before
conducting the analysis, the entire dataset consisting of 30,610
GFIVR values underwent normalization through global-median
centering and log transformation. The resulting normalized data-
set was visually represented using Java Treeview (https://jtreeview.
sourceforge.net)?’ utilizing a three-color scheme: yellow for posi-
tive values, black for zero values, and blue for negative values.

For Bonferroni correction of p values resulting from multiple
comparisons, the chi-square p values were adjusted programmati-
cally using the Bonferroni_p_value function available in the Py-
thon library and conducted on the Jupyter Notebook interface
of Python 3.%°

Transcriptome profiling of 23 human brain regions

The transcriptome profiles on Affymetrix microarray from 23
different regions of human brain tissues downloaded from NCBI/
GEO database (www.ncbi.nlm.nih.gov/geo). The microarray raw
data were imported into the software Partek Flow (http://www.
partek.com/partek-flow/) and aligned on Genome Reference Con-
sortium Human Build 37 (GRCh37) by modified STAR. The merged
data table was quantified to an annotation model (Partek E/M) and
normalized by its default method. One-way ANOVA analysis per
brain region, chip type was considered as the random variable. The
final list of the significantly differentially expressed genes was gener-
ated by the filters of the fold changes greater than 1.39 (AD vs. non-
AD)with less than 0.05 FDR (false discovery rate). The bioinformatics
analysis was conducted by the commercial Genomatix software suite
(https://www.genomatix.de/solutions/genomatix-software-suite.
html). The gene ontology analysis was performed by MetaCore in
GeneGo (http://trials.genego.com/cgi/index.cgi). The 2D drawing
of the relative locations of brain regions and the 3D diagram of the
functional relationships between EC and HIP were created by Devon
Art.

Gene network analysis

Network visualization and integrative analysis was performed using
both the Ingenuity Pathway Analysis tool (IPA) software using the
core analysis option (QIAGEN, Inc.; www.qgiagenbioinformatics.
com) and the web-based OmicsNet network visualization tool
(www.omicsnet.ca) using the InnateDB option. The selected gene
lists of interest were uploaded onto the corresponding bioinformat-
ics system and subjected to unsupervised analysis by precisely
following the corresponding instructions of each system.

Results

Comparative genomic analysis reveals 660 genes
potentially associated with Alzheimer disease

Cognizant of the potential shortcomings of genome-wide
SNP association studies described above, we developed a
novel gene-constrained analysis, focusing on variants

with the potential to impact gene function, for the identi-
fication of unknown AD-associated genes. Toward this
end, we compared two large genomic datasets: (1) the sum-
mary statistics from the National Institute on Aging Ge-
netics of Alzheimer Disease Data Storage Site (NIAGADS;
Alzheimer’s Genomics Database) representing GWASs of
both early- and late-onset AD*'*? and (2) the Genome Ag-
gregation Database (gnomAD) which was utilized as a
reference population.””** From each database, the total
number of variants that mapped to a given gene was pro-
grammatically extracted, along with the expected func-
tional impact for each genetic variant. The functional
annotation for every variant was generated by the Ensembl
Variant Effect Predictor (VEP),?” an open-source toolkit for
annotating variants and predicting their effects on genes
and regulatory elements. VEP uses a series of algorithms
based on protein sequence conservation and other factors
to predict pathogenicity and the functional impact of a
variant.””-*> Variants predicted to have an effect impact
categorized as either moderate or high by VEP were consid-
ered GFIVs, tallied for each gene in the two datasets, and
used for subsequent analysis.

Preliminary filtering involved basic quartile analysis of
the two genomic datasets. After removal of duplicates
and performance of data quality control, 20,324 genes
could be compared between the two datasets. Genes with
the number of total variants in the top 50% and the num-
ber of GFIV in the top 75% in both the NIAGADS and gno-
mAD reference datasets were considered further. This
yielded 6,122 of the 20,324 genes (Figure 1A).

Next, the GFIV rate (GFIVR), defined as the combined
number of moderate- and high-risk variants for each
gene divided by the total number of variants in that gene
was calculated programmatically for the 6,122 genes in
the two large datasets. Using the calculated GFIVR, we
compared the summary statistics from NIAGADS with
the gnomAD dataset on a gene-to-gene basis. Although
longer genes might reasonably be expected to harbor
more variants due solely to their larger genomic footprint,
our method of gene-to-gene comparison between study
populations controls for this. Furthermore, we found a
high correlation in the average number of total variants
per gene across subpopulations (see below).

We hypothesized that genes in the NIAGADS dataset
with significantly higher GFIVR relative to the same gene
in the gnomAD reference population might be associated
with the AD phenotype. Note that the GFIVR analytical
strategy presented here considers each gene, instead of
each SNP or variant as in a GWAS, as the functional unit
for comparison. This strategy also assumes that the overall
rate of variation for a particular gene is relatively stable
within a species. We tested this assumption by program-
matically calculating the average number of total gene var-
iants per individual across 20,324 genes among four sub-
populations of different ancestry in gnomAD and found
inter-ancestral correlation coefficients = 0.93 (Figure S1).

Because the GFIVR method aggregates all potentially
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Figure 1. Comparative genomic analysis
reveals 660 genes potentially associated
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impactful variants within a gene, instead of considering
each SNP or variant in isolation as in a GWAS, GFIVR anal-
ysis may sensitize the detection of phenotypically relevant
genes. This approach should also minimize analytical
interference by variations of unrelated genes, and thus
complement the power of GWAS analysis.

Because the prevalence of AD is some 2-fold higher in
AFR than in EUR,* it seemed likely that genes contrib-
uting to such divergence might have a higher GFIVR in
the AFR subpopulation within the reference gnomAD pop-
ulation. To test this hypothesis, inter-ancestral K-median
analysis was performed by comparing the GFIVR of the
6,122 potential AD-associated genes identified above
among five groups: the four ancestral categories within
the gnomAD reference dataset for which information
was available (EUR, Asian, Latino, and AFR; see material
and methods for further details of gnomAD ancestral clas-
sifications) and the NIAGADS dataset (as a whole). Consis-
tent with our hypothesis, a subset of 1,008 genes from the

6,122 total could be identified in block 3 (Figure 1A, high-
lighted in pink box) whose normalized GFIVRs were highly
correlated between individuals of AFR ancestry within gno-
mAD, and the NIAGADS dataset as a whole (Table S1).
Among these 1,008 genes, 660 had a GFIVR in the AFR sub-
population of gnomAD more than 2-fold higher than in
the EUR subpopulation (fold enrichment >2) and were
considered further (Figure 1B) (Table S2).

We hypothesized that this subset of 660 genes, though rep-
resenting only ~3% of the starting set of 20,324 genes, would
be enriched with AD-risk genes, especially those genes
contributing to the higher prevalence of AD among individ-
uals with AFR ancestry. As a check on this hypothesis, we
considered a group of 76 loci and genes with genome-wide
significant evidence of affecting AD risk compiled by the Alz-
heimer Disease Sequencing Project (ADSP) Gene Verification
Committee (listed in Table S3; Figure S2A).***” We found
that genes from among this set of 76 AD-risk genes were en-
riched throughout the steps of bioinformatic processing
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presented above; included among the final subset of 660
genes were 11 of the 76, supportive of the hypothesis
(Figures S2B and S2C; chi-square two-tailed p < 0.0001).

This set of 660 genes was characterized further. By
comparing the number of GFIV with the number of total
variants on a gene-by-gene basis between individuals of
AFR and EUR ancestry in gnomAD, fold enrichment (FE),
odds ratios, and Z-scores were calculated (Figure 1B). The
FE and odds ratios were highly correlated (R = 0.99)
(Figure 1B, left). The median Z score was close to +50 for
this set of genes when GFIVR were compared between
AFR and EUR ancestral groups (Figure 1B, right).

Transcriptome profiling identifies 14 human brain
regions with the most significantly altered gene
expression in AD

We sought an orthogonal approach to define genes associ-
ated with AD pathogenesis that did not involve the analysis
of germline genetic variants. An independent approach to
uncovering genes relevant for AD pathogenesis could
involve the identification of genes with significantly altered
expression in the brains of individuals with AD relative to
control subjects. This can be justified by imagining, for
example, that elements of AD risk arising from non-genetic
factors, such as environmental influences and individual be-
haviors, may converge in their impact on the same genes and
pathways important for heritable AD risk. One limitation in
the use of transcriptomic analysis for this purpose is the
recognition that genes with significantly altered transcript
levels may include not only primary molecular drivers of
the earliest steps of AD, but also genes whose altered expres-
sion occurs only in the later stages of disease, representing
secondary or tertiary adaptations or changes in molecular
function and expression in response to disease progres-
sion.”® In comparison to the genomic analysis presented
above, it could be argued that the functional impact of
only transcriptionally down-regulated AD risk genes would
parallel the effect of a GFIV of the same gene present in the
germline (i.e., both alterations diminishing gene function).
Whereas this might be true early in disease pathogenesis, it
is conceivable that transcriptional up-regulation of critical
AD risk genes might occur later in the disease process as
compensatory secondary or tertiary responses. For this
reason, and to reduce possible selection bias, we chose to
consider genes with significantly altered expression, in either
the upward or the downward direction, for the transcrip-
tomic analysis of the brains of individuals with AD relative
to control subjects.

To this end we performed transcriptome analysis of 23
brain regions, comparing data from 2,728 AD-affected
and non-AD individuals using meta-data analysis of pub-
licly available microarray datasets (Table S4). Using this
approach, 12,776 transcripts were identified that had
either significantly increased or decreased levels of expres-
sion in the brains of AD-affected individuals (Figure 2A).
These transcripts implicate more than 50% of the pro-
tein-coding genes currently recognized in the human

genome, a striking proportion that highlights the exten-
sive impact of AD pathology on gene expression across
multiple brain regions. As considered above, these tran-
scripts presumably represent a combination of genes
whose altered expression was of primary importance
(occurring earlier and linked more closely to disease path-
ogenesis) and others with later, secondary or tertiary, asso-
ciation to AD brain pathology (Figure 2A).

The genes with altered expression varied among the 23
different brain regions analyzed. We arbitrarily chose to
focus on the 14 brain regions that demonstrated the largest
number of transcripts with altered expression in AD-affected
individuals, hypothesizing that these 14 brain regions may
play a more significant role in AD development (Figure 2A,
regions to the left of the vertical dashed blue line; Table S5;
see Table S6). Within these 14 brain regions were 3,419 genes
whose expression levels were altered at least 2-fold in one or
more regions in AD compared to control brains.

Analysis of the patterns of altered expression for the 3,419
genes in these 14 brain regions by unsupervised hierarchical
clustering showed a pairing of the hippocampus (HIP) and
entorhinal cortex (EC) (Figure 2B), suggesting that regulatory
mechanisms may be shared by these two areas of the medial
temporal lobe with well-established involvement in AD.*"*"
In contrast, the genes in the frontal pole (FP), a brain region
also implicated in AD***! exhibiting the largest number of
altered gene transcripts in our analysis (Figure 2A), mapped
to a cluster distinct from the HIP and EC regions
(Figure 2B). Similar results were obtained through UMAP
(Uniform Manifold Approximation and Projection for
Dimension Reduction) analysis of the 3,419 genes as shown
in Figure 2C. The EC and HIP regions, well established as cen-
ters of learning and memory, are in close anatomical prox-
imity and participate in two-way communication through
established neural circuits (Figure 2D).*>*® The EC, HIP,
and FP are among the brain regions showing the earliest
dysfunction in AD development, paralleling the early stages
of AD during which affected individuals experience a dimin-
ished sense of space and time.*”** Given the above, as well as
a desire to further streamline the analysis, we arbitrarily
decided to focus the remaining transcriptomic analysis on
the HIP, EC, and FP brain regions and identified a set of 340
overlapping genes with significantly increased or decreased
levels of expression that were shared among these three re-
gions (Figures 2E and S3; Table S7).

Discovery of nine genes potentially linked to Alzheimer
disease pathogenesis

We juxtaposed the lists of candidate genes obtained by the
two independent approaches. From among the 660 genes
with germline GFIV enriched in subjects with AD from
the NIAGADS dataset and those of AFR ancestry in the gen-
eral gnomAD population (Figure 1B) and the 340 genes with
significantly altered expression in the EC, HIP, and FP brain
regions in AD (Figure 2E), there were nine shared genes
(Figure 3, top and middle). Several of these nine, including
GNBS5, GNS (MIM: 607664), MED13 (MIM: 603808), and
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Figure 2. Transcriptome profiling identifies 14 human brain regions with the most significantly altered gene expression in AD

(A) Bar graph illustrating the number of genes with either 2-fold higher (depicted in green) or 2-fold lower (depicted in red) transcript
expression in the brains of Alzheimer disease (AD)-affected individuals compared to non-AD control subjects. The x axis represents the
abbreviated names of the 23 examined brain regions (for full names, refer to Table S6). The 14 brain regions to the left of the dashed blue
line harbored the greatest number of significantly altered transcripts and were considered in subsequent clustering analysis.

(B) Uniform Manifold Approximation and Projection (UMAP) cluster analysis of the 3,419 genes with at least a 2-fold difference in
expression between AD and non-AD brains in the entorhinal cortex (EC), hippocampus (HIP), and frontal pole (FP) regions, with indi-
vidual genes indicated as dots. Color code for directionality of gene changes as in (A).

(D) Schematic representation of the human brain, highlighting the relative anatomical positions of the EC, HIP, and FP brain regions.
(E) Venn diagram illustrating a common set of 340 genes shared among HIP, EC, and FP brain regions, with at least a 2-fold difference in
expression between AD and non-AD brains. The numbers for each brain region represent the genes with significant differences in at least
two of the three brain regions: HIP (1,466 genes), EC (1,275 genes), and FP (1,759 genes).

VPS35 (MIM: 601501), have established associations with
various neurologic abnormalities (Figure 3, middle, in red
font). Network visualization and integrative analyses identi-
fied direct or indirect interactions involving all nine genes
using the Ingenuity Pathway Analysis (IPA) software (-
QIAGEN, Inc.) and interactions involving eight of the
nine genes using the web-based OmicsNet network visuali-
zation tool (www.omicsnet.ca) (Figure 3 lower two panels).

In the OmicsNet analysis using the innateDB option, both
GNBS and VPS35 showed direct interactions with the APP
gene, a hallmark genetic risk factor for AD.

Heterozygosity of Gnb5 aggravates AP plaque and NFT
development in an AD mouse model

Among the nine genes described above (AACS [MIM:
614364], GNBS, GNS, HIPK3 [MIM: 604424], MED13, SHC2

478 The American Journal of Human Genetics 111, 473-486, March 7, 2024


http://www.omicsnet.ca

Transcriptomic
(EC-HIP-FP)
9

660 340

Genomic

Genes
IAACS

GNB5

Annotation of Diseases or Functions
non-insulin-dependent diabetes mellitus
Intellectual developmental disorder with cardiac arrhythmia; Language delay and attention
deficit-hyperactivity disorder/cognitive impairment with or without cardiac arrhythmia;
Familial mental retardation

IGNS mucopolysaccharidosis, mps-IIl-d, Sanfilippo disease, neonatal late-onset sepsis
HIPK3  Schizophrenia
Familial mental retardation; Intellectual developmental disorder 61;Autosomal dominant
MED13 " -
complex neurodevelopmental disorder; Autosomal dominant encephalopathy
SHC2 Loss of sympathetic neuron; Loss of sensory neurons; Loss of neurons
primary systemic carnitine deficiency, microvesicular hepatic steatosis, proximal tubular
SLC22A5 toxicity, colorectal adenoma formation, colorectal adenoma, short QT syndrome, Crohn
disease, dilated cardiomyopathy 1A, organismal death, hereditary disorder, myelodysplastic
syndrome, diabetes mellitus, COVID-19
Loss of cortical neurons; Loss of dopaminergic neurons; Loss of neurons in central nervous
\V/PS35 system; Loss of neurons in central nervous system; Neurodegeneration of dopaminergic

neurons; Damage of axons; Parkinson disease type 17;Delay in amyotrophic lateral sclerosis;

Figure 3. Discovery of nine genes poten-
tially linked to Alzheimer disease patho-
genesis through combined genetic and
transcriptomic analyses

Top: Venn diagram illustrating a set of nine
shared genes from among the 660 genes
with GFIVs enriched in both subjects with
AD from the NIAGADS dataset and those
of AFR ancestry in the general gnomAD
population (refer to Figure 1), and the 340
genes with significantly altered expression
in the EC, HIP, and FP brain regions in AD
(refer to Figure 2E). Middle: a list detailing
the reported associations and/or molecular
functions of the nine identified genes.
Genes in red font have established associa-
tions with neurologic abnormalities (see
also main text). Lower: network visualiza-
tion and integrative analyses of the nine
genes using two different tools: the IPA
package (displayed in the left panel) and
the Omicsnet web-based bioinformatic
tool (displayed in the right panel).
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[MIM: 605217], SLC22A5 [MIM: 603377], VPS35, and
ZNF398 [MIM: 618593)), one is GNB5, which encodes the
highly evolutionarily conserved G protein B5 subunit
(GBS), primarily expressed in neurons and essential for
normal neuronal development in the mouse brain.”® In hu-
mans, homozygous or compound heterozygous loss of func-
tion of GNBS has been associated with the Lodder-Merla syn-
drome (MIM: 617173) of neurodevelopmental and language
delay with cardiac arrhythmia.””*! G5 forms heterodimers
with one of four obligate R7 subfamily regulator of G protein
signaling (RGS) binding partners (RGS6 [MIM: 603894], RGS7
[MIM: 602517], RGS9 [MIM: 604067], or RGS11 [MIM:
603895])* to form a stable GB5/R7-RGS protein complex
that acts as a GTPase-activating protein (GAP) targeting Ga
proteins to restrain or dampen signaling downstream of G
protein-coupled receptors (GPCRs).>* Using in vitro GAP as-
says employing purified recombinant complexes of GBS
bound to full-length RGS6 and RGS7, it has been shown
that GBS/RGS7 acts exclusively on the Goo subunit, and

i 9O
® ZNF398

Goi>® In cell-based assays, however,
the specificity of RGS7 may be less strin-
gent. Both the RGS domain of RGS7°*°°
and full-length RGS7 complexed with
GB5°° inhibit Goaq-mediated calcium
mobilization in transfected cells, sug-
gesting that GB5/RGS7 may also regulate
Goq signaling. In Caenorhabditis elegans,
the orthologs of mammalian GB5/R7-
RGS dimers regulate both Gai and Gaq
signaling.®’

The systemic examination of the
transcript levels of Gnb5 and its part-
ners in mouse brain using in situ hy-
bridization with the RNAscope tech-
nology (ACD bio. Inc) demonstrated
their wide expression consistent with a fundamental
role in neuronal development and function®® (Figure S4).
If such widespread expression of GNB5 and its partners is
also present in human brain, it could well account for the
deleterious neurodevelopmental impact of bi-allelic GNBS
loss of function described above. It is furthermore
conceivable that heterozygous GFIV in GNBS might
have a phenotype, albeit more subtle, such as lowering
the threshold for, or enhancing the risk of, polygenic
neurologic disorders including AD.

Since the prevalence of AD is 2-fold higher in individuals
of AFR ancestry relative to EUR,*® we compared the prev-
alence of germline GFIV affecting GNBS between these two
ancestral groups in the general reference population.
GFIVR analysis revealed that GNBS had a 3.6-fold higher
rate among individuals of AFR ancestry compared to EUR
subjects within gnomAD (p < 1 x 1077) (Figure 4A).
The AFR and EUR subpopulations in gnomAD were further
queried, computing the GFIVR and corresponding
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Figure 4. The GFIVR of GNB5 gene is higher in AFR than EUR populations in gnomAD

(A) Comparison of germline GFIVR of GNBS between subjects of AFR and EUR ancestry within the reference (gnomAD) datasets (p < 1 X 107).
(B) Dot plot of the Bonferroni-corrected p values of the GFIVR differences for GNBS (green square) and 73 analyzable genes (black dots)
from among the 76 total loci and genes affecting AD risk compiled by the Alzheimer Disease Sequencing Project Gene Verification Com-
mittee (76 genes listed in Table S3; Figure S2A; the three non-analyzable genes omitted from the present analysis were SHARPIN/SIPL1,

DOC2A, and SLC2A4RG).

Bonferroni-corrected p values for 73 analyzable genes from
among the 76 total genes and loci compiled by the ADSP
Gene Verification Committee (Figure 4B; see also
Table S3; Figure S2A).°*°° The majority of these 73 verified
AD-risk genes had Bonferroni-corrected p values <1 X
107, like GNBS, demonstrating a disproportionate fre-
quency of GFIV among subjects with AFR ancestry
(Figure 4B). Taken together, these findings support the
plausibility of GNB5 as a candidate genetic risk factor
for AD.

According to the polygenic disease model, if GNBS
were an AD-risk gene then its haploinsufficiency would
exacerbate or synergize with effects resulting from other
pathogenic gene variants. To test this hypothesis, we
mated Gnb5 mutant mice with double transgenic APP/
PSEN1 AD model mice** to create Gnb5/~/APP/PSEN1
triple mutant mice and examined AP plaque and NFT
formation in the brains of 8- to 11-month-old mice
(Figure 5). Amyloid plaques and NFTs are hallmarks of
AD progression and in humans the burden of Ap plaques
and NFTs largely correlates with the severity of AD symp-
toms.®'°* While no A plaques or NFTs were found in
wild-type or Gnb5™~ mice (Figures SA-SE, 51, 5M, 5B,
5F, 5J, and 5N), the APP/PSEN1/Gnb5*/~ triple gene
variant mice showed a significantly increased presence
of both AP plaques (Figures 5SD-5H, 5Q, and 5R) and
NFTs (Figures 5L, 5P, 5§, and 5T) in both EC and HIP
brain regions as compared to the APP/PSEN1 double
transgenic mice (Figures 5C-5G, 5K, 50, 5Q, 3R, 35S,
and 5T). These results suggest that Gnb5 heterozygosity
can synergize with other AD risk genes to aggravate
AD-associated neuropathology, strengthening the candi-
dacy of GNBS as an AD-risk gene.

Discussion

AD is a paradigmatic example of a polygenic neurodegenera-
tive disorder with unequal impact on populations that differ
in ancestry. Polygenic diseases such as AD reflect the func-
tional status of multiple genes, each of which may contribute
only minutely to disease development. The search for
contributory genes has traditionally involved genome-wide
SNP association studies. Recognizing that most disease-asso-
ciated variants identified by GWASs map to intergenic, regu-
latory, and intronic regions without obvious biological
relevance, we preferred to develop an alternative gene-con-
strained analysis that focused on variants with the potential
to impact gene function, for the identification of unknown
AD-associated genes. Although variants located in the genes
themselves represent only a minor fraction of the entire
GWAS signal, we focused on this small set of intragenic vari-
ants, hypothesizing that they should be more readily inter-
pretable in a functional or mechanistic context. We further
hypothesized that this approach might enhance the sensi-
tivity of gene detection through cumulative “scoring” and ag-
gregation of all potentially impactful disease-associated vari-
ants within a gene, instead of considering SNPs or variants in
isolation from one another.

To test these hypotheses, we developed GFIVR analysis as
a gene-constrained bioinformatic tool. From among 20,324
analyzable total genes, we identified a subset of 660 genes
likely to be enriched with genes responsible for the higher
AD prevalence among those of AFR relative to EUR ancestry
through inter-ancestral GFIVR and bioinformatic clustering
analysis. Comparison with an independently identified set
of 340 genes highlighted by whole-brain transcriptomic
analysis enabled the identification of nine candidate AD
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11-month-old mice with the indicated geno-
types. All sections were counterstained with
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0.005; ***p = 0.0002. Quantitative analyses
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risk genes common to both sets with higher GFIVR in the
germline and significantly altered expression levels in clini-
cally relevant brain regions of AD-affected individuals:
AACS, GNBS, GNS, HIPK3, MEDI13, SHC2, SLC22AS,
VPS35, and ZNF398.

A potential weakness of the present approach to candi-
date gene identification is excessive stringency in the bio-
informatic workflow and a related bias toward the detec-
tion of AD risk genes among subjects of AFR ancestry. In
the K-median analysis, for example, we considered only
the set of 1,008 genes in block 3 with normalized GFIVRs
highly correlated between individuals of AFR ancestry
within gnomAD, and the NIAGADS dataset considered as
a whole (Figure 1A). We thus overlooked many potential
AD-risk genes such as those in block 2 whose GFIVRs
were elevated in both the EUR population in gnomAD
and in the NIAGADS dataset. The elimination of two-
thirds of the ADSP-verified AD-risk genes’®“’ from the

line and significantly altered expression
levels in the brains of AD-affected indi-
viduals have been previously associated with neurologic or
neurodegenerative disease (Figure 3, middle). Variants in
VPS35, for example, whose gene product functions in the
endo-lysosomal pathway, have been linked to several
neurodegenerative diseases, including Parkinson disease
(MIM: 614203).°*% Variants in MED13 have been associ-
ated with a severe neurodevelopmental disorder in infants
(MIM: 618009).°°%® Bi-allelic loss of function of GNS
has been associated with a lysosomal storage disease mani-
fest by progressive neurodegeneration (MIM: 252940).°%7°
As referenced above, bi-allelic loss of function of GNBS
causes the Lodder-Merla syndrome characterized by intel-
lectual and neurodevelopmental delay with cardiac
arrhythmia.>>!

As a proof of concept, we experimentally confirmed the
relevance of one AD candidate risk gene, GNBS5, by demon-
strating a synergistic effect of Gnb5 heterozygosity on Ap
plaque and NFT formation in the APP/PSEN1 double
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transgenic AD mouse model. Though we did not try to
correlate performance on behavioral tests of memory
with the observed neuropathology in the present cohort
of mice, it would be an important goal of future studies.
One justification for the utilization of gene-constrained
analysis like GFIVR presented here was the promise that
the genes identified might be more easily interpretable in
a functional context relative to the GWAS. We must there-
fore consider hypotheses regarding a possible role for
GNBS in the mechanism of AD pathogenesis.

A relevant clue may be our finding that GNBS interacted
with APP in the OmicsNet integrative analysis presented
above (Figure 3, lower panel). Martemyanov and co-
workers showed that the GB5/Rgs7 complex physically
associates with metabotropic GABA-B receptors in hippo-
campal neurons’’ and, via such interaction, regulates syn-
aptic plasticity and memory.”>”? In separate studies,
several labs have demonstrated the binding of APP to
GABA-B receptors mediated by an extracellular sushi pro-
tein domain present on the receptor.”*’” Though it re-
mains unclear whether APP binding modulates GABA-B re-
ceptor signaling,”*”>’’ APP-GABA-B receptor complex
formation may alter APP processing and affect amyloido-
genesis.”” Thus it is conceivable that GNBS might affect
the amyloidogenic APP processing pathway by virtue of
mutual interactions of GB5 and APP with the GABA-B
GPCR in the hippocampus or elsewhere. Interestingly,
potentially relevant non-canonical interactions of GB5
with GPCRs have also been demonstrated, including
with the muscarinic M3 cholinergic receptor’®®' and the
recently deorphanized receptor GPR158 (mGlyR).****

Another potential mechanism linking GNBS with APP and
amyloidogenesis centers on the Gai/o-directed GAP activity
of the GBS5/R7-RGS protein complex by which it restrains or
dampens Gi/o signaling.>” Nishimoto et al. reported some
four decades ago that APP was a Go-coupled receptor.** Sub-
sequently it was shown that Ap neurotoxicity may be medi-
ated by the interaction of fibrillar AB (as an upstream acti-
vator) with APP, akin to the pathogenic mechanism of
prions.®> Mutational or pharmacological blockade of Go/
GBy signaling downstream of APP has been shown to block
amyloidogenic processing of APP and interrupt a “feedfor-
ward” loop of amyloidogenesis driven by toxic forms of Af
acting upstream of APP.%®” There is little in the literature
regarding possible effects of RGS proteins or GAP activity
on Go signaling downstream of APP.** Assuming however
that the Gai/o-directed GAP activity of the GB5/R7-RGS pro-
tein complex is agnostic with respect to the type of receptor
driving Go activation (canonical seven transmembrane
GPCR versus unconventional Go-coupled receptor like
APP), then mutational inactivation of GNB5 would impair
GAP activity, strengthen the Go signal, and promote Go/
Gpy-driven amyloidogenic activity downstream of APP.

Additional consideration regarding a possible role for GNB5
in AD pathogenesis must be given to indirect effects of GNB5
loss of function. Because a germline knockout mouse model
of GnbS was employed, and because GBS is also expressed

outside the brain, including in sensory neurons®*’° and

neuroendocrine tissue,”'** the effect of Gnb5 heterozygosity
on the neuropathological changes typical of AD may be indi-
rect. Potential indirect mechanisms could include sensory
deficits” and/or metabolic or hormonal imbalance. In
mice, for example, haploinsufficiency of Gnb5 results in
adiposity, insulin resistance, and hepatic steatosis, hallmarks
of the human metabolic syndrome (MIM: 605552).°” Meta-
bolic syndrome is an established risk factor for AD.”*"°
Indeed, indirect mechanisms of action for all nine candidate
AD risk genes highlighted in this study need be entertained.

Because polygenic diseases such as AD reflect the influ-
ence of multiple genes, with each gene contributing only
slightly to disease pathogenesis, the identification of rele-
vant risk genes presents a major challenge. The challenge
is magnified by the fact that disease onset and progression
may be greatly influenced by environmental factors
and individual behaviors, and these may reflect sociocul-
tural and economic determinants. Our study reinforces
the applicability of a gene-constrained analysis like the
GFIVR method developed here for the discovery of candi-
date AD-associated genes possibly overlooked by GWAS ap-
proaches. The discovery here of nine candidate AD-risk
genes including the preliminary validation of a role for
GNBS in AD development suggests that gene-constrained
analysis like the GFIVR method can complement the po-
wer of GWASs and may be more broadly applicable to
the study of other complex polygenic human traits.

Data and code availability

The datasets supporting the current study are available at
the gnomAD database (https://gnomad.broadinstitute.org/
downloads) and the NIAGADS Alzheimer’s Genomics Data-
base (https://www.niagads.org/genomics/app). The pro-
gram code generated and utilized for this study is available
at Mendeley Data https://doi.org/10.17632/h9tgc9bw79.1.
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