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Abstract

BACKGROUND: Approximately 40% of people aged > 65 experience memory loss,
particularly in episodic memory. Identifying the genetic basis of episodic memory
decline is crucial for uncovering its underlying causes.

METHODS: We investigated common and rare genetic variants associated with
episodic memory decline in 742 (632 for rare variants) Ashkenazi Jewish individuals
(mean age 75) from the LonGenity study. All-atom molecular dynamics simulations
were performed to uncover mechanistic insights underlying rare variants associated
with episodic memory decline.

RESULTS: In addition to the common polygenic risk of Alzheimer’s disease, we iden-
tified and replicated rare variant associations in ITSN1 and CRHR2. Structural analyses
revealed distinct memory pathologies mediated by interfacial rare coding variants such
as impaired receptor activation of corticotropin releasing hormone and dysregulated
L-serine synthesis.

DISCUSSION: Our study uncovers novel risk loci for episodic memory decline. The
identified underlying mechanisms point toward heterogenous memory pathologies

mediated by rare coding variants.

KEYWORDS
Alzheimer’s disease, episodic memory decline, protein modeling, rare variants

Highlights

* We demonstrated the contribution of the common polygenic risk of Alzheimer’s
disease to episodic memory decline.

* We discovered and replicated two risk genes associated with episodic memory
decline implicated by rare variants, were discovered and replicated.

* We demonstrated molecular mechanisms and potential novel memory pathologies

underlying interfacial rare coding variants.
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* Molecular dynamics simulations were performed to understand the downstream

effects of risk rare coding variants.

1 | BACKGROUND

Cognitive aging is a natural process characterized by functional
impairments across different cognitive domains including memory.-3
Episodic memory is a fundamental cognitive function that is particu-
larly vulnerable to decline with aging.*° Age-related episodic memory
loss can manifest in various ways, including difficulties in learning and
retaining new information. While some cognitive changes are consid-
ered manifestations of normal aging, progressive cognitive decline,
especially in episodic memory, is a key clinical feature of Alzheimer’s
disease (AD).” Previous family and twin studies have demonstrated
a moderate to high genetic influence on episodic memory in both
cognitively healthy and cognitively impaired older adults.®? However,
further understanding of the genetic and molecular basis of episodic
memory decline in the older population is needed to aid in the iden-
tification of novel drug targets to support cognitive reserve and,
ultimately, to prevent and treat AD and related dementias.

In general, episodic memory reaches its peak in adulthood and
may be subject to decline after the age of 60 years.>1? While mem-
ory function can be influenced by environmental and other factors
that change with age,!! the rate of memory loss appears to have
a genetic component.'212 Previous genome-wide association studies
(GWAS) of age-related cognitive decline,’*~16 as well as episodic mem-
ory performance among older adults,'”-1 have identified AD risk loci
with apolipoprotein E (APOE) being the major one; thus, prior findings
strongly suggested a connection between AD pathology and episodic
memory impairment in the general population. However, the discovery
of other gene loci and their relationship to episodic memory decline has
been relatively limited, despite experimental and clinical evidence that
other factors, such as dysregulation of hormone and cerebrovascular
supply,19-22
ciation of rare coding genetic variants with episodic memory decline

may contribute to memory decline. Furthermore, the asso-

remains largely unexplored. Uncovering these rare risk variants and
understanding their underlying mechanisms may not only bridge exist-
ing research gaps but may also be of high scientific and clinical values,
given the heterogeneity in pathological episodic memory decline in the
population.

Using a longitudinal study design, we tracked and analyzed the
decline of episodic memory in 923 Ashkenazi Jewish participants from
the LonGenity study, all age > 60 years. We investigated both common
and rare coding variants underlying individual differences in episodic
memory decline using single nucleotide polymorphism (SNP) array and
whole exome sequencing (WES) data, respectively. This study cohort
is especially advantageous for identifying associations with causal
rare variants at higher frequencies compared to the general popu-
lation as it originates from a founder population of Ashkenazi Jews

(AJs).2% Furthermore, AJs are relatively homogenous in their education

and socioeconomic status, which allows for better control of environ-
mental factors that may impact memory decline.2* Through genetic
association analyses, we identified putative risk genes and pinpointed
variants significantly associated with episodic memory decline. Subse-
quent post-GWAS and protein structural analyses were performed to
gain insight into the biological mechanisms underpinning age-related
episodic memory loss.

2 | METHODS
2.1 | Recruitment of study participants

LonGenity is a longitudinal study initiated in 2008 with the goal
of identifying genotypes and phenotypes that protect against age-
associated diseases. The LonGenity cohort is composed of older AJ
individuals based on self-reported ethnicity, with the criterion that all
four grandparents must be AJ. The ancestry of our cohort was later
confirmed with genetic ancestry modeling (Figure S1 in supporting
information). Approximately half of LonGenity participants have a his-
tory of parental longevity, defined as having at least one parent who
lived to age > 95 years. Other prerequisites for eligibility include the
absence of dementia at enrollment and age > 60 (vast majority > 65;
mean age 75.4; Figure S2 in supporting information). At annual visits,
study participants are thoroughly characterized with evaluations that
include medical history and neurocognitive assessments. Cognitive
assessments were available for 1112 (56.9% female) study individu-
als, but only 923 participants had at least two cognitive assessments.
The Albert Einstein College of Medicine Institutional Review Board

approved the LonGenity study.

2.2 | Episodic memory assessment

Episodic memory was assessed at annual visits as part of a compre-
hensive cognitive battery. Standardized neuropsychological memory
tasks (Weschler Memory Scale-R Logical Memory | and I1;2° Free and
Cued Selective Reminding Test,2¢ Free Recall and Total Recall, Recall
of the Repeatable Battery for the Assessment of Neuropsychological
Status figure)?” were administered and scored by the study research
assistants under the supervision of the study neuropsychologist. As the
tests were on different scales, we calculated Z scores standardized to
baseline for the individual tests by subtracting the cohort mean score
at baseline from the participant’s test score at each assessment and
dividing by the standard deviation of the baseline scores. A compos-
ite memory score was generated by adding four standardized memory

scores.
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2.3 | Measures of episodic memory decline

Because memory assessments at each study visit, as represented by
standardized memory scores, were skewed, we transformed the stan-
dardized memory score phenotype using the log-based transformation
(Figure S3in supporting information):

Transformed memory score

log (1 + Memory score), if Memory score > O
=30, if Memory score = O

—log (1 — Memory score), if Memory score < O

Nine hundred twenty-three subjects had memory assessments for at
least two waves, with each wave defined as a study visit. We mea-
sured the episodic memory decline of these 923 subjects by fitting a
linear mixed model to the transformed memory scores of subjects at
each wave. Baseline age (age at enrollment), sex, education years, and
comorbidity score were included as predictors with fixed effects, while
the number of years of follow-up after enrollment at each cognitive
assessment was included as a predictor with mixed effects. The comor-
bidity score was defined as the sum of binary variables for the history
of diagnoses of diabetes, high blood pressure, and stroke at the time
of each cognitive assessment. The random effects of years of follow-up
on the transformed memory score for each subject were collected as
the measurement of the corresponding episodic memory decline (i.e.,

residual memory slope).

2.4 | SNP array genotyping

Among 923 study participants with memory measurements for at least
two waves, only 791 had SNP genotype data. SNP genotyping was
performed on two different genetic platforms. Regeneron and Center
for Inherited Disease Research (CIDR) carried out genotyping using
Illumina’s Infinium Global Screening Array-24 v.1.0 BeadChip with
642,824 markers and lllumina’s HumanOmniExpress-12 v.1 Array with
730,525 markers, respectively. A total of 629 study participants were
genotyped on the Infinium Global Screening Array-24 v.1.0 BeadChip
and 162 individuals were genotyped on the HumanOmniExpress-12
v.1 Array. Each SNP array genotyped dataset was “lifted over” to
the human genome assembly GRCh38 separately. PLINK software
(v.1.9) was used to perform quality control (QC) on each array-based
genotyped data set separately. SNP array data was used for our
common variant association analysis; SNPs with minor allele fre-
quency (MAF) < 1% were thus removed. SNP and sample missing
rate was checked in two steps using > 20% and > 2% genotype calls
threshold. SNPs and samples that passed these thresholds were
retained. Study participants whose self-reported sex differed from
that predicted by sex chromosome heterozygosity were excluded.
SNPs were excluded if their genotype frequencies deviated from
Hardy-Weinberg equilibrium by a y2-test P < 1E-06. After that,

samples were excluded if their heterozygosity varied from the

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

RESEARCH IN CONTEXT

1. Systematic review: The literature has been reviewed
using conventional sources (e.g., PubMed and Google
Scholar). There are several genome-wide association
studies relevant to age-related episodic memory impair-
ment. No studies investigating both common and rare
variant genetic risk for age-related episodic memory
impairment were found.

2. Interpretation: Identified rare variants in risk genes,
along with elucidated molecular mechanisms, and the
presence of common polygenic risk of Alzheimer’s dis-
ease (AD), supports the notion that memory pathologies
encompass heterogenous genetic causes. These causes
are linked to prominent AD and other risk loci, in line with
previous experimental and clinical evidence.

3. Future directions: This research lays a foundation for
future studies aimed at comprehending the association
of likely functional rare coding variants with episodic
memory decline. Our findings shed light on interventions
targeting episodic memory decline, warranting a poten-
tial strategy to improve resilience against AD. Further
longitudinal studies using diverse populations can deepen
our understanding of identified novel targets.

mean by more than three standard deviations. A total of 150 CIDR-
genotyped and 602 Regeneron-genotyped samples passed all QC
steps.

2.5 | Exome sequencing and genotyping

The WES on samples from the LonGenity cohort was conducted by the
Regeneron Genetics Center (RGC) using the OQFE protocol.28 After
removing subjects with low sequencing coverage (< 80% bases with
coverage > 20x), discordant sex, genotype call rate < 0.9, WES data
were generated for subjects in the LonGenity cohort with at least two
memory measurements. Genotypes called on human genome assembly
GRCh38. We performed additional sample QC to remove subjects with
a first-degree relationship (based on the identify-by-descent analysis)
with another subject in the final study cohort that consisted of 632
subjects. For variant QC, the genotype of a variant was not called if the
read depth (DP) < 5 or genotype quality (GQ) < 10. We also removed
variants from our analyses if their genotype frequencies deviated from
Hardy-Weinberg equilibrium (y2-test P < 1E-15). Only variants with
missing rates < 1% in the study cohort were analyzed. All samples
in the study cohort have genotype call rate > 99% for the analyzed
variants.
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2.6 | Genotype imputation

Infinium Global Screening Array-24 v.1.0 (h = 602) and
HumanOmniExpress-12 v.1 Array (n = 150) genotyped datasets were
independently imputed for genotype using the Michigan Imputation
Server (Minimac4). For imputation, the Haplotype Reference Consor-
tium (HRC, r1.1 2016) was used as the reference panel, the European
(EUR) population for QC, and the Eagle v.2.3 for phasing. After impu-
tation, variants that passed imputation reliability (R2 > 0.3) were
retained for further analysis. Overall, 13,189K and 11,656K variants
of genotyped datasets from the Infinium Global Screening Array-24
v.1.0 and HumanOmniExpress-12 v.1 Array, respectively, passed the
imputation reliability (R2 > 0.3). A total of 11,084K variants were
found to be common between the two datasets and were merged. A
standard GWAS QC mentioned in section 2.4 was again performed on
the merged dataset. A total of 742 samples and 8027K variants passed
all QC steps and were used for downstream analysis. The imputation
accuracy is high: in 66 subjects of which whole genome sequencing
(WGS) data are available, ~ 98% of 1100 randomly selected variants

were accurately imputed (Figure S4 in supporting information).

2.7 | Common variant association analysis

A test of association between residual memory slope and autosomal
variants was performed using linear regression as implemented in
PLINK v1.90. For this, only SNPs that passed MAF > 1% were ana-
lyzed. We also filtered out duplicated variants and individuals with
first-degree kinship. Baseline age, sex, years of education, the number
of comorbidities, and the top 10 principal components from a princi-
pal component analysis (PCA) were included as covariates in the model.
The number of comorbidities was defined as the sum of diagnoses his-
tory (O to 3; 1 or O for each) for diabetes, hypertension, and stroke
at or before the memory assessment. Risk loci were defined around
genome-wide significant variants (< 5 x 10~8); a region of + 250 kb was
set around each variant. The PLINK clumping procedure was used to
identify independent hits in each region. All variants were subjected
to an iterative clumping procedure, beginning with the variant that
has the lowest P value (known as the index variant). The index vari-
ant’s clump included variants with a P value < 5 x 10~8, located within
250 kb of the index variant, and in linkage disequilibrium (LD) with the
index variant (r2 > 0.1). After that, the clumping procedure was used to

ensure that all the variants were clumped.

2.8 | Rare variant association analysis

In our rare variant analyses, we only analyzed autosomal rare non-
synonymous variants. Rare variants are defined as variants with alter-
native allele frequency (AAF) < 1% in our study cohort and genome
Aggregation Database Ashkenazi Jewish. Coding variants were iden-
tified based on Combined Annotation Dependent Depletion (CADD)
annotation?? (v.1.6, “CodingTranscript”), in which non-synonymous

variants are those not annotated as “synonymous” variants based
on Ensembl Variant Effect Predictor (VEP). For single rare variant
association analyses, we applied linear regression to test the asso-
ciation between individual variant genotypes and residual memory
slope. We tested association with every single rare non-synonymous
coding variant and applied multiple test correction (false discovery
rate [FDR] < 0.05). However, we further investigated only those that
occurred at least five times in the study cohort and CADD scores > 20.
The reason for applying this additional selection is to ensure the false
positive rate of our reported significant finding is < 5% based on our
permutation test to address the issue of skewed phenotype (Supple-
mentary Note and Figure S5 in supporting information). For gene-level
rare variant association analyses, we first collected putative functional
rare non-synonymous variants on each gene. Putative functional rare
variants for a gene were defined as rare variants with VEP impact anno-
tation either MODERATE or HIGH and with a CADD score greater
or equal to the corresponding gene-specific cutoff. The gene-specific
CADD cutoffs were derived based on a combined approach of muta-
tion significance cutoff®® and suggested range of CADD cutoff by
the authors (Supplementary Note). We ran SKAT-O3! to test asso-
ciation of putative functional rare non-synonymous variants (CADD
scores > gene-specific cutoff) on all coding genes. However, we further
investigated only those that met the following criteria: (1) genes that
harbor at least two putative functional rare non-synonymous variants
to avoid redundant tests from single rare variant association analy-
ses; and (2) genes with the summation of at least five occurrences
of putative functional rare non-synonymous variants observed in the
study cohort from which statistical tests can provide relatively reli-
able estimates (see Supplementary Note). For the pathway-level rare
variant association analysis, we collected 7608 gene sets derived from
the Gene Ontology (GO) biological process ontology from molecular
signature database (MSigDB).%2 For each gene set, we ran SKAT-O to
test the association of putative functional rare non-synonymous vari-
ants (as defined for gene-level association analysis) in all the annotated
genes. All single-variant, gene-level, and pathway-level association
tests included the following covariates: baseline age, sex, years of edu-
cation, the number of comorbidities, and top 10 principal components
that account for population structure. The principal components were
obtained using PLINK (v.1.9) based on common variants in the WES
data. For both single and gene-level rare variant association tests, FDR
of 0.05 and 0.01, respectively, was used to account for multiple test
correction. For the pathway-level association test, we applied a more

stringent Bonferroni correction.

2.9 | The Alzheimer’s Disease Sequencing Project
study

We used WES data from the Alzheimer’s Disease Sequencing Project
(ADSP) study to examine whether carriers of rare coding variants had a
higher chance of developing AD. The data consisted of 5492 cases and
4484 controls of non-Hispanic White ancestry based on self-reported

ethnicity (Figure Sé in supporting information). We used Firth logistic
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regression to access the association between a rare variant and AD
status; sex and top 10 principal components derived from common
variants in the WES data were included in the regression as covariates.

2.10 | Replication study cohort

We prepared our replication study using people from the Religious
Orders Study/Memory and Aging Project (ROSMAP)33 with both lon-
gitudinal episodic memory measurements (n = 3771) and WGS data
(n = 1196)3* available. The episodic memory measurements at differ-
ent visits for an individual were obtained from the Research Resource
Sharing Hub (Rush Alzheimer’s Disease Center) (https://www.radc.
rush.edu/home.htm), and the WGS data was obtained from the AD
Knowledge Portal (http://adknowledgeportal.org). We only included
subjects without a diagnosis of AD and aged > 65 at the first visit in the
replication study to mimic the characteristics of our LonGenity study
cohort (Figure S2). Furthermore, to achieve high-quality measure-
ments of episodic memory decline and thus reliable replication results,
we limited subjects to those having at least four annual episodic mem-
ory measurements, with an acceptable compromise of the sample size.
Therefore, we recalculated residual memory slopes for subjects in our
replication study—using the same method as in our discovery cohort—
instead of using the existing measurements of episodic memory decline
that have been generated from previous studies.'* For the WGS data,
only variants passing all filtering criteria were considered. The top 10
principal components accounting for the subpopulation structure were
calculated based on common variants in chromosome 22.

2.11 | Protein modeling

The top rare coding missense variants associated with episodic mem-
ory decline at the variant and gene levels were further evaluated
for their impact on protein structure and function. A set of protein
engineering approaches was used to obtain molecular insights into
how rare coding missense variants affect protein structure and
function. First, homology modeling was performed to determine the
three-dimensional (3D) structure of proteins (wild types and mutants)
whose human 3D structure was not available in the Protein Data
Bank (PDB). Models were produced using Schrédinger Prime 2022-2,
or AlphaFold,?> where available. Loops refinement and structure
validation of all 3D protein structures were carried out in Schrédinger
Prime 2022-2. Schrédinger’s protein preparation wizard was used to
exclude unnecessary water molecules and it also relaxed multimeric
complexes, allocated bond orders accurately, produced disulfide
bonds, corrected the orientation of misoriented groups, and adjusted
ionization states. Standard protonation states at pH 7 were applied,
and hydrogen atoms were added to the protein structures. Then, to
produce geometrically stable structures, the preprocessed structures
were optimized and minimized.

Second, the residue scanning tool in Schrodinger Prime 2022-2 was
used in an implicit solvent model to determine the impact of mutations

on protein stability. Third, the functional nature of variants was ascer-
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tained, particularly those that were directly involved in the disruption
or formation of new critical intermolecular interactions identified via
protein engineering approaches. Fourth, to confirm if a residue was
present at an interface essential for protein-protein interaction (PPI),
it was checked in computationally predicted interface residues of
experimentally determined binary PPls from Interactome INSIDER
(v.2018.3, http://interactomeinsider.yulab.org). If crystal structures of
proteins with known interacting partners were available in PDB, either
as homodimers or heterodimers, they were used for further analysis.
For others, protein-protein docking was performed using Schrédinger
Protein-Protein Docking Suite 2022-2 to obtain the structure of acom-
plex. For PPI crystal structures and generated docked complexes, any
residue that was at the surface of a protein and whose distance to the
interacting partner interfacial residue(s) was < 5 A was regarded as
being at the interface.

To gain mechanistic insights into interfacial variants at an atomic
level, all-atom molecular dynamics (MD) simulations were performed
using Desmond.3¢ For this, the 3D coordinates of corticotropin
releasing hormone receptor 2 (CRHR2) bound to G proteins and PSPH
were retrieved from PDB (PDB ID: 6PB1 and 1L8L), and structures
were prepared using Schrodinger’s protein preparation wizard as
described above. To obtain the phosphoserine bound complex of
PSPH, phosphoserine was first docked to the well-defined active site
of phosphoserine phosphatase (PSPH) using Schrédinger’s Glide Stan-
dard Precision (SP) method with default parameters. The best-docked
pose of phosphoserine with the lowest Glide Score (GScore) value was
used for MD simulations and further analysis. Complex structure of
PSPH was placed in an orthorhombic box of size 100 A x 100 A x 120
A. Because CRHR2 is a G protein-coupled receptor (GPCR), therefore,
the bound structure of CRHR2 was embedded into a pre-equilibrated
DPPC membrane in an orthorhombic box, with a buffer distance of 10
A. Both systems were solvated with single point charge (SPC) water
molecules using the Desmond System Builder (Schrédinger, LLC).
The prepared simulation systems were neutralized with counter ions,
and a 0.15 M salt concentration of NaCl was maintained during the
simulation runs. All simulations were performed using Desmond. All
calculations were carried out using an Optimized Potentials for Liquid
Simulations force field. Each prepared system was subjected to the
default eight-stage relaxation protocol of Desmond. After relaxation,
production simulation runs were performed for 500 ns in triplicates
using different seed velocities. The pressure at 1 atm and temperature
at 300 K were maintained using an isotropic Martyna-Tobias-Klein
barostat and the Nose-Hoover thermostat,3”-3¢ respectively, during
the simulations. The smooth particle mesh Ewald (PME)3? method
was used for long-range columbic interactions whereas short-range
cutoff was set as 9.0 A. The molecular mechanics with generalized
Born and surface area solvation (MM/GBSA) method was used to
estimate the free energy of binding of the G protein subunit to CRHR2
and phosphoserine ligand to PSPH using frames extracted from MD
simulation trajectories. Every 100 ns, frames from each simulated
system were extracted, and MM/GBSA-based binding free energy was
calculated using Schrédinger Prime, employing the VSGB 2.0 solvation
model.*? Simulation data were analyzed using packaged and in-house

scripts.
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3 | RESULTS
3.1 | Memory performance in the study cohort

The study cohort of episodic memory decline included 923 individuals,
each having a minimum of two memory assessments. On average, each
participant completed 5.5 cognitive assessments over 6.2 years (Figure
S7 in supporting information). Linear mixed regression model analysis
of 5034 memory assessments revealed a negative correlation between
years of follow-up and memory scores (p = 3.41E-08), indicating that
memory scores at later follow-up times tended to be lower. Older base-
line age (age at enrollment) was also associated with lower memory
scores (p < 2E-16). Females, on average, had higher memory scores
than males (p = 5.86E-06). As expected, education years positively cor-
related with memory scores (p = 1.22E-10). There was no significant
association between memory scores and the number of comorbidi-
ties in our cohort (p = 0.126). The measurement of episodic memory
decline (residual memory slope) for each subject was derived as the
random effect of years of follow-up in a linear mixed-effect regression

model (see Methods section, Figure 1A, and Figure S8 in supporting

information). The residual memory slope exhibited a significant nega-
tive correlation with baseline age (p = 1.66E-06; Figure 1B), suggesting
that individuals who enrolled at a later age were more likely to expe-
rience episodic memory decline in subsequent years. Conversely, we
did not observe a significant correlation between the residual memory
slope and sex (p = 0.409) or education years (p = 0.43; Figure 1C,D).
While participants varied in the number of cognitive assessments, the
effect of practice/learning that results from exposure to the same
tests multiple times was accounted for by adjusting for follow-up time,
which was highly correlated with the number of cognitive assessments
(correlation coefficient = 0.96; Figure S9 in supporting information).
Furthermore, we confirmed that the residual memory slope was not
correlated with the number of assessments completed by each partic-
ipant (p = 0.826), indicating that the learning effect was accounted for
in the linear mixed model. Approximately half of our participants were
offspring of parents with exceptional longevity (OPEL), and the OPEL
exhibited a borderline positive association with the residual memory
slope (p = 0.062; Figure S10 in supporting information), suggesting
that familial longevity may confer genetic protection against episodic

memory decline. The derived residual memory slope from fitting linear
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TABLE 1 Summary of GWAS-significant SNPs associated with episodic memory decline.

Rsid chr:pos:ref:alt (hg38) Gene
rs541421523 8:139211220:G:A

rs35990795 21:34713536:T:C CLIC6
rs548640610 1:239816045:A:T CHRM3

MAF Beta p Reference
0.022 -0.034 1.98e-09

0.024 —-0.032 9.49e-09 Memory”!
0.011 —0.046 1.54e-08 AD pathology”®

Abbreviations: AD, Alzheimer’s disease; GWAS, genome-wide association studies; MAF, minor allele frequency; SNP, single nucleotide polymorphism.

mixed-effect regression in 923 individuals was used as phenotype of
subjects in the common and rare variant association analyses (n = 742
and 632, respectively; Figure S11 in supporting information). The slope
derived from the entire cohort was very similar to the slope derived
from the cohort subsets used for common or rare variant analyses

(correlation coefficient > 0.99).

3.2 | Common variant association analysis

The common variant study cohort consisted of 742 subjects from
the LonGenity cohort, for whom both SNP array and residual mem-
ory slope data were available (Table S1 in supporting information).
We conducted GWAS on 8027K common variants (MAF > 1%) that
passed QC after imputation (see the Methods section) and con-
firmed no inflation of test statistics (the genomic inflation factor
2 =1.01; Figure S12 in supporting information). The association anal-
ysis identified three LD-independent genome-wide significant SNPs
(b < 5E-08):rs548640610,rs35990795,and rs541421523 (Figure 2A
and Table 1). These three SNPs were not tag SNPs but had the strongest
association among imputed SNPs in their genomic regions. Because
none of these SNPs were located at coding regions, we examined
the epigenetic information for these positions (Figure 2B-G) using
publicly available single cell Chip-seq and ATAC-seq data from dif-
ferent brain regions*! to ascertain the biological relevance of these
putative causal SNPs. rs548640610 resides within the neuron and
astrocyte-specific regulatory elements (Figure 2E) and is in an intron
of CHRM3, which is expressed in the cortex region of the brain.
rs548640610 was predicted to occur in a region with unusually strong
enrichment for the binding of transcriptional coactivators (super-
enhancers). Approximately 19% of AD-associated SNPs have been
shown to occur in genome regions encompassed by brain tissue super-
enhancers.*? rs541421523 resides in the neuron-, oligodendrocyte-,
and astrocyte-specific regulatory elements (Figure 2F). rs35990795
resides in the microglia-, oligodendrocyte-, and astrocyte-specific reg-
ulatory elements (Figure 2G) and is in an intron of CLICé. Interestingly,
rs35990795 is expression quantitative trait loci (€QTL) for CLIC6 intwo
brain regions based on the Genotype-Tissue Expression database*?
(putamen, p = 7.0E-08; cerebellar hemisphere, p = 4.0E-05).

3.3 | Analysis of AD common polygenetic risk

Because episodic memory loss is a prominent feature of AD, we hypoth-

esized that some participants experienced episodic memory decline

due to AD pathology. To test this hypothesis, we investigated whether
the genetic risk for AD contributed to episodic memory decline in
our cohort. First, we examined the APOE ¢4 risk allele—the common
risk variant with the strongest effect size in AD. However, we did
not observe a significant association with the residual memory slope
(p = 0.09), even though APOE ¢4 carriers tended to exhibit a more
negative residual memory slope. Next, we assessed in our cohort the
common polygenic risk of AD, characterized by AD polygenic risk
score (PRS) based on the summary statistics of AD GWAS.** Using the
default setting of LD-clumping in PRSice-2, we identified a small but
significant component of variance for residual memory slope explained
by AD PRS (RZ = 1.1%, adjusted p = 0.023; Figure S13a in support-
ing information). Given that the summary statistics of AD were derived
from subjects predominantly of European ancestry, and the subjects in
the target cohort of the PRSice-2 analysis were AJs, the standard LD-
clumping procedures might fail to select optimal representative SNPs
in a genomic region accounting for AD risk due to the discrepancy in
LD structures between the two populations. This discrepancy might
result in power loss in PRS analyses. Indeed, when using extremely par-
simonious clumping parameters to select top SNPs in genomic regions
without considering LD structures (clump-kb = 500 kb, clump-r2 = 0),
the result clearly showed that AD PRS contributed to episodic mem-
ory decline in the LonGenity discovery cohort (R? = 2.6%, adjusted
p = 2.0E-04; Figure S13b).

3.4 | Rare variant association analysis

The rare variant study cohort consisted of 632 subjects from the
LonGenity cohort, for whom both WES and residual memory slope
data were available (Table S1). We identified a total of 97,230 rare
coding variants (95,071 SNPs and 2159 INDELs) with AAF < 1%
across 16,892 genes in the study cohort. Among these, 35,010 were
synonymous, and 62,220 were non-synonymous variants, which
included 56,206 missense, 2264 loss-of-function (stop gained and
frameshift), and other variants with multiple annotations. We first
used linear regression analysis to assess the association of these rare
coding variants with residual memory slope and confirmed that there
was no systematic inflation (the genomic inflation factor 2 = 1.0; Figure
S14 in supporting information). Next, we focused on 7010 rare coding
variants that had at least five occurrences in the cohort and had a
CADD score > 20, among which the derived significant associations
were more reliable (Supplementary Note and Figure S5), and iden-
tified 16 putative risk rare coding variants (FDR < 0.05) associated
with residual memory slope (Figure 3A and Table S2 in supporting
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FIGURE 2 Common genetic variants associated with episodic memory decline. A, Manhattan plot demonstrating GWAS results for episodic
memory decline. The red and blue lines represent thresholds for genome-wide significance (p < 5 x 10~8) and suggestive significance

(p < 1x1072), respectively. B-D, Detailed view of the GWAS SNPs demonstrating associations + 400 kb from lead SNPs (labeled). The x axis
represents the variant position on the chromosome and nearby gene positions. The right y axis indicates the GWAS p value, and the left y axis
indicates the rate of recombination. Each plot point indicates a SNP in the dataset color-coded by (r2) value using the EUR population from the
1000G LD panel. LD plots were generated using the Locus Zoom plot (locuszoom.org). E-G, Cell type-specific regulatory architecture of the
following GWAS-significant SNPs: rs548640610 (E), rs541421523 (F), and rs35990795 (G). A 1000 bp window flanking the SNPs is shown along
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FIGURE 3 Rarevariant association analyses. A, The Manhattan plot for 7010 prioritized rare coding variants across the exome. See Table S2 in
supporting information for variant annotations. B, The Manhattan plot for the gene-level rare variant association analysis.

information) with an overall false positive rate < 0.05 based on per-
mutation tests (Figure S5). All those putative risk rare coding variants
increased the risk of episodic memory decline. For example, five out of
six carriers of the top putative risk rare coding variant in the zinc finger
ZZ-type and EF-hand domain containing 1 (ZZEF1; rs148096119;
p = 1.12E-06) exhibited episodic memory decline (Figure S15 in

supporting information).

Next, we conducted a gene-based rare variant association analy-
sis to investigate the association between rare variants and residual
memory slope at the gene level. In this analysis, we investigated
6282 genes containing multiple rare non-synonymous variants pre-
dicted to be functional (CADD score > gene-specific cutoff and VEP
impact = MODERATE or HIGH), each with a total occurrence of at least

five in our study cohort (see the Methods section). For each of these
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genes, we aggregated its rare non-synonymous variants and performed
a variant-set association test to assess the association of variant sets
with residual memory slope. We opted to use SKATO as the variant-
set association test as it combines the strengths of the burden test and
SKAT. Our analysis revealed significant rare variant associations with
two genes at an FDR < 0.01: intersectin 1 (ITSN1; p = 1.35E-08) and
CRHR2 (p = 3.33E-06; Figure 3B and Table S3 in supporting informa-
tion). We further examined rare coding variants in these two genes
using the burden test and confirmed a significant burden of rare coding
variants in these two genes that may contribute to episodic memory
decline (p = 1.44E-06 and p = 1.21E-05, respectively). At pathway
level, we examined rare variant association in 7546 gene sets corre-
sponding to a specific biological process GO term. Pathways “synaptic
vesicle recycling via endosome” and “synaptic vesicle endosomal pro-
cessing” exhibited significant rare variant association (p = 2.3E-08 and
p = 3.27E-07, respectively; Table S4 in supporting information).

Last, we performed SKAT_CommonRare to assess the combined
effect of common and rare variants on episodic memory decline at
the gene and pathway levels. At the gene level, we identified signif-
icant (FDR < 0.01) combined association from the same two genes
implicated by rare variants alone (ITSN1 and CRHR2). The enhanced
association from CRHR2 (p = 6.8E-07 vs. p = 3.3E-06) suggests the
involvement of common risk loci in this gene too. Further testing of all
common variants in the transcription region of CRHR2 using SNP array
data confirmed the role of common variants (p = 0.03). At the pathway
level, we identified a new significant association with the “response to
corticotropin releasing hormone” pathway (p = 5.5E-06).

Overall, there were 18 risk genes implicated by either single or
gene-level rare variant associations (Table 2). Gene expression analy-
ses revealed that most of these risk genes were widely expressed in
brain tissues (Figure S16 in supporting information). Because AD pro-
gression is one possible reason underlying episodic memory decline,
we examined AD genes previously implicated by rare coding variants
(APP, PSEN1, PSEN2, and TREM2)** but did not observe significant
association signals. However, two genes playing protective roles in AD
pathology via regulation of amyloid beta level (LRP1B and MMEL1)%647
were implicated by single rare variant association (rs150785160-G and
rs149776280-G, respectively). We examined these two rare coding
variants in the ADSP study cohort. Although carriers of rs149776280-
G were not found in the ADSP cohort, we confirmed that the carriers of
rs150785160-G have a higher risk of developing AD (odds ratio = 5.7;
p=0.035).

3.5 | Replication study

We used 1680 subjects of EUR ancestry without an AD diagnosis from
the ROSMAP cohort who had their first visit at or after 65 years old and
a minimum of four annual episodic memory measurements. Using the
same approach as in the LonGenity cohort, we calculated the residual
memory slope. The result from the linear mixed model analysis indi-
cated a significant negative correlation between years of follow-up and

memory scores (p < 2E-16). Older age at the first visit, fewer years of

TABLE 2 Eighteenrisk genes for episodic memory decline
implicated by rare variants.

Type of genetic
Gene evidence Possible mechanisms
LRP1B Variant-level, AD*6

Gene-level
ZZEF1 V Hippocampal plasticity®?
MMEL1 \% AD*
SCN4A \% =
SLC5A9 \% -
SEZ6 V Synaptic connectivity®®
IFT20 Vv -
PSPH V Reduced L-serine
ZC3H18 \% -
NAGLU \Y Hyperphosphorylated tau®?
STAT5A \ Brain STAT5A signaling®?
FBRSL1 Vv -

V -
ADAMTSL3
RAB5C \Y -
TCHP \% -
POPDC2 \% -
ITSN1 G Hippocampal plasticity®?
CRHR2 G Corticotropin signaling hormone

Note: Text in bold denotes novel mechanisms suggested from analysis of
interfacial variants.

Abbreviations: AD, Alzheimer’s disease; CRHR2, corticotropin releasing
hormone receptor 2; ITSN1, intersectin 1; PSPH, phosphoserine phos-
phatase.

education, and male sex were associated with lower memory scores
(p<2E-16,p=1.07E-14,and p = 4.41E-14, respectively). The ROSMAP
cohort included 526 participants with both the residual memory slope
and WGS data available.

For the two genes implicated by gene-based rare variant associa-
tion, we first examined the same class of functional rare coding variants
as defined in our discovery study with MAF < 1% in each gene. SKATO
identified significant rare variant association in ITSN1 (p = 0.035) but
not CRHR2 (p = 0.168). We hypothesized that AJs might have a higher
frequency of certain rare causal variants due to the founder effect; cer-
tain rare causal variants may occur at lower frequency in the more
heterogenous EUR population. Shifting the focus to functional single-
ton rare coding variants in ROSMAP WGS data covered by the initial
criteria, we found a significant negative association between the vari-
ant burden and residual memory slope in both ITSN1 (p = 0.02) and
CRHR2 (p = 0.046). At the pathway level, we did not replicate the find-
ing of rare variant association directly from the two small gene sets (5
genes and 9 genes from “synaptic vesicle recycling via endosome” and
“synaptic vesicle endosomal processing,” respectively). We hypothe-
sized that the EUR population has a more heterogenetic background
than AJ, and the enrichment of risk variants could be observed in a
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broader pathway. Examining the gene set “synaptic vesicle recycling,”
the direct parent term of “synaptic vesicle recycling via endosome,”
we identified significant rare variant association (p = 0.04; p = 0.028
in our discovery cohort). At the single variant level, we did not repli-
cate our findings, as most of the putative risk single variants identified
in our study cohort either did not appear in the replication cohort or
were extremely rare, making our replication cohort likely underpow-
ered to detect their effects. Out of 16 rare coding variants, only two
appeared in the replication cohort. Among the three common variants
in our cohort, two were rare (MAF < 1%) in the replication cohort. Con-
versely, by considering AD PRS that characterized aggregate effects
of common variants, we replicated and confirmed our finding that
AD common polygenic risk significantly contributed to episodic mem-
ory decline (adjusted p = 2.0E-04), even among individuals without a

diagnosis of AD (Figure S17 in supporting information).

3.6 | Impact of rare variants on protein structure
and function

To establish additional support for the functional impact of the 18
missense putative risk coding variants implicated by single and gene-
based association (Tables S2 and S3), we studied their contribution
to protein stability. The effect of each variant was evaluated sep-
arately in an implicit solvent model. Results indicated that most
missense variants made the protein (mutant protein) unstable com-
pared to the wild type (Figure S18 in supporting information). Among
all, ZZEF 1:p.Leu1959Pro and CRHR2:p.Arg148Trp produced the high-
est instability with a Gibbs free energy change value (AG) of 36.79
and 31.94 kcal/mol, respectively (Table S5 in supporting information).
Several of the variants were noted to increase protein stability.

To ascertain the role of missense variants in perturbing the proteins’
overall architecture as well as PPl network, we examined the impact
of rare missense variants significantly associated with residual mem-
ory slope at amino acid resolution using different protein engineering
approaches (Table Sé in supporting information). We constructed a
pool of 3D structures of proteins that harbor missense variants using
either the experimentally validated crystal structures from PDB or
models generated by AlphaFold.3> Homology modeling was carried out
for low-quality structures predicted by AlphaFold using Schrédinger
Prime 2022-2.

We first focused on variants that altered the secondary structures
of the respective proteins. The majority of disease-causing mutations—
~ 80% of them—have been found to reside in secondary structures.*®
Most of them disturbed the overall configuration of respective pro-
teins, compared to the wild type (Figures S19-S27 in supporting infor-
mation). For instance, seizure protein 6 (SEZ6) variant p.Arg454Trp
was in a conserved CUB 1 domain. The wild type Arg454 was found
to make hydrogen bonds with Ser500, Phe527, and Asp579. However,
the Trp454 variant was able to form hydrogen bonds with Ser500,
Gly502, and Phe527 (Figure S24). Thus, this variant changed the over-
all configuration of SEZ6. The extra length of sidechains as well as polar

functional groups allows the wild type Arg454 to make a stable inter-

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

action with Asp579, which was abolished when a non-polar residue
Trp454 was introduced. Therefore, the Trp454 variant likely destabi-
lized this region as evidenced by change in protein configuration and
confirmed by the stability analysis (Figure S18), possibly contributing
to episodic memory decline.

3.7 | PPl-perturbing alleles in memory impairment

Variants located at the protein interfaces produce significant per-
turbations and have been shown to be associated with disease
phenotypes.*? Interestingly, we identified two rare coding variants that
were located at the protein interface where a binding partner (another
protein) known to be involved in the pathology of memory-related dis-
orders binds (Table S6). This indicates that variants found in risk genes
in our study likely play a role in memory pathogenesis by interacting
with another partner via protein-protein crosstalk.

First, we focused on an interfacial variant (Arg148Trp) found in
CRHR2. It is a GPCR and has a role in multiple intracellular signaling
pathways including adenylate cyclase-cAMP-protein kinase A (PKA),
MAPK, and protein kinase C (PKC).>? A stable binding of GPCR with
its G protein is vital to mediate its signaling. To observe the effect
of the Arg148Trp variant, we used the high-resolution 3D structure
of CRHR2 bound with G proteins (PDB ID: 6PB1), obtained from
PDB.>! Arg148Trp variant is located at the interface where the G,
subunit binds, thus altering the interactions between CRHR2 and G,
(Figure 4 and Figure S28 in supporting information). Arg148 formed a
hydrogen bond with G,:GIn390. Interestingly, p.Arg148Trp disrupted
this interaction and further amended surface topography due to the
change in size, charge, and polarity between Arg and Trp (Figure 4B,C).
To investigate the binding dynamics, stability, and energetics of wild
type and mutant CRHR2-G protein complexes, all-atom MD sim-
ulations were performed. All simulations of the CRHR2-G protein
complex maintained their overall structural integrity and a Ca root
mean square deviation (RMSD) from the initial structure was under
5 A (Figure S29a,b in supporting information). To identify and com-
pare backbone stability and fluctuations of the two complexes, root
mean square fluctuation (RMSF) of backbone Ca atoms was ana-
lyzed and plotted (Figure S29c,d). Overall, the backbone of both wild
type and mutant CRHR2 complexes showed lower fluctuations. Inter-
estingly, residues 27-35 (G,:36-44), 748-751 (CRHR2:217-220), and
824-833 (CRHR2:293-306) fluctuated more in mutant simulations,
compared to wild type ones (Figure S29c,d). CRHR2:Arg148-G,, pro-
tein subunit formed a sustained interaction in all simulations. Such
an interaction (CRHR2:Trp148-G,), however, was found to be very
weak in the mutant simulations (Figure 4D). Importantly, wild type
Arg148 stabilized the conformation of CRHRZ2 in such a way that the
N-terminal residues Arg38 and His 41 of G, formed sustained inter-
actions with CRHR2 residues Tyr217 and Glu220 (Figures 528 and
S30 in supporting information). However, G, N-terminal bound less
stably with mutant CRHR2. To measure energetic contributions, the
free energy of binding (AGpg) of the G, subunit to CRHR2 was

estimated from frames of MD simulations every 100 ns using the
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FIGURE 4 3D crystal structure of CRHR2 bound to G proteins. Different subunits are colored differently and labeled. Amino acids are
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MM/GBSA method. All three wild type CRHR2-G_, bound simulations
showed AGy;,g values (-97.3 + 7.4 kcal/mol, —78.6 + 8.8 kcal/mol,
and —106.2 + 13.6 kcal/mol) that were substantially higher than
mutant CRHR2-G, bound simulations (-65.29 + 17.2 kcal/mol,
—70.8 + 21.1 kcal/mol, and —82.9 + 17.62 kcal/mol), indicative of
stronger binding. This indicates Argl148Trp variant will likely alter
CRHR2 downstream signaling due to impaired binding of the G, sub-
unit to the CRHR2 receptor. These results support previous findings in
which diminished activity of CRHR2 has been associated with learning,
memory, and AD.52-54

Next, we focused on another interfacial variant (p.Thr152lle)
observed in PSPH. Human PSPH is a critical enzyme in the phospho-
rylated pathway of L-serine biosynthesis. It is formed through the
dephosphorylation of phosphoserine via PSPH. The impact of this
variant on protein structure and function was evaluated by retrieving
3D coordinates of PSPH bound with phosphoserine substrate from
PDB (PDB ID: 1L8L).>> Thr152lle variant is located near the vicinity of
the binding site of PSPH where its natural substrate, phosphoserine,
binds (Figure 5A). Thr152 formed two hydrogen bonds with Phe58
and Ser109. However, p.Thr152lle was only able to form a hydrogen
bond with Phe58 (Figure 5B,C). To investigate the influence of this

variant on binding mode, interaction stability, and binding affinity of
phosphoserine for PSPH, we ran all-atoms MD simulations in tripli-
cates. All simulations remained stabilized throughout the simulation
runs and a Ca RMSD from the initial structure was under 5 A (Figure
S31a,b in supporting information). Mutant PSPH simulations showed
more fluctuations, especially residues 193-206, compared to wild
type runs (Figure S31c,d). Importantly, residues (Asp20, Asp22, Ser23,
Glu29, and Arg202) that were part of the PSPH active binding site
also fluctuated more in mutant simulations compared to wild type.
Interestingly, phosphoserine maintained more sustained interactions
with essential binding residues of wild type PSPH, compared to
mutant PSPH (Figure 5D and Figure S32 in supporting information).
Previous mutagenesis studies focused on active binding site residues
of PSPH showed that point mutations of most of these residues
significantly diminished enzymatic activity, likely via altered substrate
binding.>®> We also computed the binding affinity (AGp;,q) of phos-
phoserine to PSPH in each simulation run after every 100 ns. Wild
type simulations demonstrated AGy;,q values (-31.7 + 3.8 kcal/mol,
—29.6 + 2.9 kcal/mol,and —36.3 + 3.6 kcal/mol) that were higher than
mutant simulations (-24.7 + 2.8 kcal/mol, =17.4 + 10.5 kcal/mol,
and —-29.1 + 3.5 kcal/mol) This indicates that Thr152lle likely
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simulation time a wild type PSPH residue maintains contact with phosphoserine ligand (L); (E) average percentage of simulation time a mutant
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dimensional; PSPH, phosphoserine phosphatase.

diminished PSPH enzymatic activity via altering phosphoserine bind-
ing to PSPH. Our findings are in agreement with previous results
that L-serine protects hippocampal neurons from oxidative stress-
mediated mitochondrial damage and apoptotic cell death in a mouse
model.”® Additionally, reduced production of L-serine via PSPH as
well as diminished activities of phosphoprotein phosphatase has been
associated with cognitive decline in AD.57:58

4 | DISCUSSION

In this study, we conducted a comprehensive genetic analysis of
episodic memory in older adults from a longitudinal cohort, LonGen-
ity, to elucidate the contributions of both common and rare coding
variants. Our investigation revealed robust aggregate effects of both

common and rare variants on episodic memory decline in the LonGen-

ity cohort that were subsequently replicated in the ROSMAP cohort.
PRS analysis and gene-based rare variant association analysis under-
scored the significant contributions of common polygenic risk of AD
and rare coding variants in ITSN1 and CRHR2, respectively, to episodic
memory decline. Single-variant association analysis identified both
putative risk common and rare coding variants in genes previously
associated with learning and memory. Notably, the putative risk rare
coding variants exhibited ~ 1.5 times larger effect sizes than the iden-
tified common variants, suggesting an important role of rare variants
in the pathological decline of episodic memory. To establish the func-
tional impact of these identified risk rare coding variants, we applied
protein modeling and all-atom MD simulations, revealing two novel
genetic connections, CRHR2 and PSPH, to memory pathologies.

We demonstrated that the common polygenetic risk of AD con-
tributed to episodic memory decline, a finding that may not be

surprising in a cohort that included participants with AD. However,
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even after excluding a small number of LonGenity participants who
either had or were at high risk for developing dementia (subjects
with memory impairment and cognitive or functional decline during
their follow-up period), the association between AD PRS and episodic
memory decline remained significant. This observation persisted in
the ROSMAP replication cohort that excluded participants with AD
diagnosis. We propose two potential explanations for these findings.
First, some participants in both cohorts may have had early pre-
clinical stages of AD pathology. Second, there may be a genetic overlap
between AD and episodic memory decline contributing to the observed
association. Despite this, AD common polygenetic risk only accounted
for 2% to 3% of the variance in residual memory slope in both discovery
and replication cohorts. This contribution may be expected to be more
substantial in a cohort in which AD progression is the major factor
underlying episodic memory decline. Nevertheless, acknowledging the
contribution of AD PRS to age-related episodic memory decline, irre-
spective of AD diagnoses, may aid in risk prediction and identification
of underlying biological causes.

We identified a total of 18 rare variant associations for episodic
memory decline, 16 at the variant and 2 at the gene level. Replicating
single rare variant associations was often unfeasible due to their low
occurrence, given the limited sample size of the ROSMAP replication
study cohort (n = 526). However, using the ADSP cohort with a sub-
stantially larger sample size (n = 9976), we confirmed the association
of AD risk with the putative risk rare coding variant in LRP1B, which
has been previously shown to protect against AD pathology.*® At the
gene level, we were able to replicate rare variants association in two
genes (ITSN1 and CRHR2) in an independent cohort of EUR ancestry
discovered in our AJ cohort. Overall, we identified three robust rare-
variant associations, supported by replications in independent cohorts,
that implicated distinct pathogenic pathways in episodic memory
decline—AD (LRP1B), hippocampal plasticity (ITSN1), and corticotropin
signaling hormone (CRHR2; Table 2). Examining other putative risk
genes implicated by rare variants revealed further evidence of hip-
pocampal pathologies. Similar to ITSN1, ZZEF1 also contributed to
the modulation of hippocampal plasticity, and their disruption caused
memory impairment in mouse knockout models.°? SEZ6 is known to
play a role in enhancing synaptic connectivity.?® Additionally, there are
other putative risk genes for episodic memory impairment supported
by mouse knock-out models through different mechanisms, such as
hyperphosphorylated tau (NAGLU),®* and brain STAT5A signaling.®?

We have replicated the finding of risk genes/pathways implicated by
rare variants uncovered in our AJs in an independent cohort of EUR
ancestry. While we did not replicate individual memory-associated rare
variants that could be ethnicity specific, the implicated genes and path-
ways can be used as targets to develop drugs with the potential to be
effective for all ethnicities as human biology is universe.

The hippocampus is crucial for learning and memory; studies in
mammals and humans have consistently shown a decline in hip-
pocampal neurogenesis during physiological aging.?®%* However, the
exact molecular mechanisms underlying this decline remain unknown.
Interestingly, we identified rare variants in genes (ZZEF1, ITSN1,
SEZ6, CRHR2, PSPH) that are known to implicate hippocampal

functions,”*>45%65 indicating their involvement in episodic memory
decline in our aging cohort.

We were unable to replicate the findings from prior GWAS of
episodic memory, cognitive function, AD-and-related phenotypes.1°¢¢
This may result from differences in study populations, variations in cog-
nitive tests included in phenotype construction, and small sample sizes.
In particular, our study cohort was enriched with offspring (49.1%) of
centenarians. It is known that centenarians harbor beneficial variants
against aging-associated diseases.®”:%8 Having inherited protective
genotypes that result in resilience to episodic memory decline in our
study cohort may compromise the power of identifying pathogenic risk
variants. Nevertheless, earlier studies have found other variants within
the three risk loci regions in association with related phenotypes, such
as pre-frontal cortex development, age-related cognitive decline, cog-
nitive decline in AD, and education attainment,>¢6:6%70 indicating
association of these loci to memory formation and general cogni-
tive ability. Our epigenome fine-mapping results suggested that the
three GWAS SNPs were in transcriptionally active regions (Figure 2).
rs35990795 was an eQTL of CLIC6, which has been implicated in
learning,”! in the putamen that is important in learning, motor control,
language, reward, and other cognitive functioning.”? rs548640610
was located within the neuron and astrocyte-specific regulatory ele-
ments (Figure 2E) and implicated CHRM3. CHRM3 is a member of
the larger family of GPCRs, which influence both central and periph-
eral nervous system processes through interaction with acetylcholine.
Mutations in this gene previously have been associated AD.”3

In recent years, the importance of protein interfaces as hubs for
disease-associated variants has become more widely recognized.”*”>
An interface mutation can destabilize the interface, prevent the
partner from binding, alter the partner’s binding affinity, or stabi-
lize the overall binding complex.”® Such variants produce significant
perturbations and have been shown to be associated with disease
phenotypes.*? In this study, we identified two variants located at
the binding interface of CRHR2 and PSPH. As a proof of concept,
CRHR2 and PSPH interfacial variants were systematically studied to
uncover their molecular insights using protein modeling and all-atom
MD simulations. MD simulations have been successfully used in similar
previously published studies and have shown consistency with exper-
imental validation results.””-8% Our results showed that both CRHR2
and PSPH interfacial variants destabilized the binding interface and
substantially altered the binding affinity of their respective natural
ligands (Figures 4 and 5). Here, our CRHR2 findings are supported
by previous studies which showed that CRHR2 null mice exhibited
a phenotype of mild cognitive impairment as well as pathological
changes indicative of early AD.°2 Impaired corticotrophin hormone
(CRH) signaling via CRHR1 and CRHR2 has also been linked to learn-
ing and memory.>*8! Impaired CRH signaling has been shown to alter
hippocampal neurogenesis, spatial memory, and the activity of hip-
pocampal neural stem cells (hiNSCs) under physiological conditions.>*
These compelling results support our finding of a rare interfacial
variant CRHR2:p.Arg148Trp that is associated with episodic memory
decline. Similarly, PSPH:p.Thr152lle simulation results demonstrated

that phosphoserine bound more stably to wild type PSPH than to
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mutant PSPH (Figure 5). PSPH:p.Thr152lle also altered the binding
stability of phosphoserine with critical residues of PSPH (Figure S32).
In a mouse model, the treatment of L-serine demonstrated a pro-
tective effect on hippocampal neurons, guarding against oxidative
stress-mediated mitochondrial damage and apoptotic cell death.”®
Altogether, our findings indicate that Thr152lle is likely to diminish
PSPH enzymatic activity via altering phosphoserine binding to PSPH.

While we provided mechanistic insights into two interfacial vari-
ants, it should not be inferred that other coding variants do not play a
role in memory pathology. We limited the detailed characterization of
variants to a subset of interfacial variants to avoid over-interpretation
of MD simulation results for which we lacked a convincing protein-
relevant mechanism. Due to the approximations and assumptions
used in MD simulations parameters, values obtained here should be
interpreted qualitatively rather than quantitatively.

We have demonstrated that both common and rare genetic vari-
ants play important roles in contributing to episodic memory decline;
however, future molecular studies would be required to confirm their
underlying biological mechanisms. Rare codingrisk variants, which may
have larger effect sizes than common variants, are particularly valu-
able for drug discovery. Integrating these rare variants into genetic
risk modeling with common variants could improve risk prediction of
episodic memory decline and AD. However, the inclusion of rare vari-
antsinrisk predictionis still inits early stages, and its potential depends
on the statistical power of rare variant studies. Overall, our findings
advance the current understanding of the biology of episodic memory
decline and could lead to new drug targets for preventing or treating

memory impairment.
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