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Abstract: The treatment of complex and multifactorial diseases constitutes a big challenge in day-
to-day clinical practice. As many parameters influence clinical phenotypes, accurate diagnosis and
prompt therapeutic management is often difficult. Significant research and investment focuses
on state-of-the-art genomic and metagenomic analyses in the burgeoning field of Precision (or
Personalized) Medicine with genome-wide-association-studies (GWAS) helping in this direction by
linking patient genotypes at specific polymorphic sites (single-nucleotide polymorphisms, SNPs) to
the specific phenotype. The generation of polygenic risk scores (PRSs) is a relatively novel statistical
method that associates the collective genotypes at many of a person’s SNPs to a trait or disease.
As GWAS sample sizes increase, PRSs may become a powerful tool for prevention, early diagnosis
and treatment. However, the complexity and multidimensionality of genetic and environmental
contributions to phenotypes continue to pose significant challenges for the clinical, broad-scale use
of PRSs. To improve the value of PRS measures, we propose a novel pipeline which might better
utilize GWAS results and improve the utility of PRS when applied to Alzheimer’s Disease (AD), as
a paradigm of multifactorial disease with existing large GWAS datasets that have not yet achieved
significant clinical impact. We propose a refined approach for the construction of AD PRS improved
by (1), taking into consideration the genetic loci where the SNPs are located, (2) evaluating the
post-translational impact of SNPs on coding and non-coding regions by focusing on overlap with
open chromatin data and SNPs that are expression quantitative trait loci (QTLs), and (3) scoring and
annotating the severity of the associated clinical phenotype into the PRS. Open chromatin and eQTL
data need to be carefully selected based on tissue/cell type of origin (e.g., brain, excitatory neurons).
Applying such filters to traditional PRS on GWAS studies of complex diseases like AD, can produce a
set of SNPs weighted according to our algorithm and a more useful PRS. Our proposed methodology
may pave the way for new applications of genomic machine and deep learning pipelines to GWAS
datasets in an effort to identify novel clinically useful genetic biomarkers for complex diseases
like AD.
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1. Introduction

Since the human genome was first sequenced, thousands of genetic variants have been
associated with biological functions and diseases [1]. Specifically, in regards to diseases,
systematic studies called genome-wide association studies (GWAS) have explored the
relationship between common sequence variation sites and disease predisposition [2].
The need for GWAS is substantial since most common conditions, such as cardiovascular
diseases and cancer, are not caused by a single mutation but are influenced by multiple
genetic and environmental factors [3]. GWAS allow the identification of multiple single
nucleotide polymorphisms that affect risk for complex diseases [3].

Advances in DNA sequencing and the advent of low-priced next-generation sequenc-
ing technologies allow many laboratories to apply GWAS to large populations and elucidate
the genetic risk factors of multiple diseases. This widespread use of GWAS led to accumula-
tion of immense amounts of data [4] that create various problems in the ability to store and
manage information [5]. Bridging the gap from association to actual biological function
and filtering GWAS data is not trivial. For example, many variants are co-inherited due to
linkage disequilibrium (LD), making it hard to specify which variant is responsible for an
association, or, many variants may affect other genes through gene regulation [3].

A common technique to assess disease risk in regards to specific alleles is through the
use of polygenic risk scores (PRS) [6]. Polygenic risk scores (PRS) were first introduced in
the study of complex disorders as a result of genome wide association studies, a tool that
was developed to demonstrate the validity of the results of an otherwise underpowered
study on schizophrenia, one of the first GWAS for this disease [7]. While that study,
which involved 3322 individuals with schizophrenia and 3587 controls, failed to identify
schizophrenia loci with robust statistical support, the authors were able to show the
substantial contribution of a “polygenic component” to schizophrenia risk, and that the
same component contributed to risk of bipolar disorder [7]. So, PRS offered for the first
time the opportunity to explore the consequences of genetic risk variants for one disease
on the phenotype, traits and comorbidities of other diseases. Similarly, we have shown that
schizophrenia PRS correlates with neurocognitive performance in young adulthood [8]. In
later studies, it has also been shown that a polygenic risk score for schizophrenia correlates
with comorbid psychosis in Alzheimer’s disease (AD) [9]. It is therefore clear that PRS can
be a valuable research tool across many disorders.

The utility of GWAS results, including PRS estimations in clinical practice, has been
long debated and questioned. The skepticism has predominantly been a consequence of
the small fraction of risk explained both by individual genetic variants and by multiple
variants combined in a PRS. However, this appears to be changing. While the total risk
variance explained by a PRS is still not very high for any disease, focusing on the extremes
of distributions, PRS scores already have significant clinical utility. For example, in a study
on coronary artery disease (CAD), Inouye et al. developed a meta-analytic approach to
combine large-scale, genome-wide, and targeted genetic association data, and developed
a genomic risk score for CAD (metaGRS) with a hazard ratio (HR) for CAD of 1.71 (95%
confidence interval [CI]: 1.68 to 1.73) per SD of increase [10]. In this example, those in the
top 20% of the metaGRS distribution had a HR of 4.17 (95% CI: 3.97 to 4.38) compared to
those in the bottom 20%, an effect comparable to that of APOE in AD. MetaGRS was a better
predictor for incident CAD than any of six conventional risk factors (smoking, diabetes,
hypertension, body mass index, self-reported high cholesterol, and family history) [10].

The latest research in PRS calculations has also identified novel risk variants in multi-
factorial diseases, such as cancer and neurodegenerative diseases. For example, a number
of studies have demonstrated breast cancer PRSs as strong risk predictors and have been
shown to improve the accuracy of existing risk prediction models, thus implementing them
in clinical practice [11-13]. The added predictive value of PRS has also been shown by
Diana et al. in the case of psychosis risk prediction, where schizophrenia PRS improved risk
prediction in non-Europeans [14]. In a different study, Khera et al. developed and validated
genome-wide polygenic scores for five common diseases and were able to identify 8.0%,
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6.1%, 3.5%, 3.2% and 1.5% of the population that had a greater than threefold increased
risk for CAD, atrial fibrillation, type 2 diabetes, inflammatory bowel disease and breast
cancer, respectively, which is comparable or better than what one would identify if looking
for Mendelian causes of disease [15].

Polygenic risk scores are calculated by first using a reference GWAS to identify variants
associated with a disease or phenotype—along with a corresponding statistical confidence,
as well as the identity of alleles that increase risk and the odds ratios associated with these
risk alleles. Then, for any given individual in an independent dataset one can count the
number of risk alleles and weigh them by their effect sizes and log odds ratios to calculate a
PRS. This is done after selecting variants exceeding a chosen statistical confidence threshold
while commonly many such thresholds are tested to identify the one exhibiting optimal
performance. The power of polygenic risk scores depends on the validity of the reference
GWAS results which in turn is a function of sample size.

Fortunately, in recent years through collaborations and meta-analysis, GWAS keep
getting larger in sizes and their results are more and more reliable. In the case of AD, a
meta-analysis of 17,008 AD cases and 37,154 controls first identified 19 risk loci in addition
to the well-known APOE [16], and subsequent studies have increased these numbers [17].
Apolipoprotein E (APOE), a major cholesterol carrier that is involved in the regulation of
lipid transport, neuronal signaling, and amyloid-beta aggregation [18] and clearance has
long been established as a major risk factor for late onset Alzheimer’s disease (LOAD) [19].
The human APOE gene is located on chromosome 19 q13.2 and has three common allelic
variants, namely €2, €3, and ¢4 [20]. The corresponding isoforms of the coding protein
differ in two positions that differentiate the resulting structure, and thus function, of the
lipoprotein [21]. Several studies have shown the isoform-specific APOE involvement in the
AD pathogenesis and onset of the disease, reporting that APOE ¢4 allele shows increased
levels of amyloid aggregation, lower levels of amyloid clearance due to a non-optimal
lipidation state of APOE4 and affects the BBB permeability [22-24]. Besides APOE ¢4
identification, GWAS studies have uncovered more than 20 genetic loci associated with
AD risk involved in mainly three pathways, the inflammatory response (CR1, MS4A,
CD33, TREM?2), lipid metabolism (CLU, ABCA7, SORL1) and endocytosis (BIN1, CD2AP,
PICALM) [25,26].

While the sample sizes in the aforementioned studies were larger than what is cur-
rently available for AD, they provide proof of principle that as AD GWASs become larger
and more reliable, PRS is poised to become of high importance in clinical practice, especially
when combined with other risk factors [27]. It has already been shown in postmortem
diagnosed sporadic early-onset AD that the predictive ability of identifying cases and
controls is better when using PRS than the APOE locus alone, with a calculated accuracy of
72.9% and 65.2% respectively when using a standard PRS analysis algorithm, improving to
75.5% in identifying patients when using logistiv regression [28]. It has also been shown
that there is a shared genetic architecture between sporadic late onset AD (LOAD) and
familial early onset AD, with genetic factors identified for late onset AD also modulating
risk in early onset AD cohorts. [29].

From the perspective of pathogenesis, PRSs have provided a number of interesting
insights into AD. A correlation has been shown between AD PRS and early-life cognition
and hippocampal volumes [30], attenuated cerebrovascular function during young adult-
hood [31], as well as elevated plasma levels of inflammatory biomarkers in AD patients,
including complement proteins [32]. Further, a study of mild cognitive impairment (MCI)—
a putative AD dementia prodrome—in individuals >65 years old reported that a specific
PRS can identify individuals at higher risk of conversion to sporadic dementia.

The above highlights the potential utility of PRSs in Precision Medicine in AD which
has been systematically reviewed by Harrison et al. [33]. Logue et al. suggested that
PRS can identify MCI in adults who are in their 50s [34]. A study combining patterns
of brain atrophy, cognitive scores, APOE genotype and CSF biomarkers has highlighted
the importance of combining information including genetics for prediction of MCI to
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AD progression [35], as has already been shown in cardiovascular disease [10]. The
combination of a carefully crafted PRS with age, gender and clinical features has great
potential in identifying groups of individuals with high risk for AD and pave the way to
targeted therapeutics for different groups. Finally, Banks et al. have proposed that PRS
can be useful for the design of clinical trials as a stratification factor to identify individuals
with underlying AD pathology, making it more efficient, less burdensome on participants,
and more cost effective [36].

We believe that the above observations strongly suggest that PRS will become an
important tool in studying and characterizing AD. Yet, there is still a significant amount of
work remaining for AD PRSs to be strongly included in clinical use for early prediction
of AD cases. It is important to keep improving on the power of PRS by increasing the
validity of GWAS results. One way to do this is by increasing GWAS sample sizes. Other
ways include incorporating other genomic information to select the most reliable genetic
associations as we discuss below. Smarter ways to build PRSs, such as constructing
pathway-specific PRS have already proven of value. By comparing pathway specific PRS,
Tesi et al. proposed that immune response and endocytosis pathways are specifically
associated with resilience against AD [37].

As we gain knowledge, PRS will become increasingly powerful (Supplementary
Materials Table S1). For example, DeMarco et al. demonstrated that the link between
polygenic hazard and neurocognitive variables depends on APOE-¢4 allele status [38]. This
suggests that clinical phenotypes are influenced by complex genetic interactions. Once
we are aware of these complexities, we will be able to increase further the value of PRSs
and eventually integrate them as important biomarkers in our efforts to achieve Precision
Medicine. As part of this review, we propose an innovative pipeline to produce a novel set
of SNPs that improve the PRS calculation and the explained variance through the following
analytical steps.

2. Approach to Calculating an Improved PRS

Towards the elucidation of the complex genetic associations for multifactorial diseases
such as AD, we propose the following pipeline for the likely improvement of PRSs as clini-
cally useful genetic biomarkers with enhanced predictive power. The proposed filtering
recalculation for improved PRS is based on the concept of an enhanced annotation and
weight application on the single-nucleotide polymorphisms (SNPs) identified in GWAS
studies based on their biological function, significance, and phenotypic effect. The pro-
posed methodology aims to overcome three different major drawbacks encountered thus
far in the statistical calculation of PRS: co-inheritance and gene-loci dependence, epige-
netic effects, and effect on phenotype severity. A major bias in PRS calculation, one that
affects discriminative ability, is the coinheritance of multiple risk variants, which results
in applying a statistical significance on variants that are not functionally involved in the
disease pathology. SNPs identified by GWAS located in protein coding regions have not
been differentiated in terms of potential epigenetic effects. Finally, PRS calculations have
not accounted for the effect of each variant on the phenotype beyond that calculated by
GWAS, in an effort to account for impact on disease severity.

Below we propose steps to recalculate PRS for AD based on the application of appro-
priate weights on variants, in an effort to overcome the drawbacks mentioned, above is
described:

Gene loci filtering: In a GWAS analysis all SNPs that make the threshold on a Manhattan
plot are considered important. However, it is possible that some come in batches as they
are inherited together. If that is the case then not all of them equally affect the phenotype.
So, it is possible that some SNPs score high on PRS without being the causative SNP, but
only because they are co-inherited with other causative SNPs. Even though controlling for
linkage disequilibrium (LD) is implemented in the PRS calculation, we propose a function-
based enhancement to address this bias by taking gene loci filtering into consideration.
In conventional PRS calculation, SNPs are thinned by either clumping, which prioritizes
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among many SNPs in LD in a region based on their p-value, or pruning, which retaining
among SNPs in LD those with the largest minor allele frequency (MAF), with the goal to
account for LD while capturing the most associated SNPs in a locus [39]. In this approach,
we propose an additional refinement following the PRS calculation, a post-LD filtering,
where we can further weight each SNP through their chromosomal location in the proximity
of AD genes. Genes that have been identified in vitro to contribute to the etiology of a
certain disease are assigned a specific ‘bonus’ sore, whilst ensuring that genes that belong
to multiple haplotypes do not influence the PRS score calculation.

Epigenetic Impact filtering: In a GWAS Manhattan plot the x-axis is the full genome (all
autosomal chromosomes). We propose that all SNPs that might be included in an AD PRS
be checked on whether are located in or near known genes and in particular in coding
regions of annotated genes that code for known proteins or enzymes related to AD, using
semantic searches to weight more on genes that are linked to the AD phenotype based on
post-translational protein modifications. Specifically, SNPs that belong to coding genes
will be investigated on the impact they have on the aminoacid sequence they produce.
Using post-translational modification prediction algorithms, it will be possible to score
higher those SNPs that could have a significant epigenetic change on a gene product. For
example, a SNP that brings in or removes an amino acid residue that gets phosphorylated
would have a higher weight. Loss or gain of phosphorylation could account for the
phenotype so that taking this into consideration when calculating PRS will improve the
weighting approach. SNPs can also have an epigenetic impact depending on their location
and it is evident that risk variants are enriched in regions with regulatory elements [40].
Coding and non-coding variants are highly associated with chromatin structure and histone
modifications, with coding SNPs enriched at nucleosomes and associated with repressive
histone modifications [41,42]. Still, non-coding risk variants identified in GWAS studies
can have a diverse functional role such as regulatory elements [43]. In our approach, will
also propose for an additional weight based on the effect of non-coding variants on gene
expression, by focusing on overlap on open chromatin data and on SNPs that are eQTLs,
implementing a variety of computational tools that have been developed to annotate as
well as predict such impact [44]. Through this inclusion, specific variants in putative
regulatory regions and expression quantitative trait loci associated with the disease will
be of higher importance based also on specific tissue expression (brain tissue and nervous
system cells).

Phenotype severity effect: In many cases and diseases, multiple GWAS studies are avail-
able. We propose that a binary classification of severe vs. less severe clinical manifestation
for each GWAS be taken into consideration. For example, in AD the unique SNPs that
belong to the late onset GWAS study are less potent in causing AD than those in the
full AD GWAS dataset that are supposed to be uniquely linked to more severe disease
manifestations. Under this logic, genes can be clustered in three groups: those that belong
to both datasets (severe and less severe) in regard to their phenotypic influence; those that
are unique to the severe phenotype; and those unique to the less severe phenotype. The
weights of these SNPs are adjusted accordingly with the main focus on giving extra weight
and significance to those SNPs that cause the most severe phenotype.

Summary of proposed approach (Figure 1): We propose to use filtering methods to remove
the aforementioned drawbacks that affect the overall calculation of PRS. The first step
takes into consideration the inheritance network/relationship between SNPs in areas in the
proximity of AD genes, as there might be SNPs that come together with driver/important
SNPs because they are linked or inherited together, while not affecting the phenotype. The
second step weights more highly SNPs in coding genes because of changes they bring to
the polypeptide chain could have post-translational modification impact and an additional
weighting system that will control for chromatin accessibility and histone modification.
The third step weights more highly SNPs that are associated with more severe forms of the
phenotype, when derived from different GWAS studies, as illustrated above with AD.
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Figure 1. A step-by-step illustration of the proposed filtering pipeline.

Laying the Foundation for Applying the above Approach to Estimate PRS in AD

While our described approach remains theoretical until actual analyses are performed
and benchmarked, to better describe the approach we will describe steps we have taken
towards this direction. We have developed a dataset that integrates all Alzheimer’s
Disease (AD) related genes, proteins and SNP associations reported in the literature. A
general-purpose pipeline has been designed that combines list of genes associated with
AD, available either in gene or protein databases. First, the complete list of 854 AD related
genes was downloaded from the NCBI gene database using the keywords “Alzheimer’s
Disease” [45]. We filtered this list of genes with respect to species and retained only
entries regarding Homo Sapiens. Due to significant redundancy in terms of included
attributes, we applied filtering to isolate only the attributes of interest: Gene ID, Symbol,
Aliases, Map location, Chromosome. Second, to enhance the gene dataset, a list of 6965 AD
related proteins was downloaded from the NCBI protein database under the same keyword
“Alzheimer’s Disease” [46]. The accession numbers were retained and an SQL script was
developed to automatically scan the UniProt database and extrapolate the corresponding
gene name (Gene ID) using the online converter of UniProt [47]. The consequent attributes
for each entry were appended to the protein dataset and entries were also filtered by species
and duplicates were removed. Third, both lists were imported into MySQL databases with
the corresponding attributes, originating from the AD related gene dataset and the AD
related protein dataset. Comparing the two datasets, if a gene corresponding to a specific
protein was already included in the gene dataset, it was annotated with the corresponding
protein by including one additional attribute. If the specific gene (coming from the list of
proteins) was not included, a relevant entry was appended in the file, thus enhancing the
original list of genes related to Alzheimer’s Disease.

An enhanced non-redundant dataset was thus developed, including all AD related
genes originating either from the protein dataset or from the gene dataset. The dataset
consists of 630 entries with the following attributes: Gene ID, Symbol, Map_location, Chromo-
some, Origin. The field Origin was annotated with three distinct values: (a) common, which
annotates all genes that existed both at the gene dataset and the protein dataset (in total
54 common genes), (b) GenesAD, which annotates all genes that were included only in the
original gene dataset (in total 496 genes), and (c) ProteinsAD, which annotates all genes that
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were included only in the protein dataset (in total 80 genes). The full list of AD genes is in
Supplementary Materials Table S2.

To complete the annotation of the dataset, the set of AD related GWAS studies was
downloaded from the GWAS Catalog [48]. The SNPs identified with an association to AD
were compared to the in-house gene dataset and an additional attribute was appended in
terms of their corresponding genes. 144 unique entries with the corresponding genes of the
GWAS catalog were identified and included in the in-house dataset. Out of these, 42 genes
originating from the AD related protein dataset was also appended with the amino acid
change involved. The latter datasets can be found in Supplementary Materials Tables 53
and 54, respectively.

The GWAS dataset used contains two distinct traits for Alzheimer’s Disease: late-onset
Alzheimer’s disease (EFO_1001870) and Alzheimer’s disease (EFO_0000249). The main
concept is that late-onset Alzheimer’s disease SNPs are associated with a less severe clinical
form of AD. SNPs from both studies were mapped on the 1241 AD related genes that we
identified using the data collection pipeline. This resulted in three groups of SNPs based
on their overlap in the two GWAS datasets. One group includes SNPs that are identified in
both the Alzheimer’s disease (EFO_0000249) dataset and the late-onset Alzheimer’s disease
(EFO_1001870) dataset and are given neither bonus nor penalty. One group that includes
SNPs that are unique to the Alzheimer’s Disease (EFO_0000249) GWAS study only and
consecutively were given a bonus score (as they belong to the severe clinical manifestation
group). And one group that includes those SNPs that are unique in the late-onset AD
(EFO_1001870), which were accordingly given a score penalty as they are linked with a
milder manifestation of AD.

We are optimistic that our planned future analyses will confirm that our approach can
significantly enhance the performance of PRSs and subsequently their utility in the clinic.

3. Conclusions

While very significant progress has been made, and work on other diseases suggests
the PRS analysis is likely to become an important tool for precision medicine, the current
state of PRS in AD is not yet where it would need to be for this purpose. Although numerous
studies have been conducted, AD PRSs’ predictive power are not satisfactory for clinical
use. The overall calculation of PRSs is highly dependent on the sample sizes of GWAS
studies and the genetic architecture of the disease, where more dense genotyping and
larger number of SNPs enhance their predictive power but on the other hand increase noise
in effect size estimates. The variety of computational methods used for PRS construction
and validation, inclusion of additional variables to adjust for risk prediction, linkage
disequilibrium, as well as diversity of the population samples genotyped in different
GWAS studies, although useful for achieving improved genetic risk associations, comprise
a drawback in the replicability of predictions and a standardized PRS construction to
be applied for clinical use. Given the need for early prediction and the diversity of AD
clinical manifestation and genetic background, we propose the improvement of a PRS
calculation refined by additional weighting based on an extensive annotation of SNPs and
their biological function that will reformulate their effect on the disease.

Using a data mining and data fusion pipeline we propose to establish a consensus PRS
of AD risk based on the inheritance pattern of SNPs, the post-translational impact of SNPs
(where applicable) and the associated phenotypic trait (AD = severe; late AD = less severe).
We argue that this novel PRS will more efficiently represent the pathogenic impact of
multiple gene variants on AD phenotypes—and on other multifactorial diseases. The
first step of our proposed filtering is most crucial for noise reduction as it excludes co-
inherited variants that do not affect the phenotype under study while reducing dataset
size. The steps of post-translational modification filtering and phenotype severity impact
introduce additional features that should be included in the PRS calculation but require for
appropriate weight assignment. To assess the effects of variants in coding regions on post-
translational modification we determined whether AD GWAS variants correspond to genes
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included in the AD-related protein dataset. We annotated variants as “AD-related” when
the change they introduced was missense resulting in an aminoacid change. Aminoacid
changes are more likely to be functional as they can affect the structure and/or function of
the protein, whether in terms of physical or biochemical properties. Also, if an aminoacid
change occurs at a post-translational modification site it could have a profound effect on
signaling. Thus, accounting for such information will aid assignment of an appropriate
PRS weight.

The effect of gene variants on phenotype severity feature can be approached in multi-
ple ways, depending on the disease studied. In the case of AD, we divided the dataset into
two groups: the late-onset versus early-onset AD, as annotated in the GWAS catalog, and
applied a simple bonus and penalty scoring system to clearly discriminate this phenotypic
effect. In other diseases, especially where data are available to classify phenotypic severity
into more than two groups, the scoring system might be more complex. Once these features
are determined the proposed risk score can be calculated. This approach will overall
filter out miscalculated SNPs that were highly associated with severe disease risk due
to noise effect sizes, co-inheritance and gene-loci dependence and allow for a new set of
SNPs to surpass the given threshold based on their actual effect on gene expression, post
translational modifications, and phenotypic severity.

Given the complexity of AD and the multidimensionality of the underlying genetics
future efforts will be focused on establishment of an advanced mathematical function to
correlate the genetic profile of each patient to the phenotype and severity of the disease. The
methodology we propose is expected to filter out false-positive SNPs in conventional GWAS
analyses and lead to a more precise and reliable SNP subset with actual potential to be used
as an AD biomarker. Incorporating clinical data in the PRS construction methodology can
enhance the predictive ability of a PRS score with a clinical benefit. So far, the construction
of a purely statistical, GWAS-based PRS has shown limited applicability. The optimization
of a risk model should include empirical data and additional machine learning methods
in a personalized manner, that will include variables not only based on the molecular
mechanisms and genetic architecture of the underlying disease, but also interpret the effect
of population origin, comorbidities, clinical data on the disease phenotype, and a medical
profiling of the groups under study, under the scope of the probable epigenetic effects
for each patient. Acknowledging the current limitations of a personalized PRS score, the
proposed approach can refine the risk model based on the clinical manifestation of AD. The
validation of our model can be achieved by additional GWAS studies in large cohorts that
will include a more precise description on the phenotypic severity, as well as future clinical
outcomes for each person, expanding the input data for our simulations with additional
features and empowering the predictive outcome of machine learning simulations.

In conclusion, we propose that this hybrid filtering and scoring pipeline can be
applied in more GWAS studies and diseases and act as a mathematical algorithm capable
of grouping patients in phenotypic groups, therefore serving as an in-silico clinically useful
biomarker of disease risk and lay the groundwork for an optimized PRS construction
method. Refining the proposed pipeline will require artificial intelligence methods, such as
deep learning, applied to GWAS datasets, and enhanced phenotyping, perhaps through
medical records, to calibrate weights of each variant on the PRS calculation. The combined
approaches of machine learning, enhanced with clinical data, and PRS can further improve
the predictive capability of an improved risk score for multifactorial diseases.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/cells10071627 /s1, Table S1: List of Studies used in the calculation of PRS in Alzheimer’s
disease; Table S2: AD related genes annotated by origin dataset; Table S3: List of 144 unique entries
of genes identified in AD GWAS catalog and the in-house database; Table S4: List of the 42 genes
originating from the AD related protein dataset.

Author Contributions: D.V., EP, RS, EB.,, T.E., PK., VK., PV, C.L., D.A. and V.M. contributed
equally to conceptualization, methodology, data curation, writing—original draft preparation,


https://www.mdpi.com/article/10.3390/cells10071627/s1
https://www.mdpi.com/article/10.3390/cells10071627/s1

Cells 2021, 10, 1627 90f11

and writing—review and editing. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was funded by The Richman Family Precision Medicine Center of Excellence in
Alzheimer’s Disease at Johns Hopkins.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are openly available in NCBI gene
database (https://www.ncbinlm.nih.gov/gene/) (accessed on 28 June 2021), NCBI protein database
(https:/ /www.ncbi.nlm.nih.gov/protein/) (accessed on 28 June 2021), and NHGRI-EBI GWAS
catalog (https://www.ebi.ac.uk/gwas/) (accessed on 28 June 2021).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Mills, M.C,; Rahal, C. A scientometric review of genome-wide association studies. Commun. Biol. 2019, 2, 9. [CrossRef] [PubMed]

2. McCarthy, M.I;; Abecasis, G.R.; Cardon, L.R.; Goldstein, D.B.; Little, ].; Ioannidis, ]. P.A.; Hirschhorn, ].N. Genome-wide association
studies for complex traits: Consensus, uncertainty and challenges. Nat. Rev. Genet. 2008, 9, 356-369. [CrossRef] [PubMed]

3. Gallagher, M.D.; Chen-Plotkin, A.S. The Post-GWAS Era: From Association to Function. Am. |. Hum. Genet. 2018, 102, 717-730.
[CrossRef]

4. Frelinger, ]J.A. Big Data, Big Opportunities, and Big Challenges. . Investig. Dermatol. Symp. Proc. 2015, 17, 33-35. [CrossRef]
[PubMed]

5. Batley, ].; Edwards, D. Genome sequence data: Management, storage, and visualization. Biotechniques 2009, 46, 333-336. [CrossRef]

6.  Chatterjee, N.; Shi, J.; Garcia-Closas, M. Developing and evaluating polygenic risk prediction models for stratified disease
prevention. Nat. Rev. Genet. 2016, 17, 392-406. [CrossRef]

7. International Schizophrenia Consortium; Purcell, S.M.; Wray, N.R.; Stone, J.L.; Visscher, PM.; O’'Donovan, M.C.; Sullivan, P.F;
Sklar, P. Common polygenic variation contributes to risk of schizophrenia and bipolar disorder. Nature 2009, 460, 748-752.
[CrossRef] [PubMed]

8.  Hatzimanolis, A.; Bhatnagar, P.; Moes, A.; Wang, R.; Roussos, P.; Bitsios, P; Stefanis, C.N.; Pulver, A.E.; Arking, D.E.; Smyrnis, N.;
et al. Common genetic variation and schizophrenia polygenic risk influence neurocognitive performance in young adulthood.
Am. ]. Med. Genet. Part B Neuropsychiatr. Genet. 2015, 168, 392-401. [CrossRef]

9.  Creese, B.; Vassos, E.; Bergh, S.; Athanasiu, L.; Johar, I.; Rongve, A.; Medbgen, L.T.; Da Silva, M.V.; Aakhus, E.; Andersen, F; et al.
Examining the association between genetic liability for schizophrenia and psychotic symptoms in Alzheimer’s disease. Transl.
Psychiatry 2019, 9, 273. [CrossRef]

10. Inouye, M.; Abraham, G.; Nelson, C.P.; Wood, A.M.; Sweeting, M.].; Dudbridge, F; Lai, EY.; Kaptoge, S.; Brozynska, M.; Wang, T.;
et al. Genomic Risk Prediction of Coronary Artery Disease in 480,000 Adults: Implications for Primary Prevention. J. Am. Coll.
Cardiol. 2018, 72, 1883-1893. [CrossRef]

11. Michailidou, K.; Collaborators, N.; Lindstrém, S.; Dennis, ].; Beesley, J.; Hui, S.; Kar, S.; Lemagon, A.; Soucy, P.; Glubb, D.; et al.
Association analysis identifies 65 new breast cancer risk loci. Nature 2017, 551, 92-94. [CrossRef]

12.  Yanes, T.; Young, M.-A.; Meiser, B.; James, P.A. Clinical applications of polygenic breast cancer risk: A critical review and
perspectives of an emerging field. Breast Cancer Res. 2020, 22, 21. [CrossRef]

13. Mavaddat, N.; Michailidou, K.; Dennis, J.; Lush, M.; Fachal, L.; Lee, A.; Tyrer, ].P; Chen, T.-H.; Wang, Q.; Bolla, M.K; et al.
Polygenic Risk Scores for Prediction of Breast Cancer and Breast Cancer Subtypes. Am. . Hum. Genet. 2019, 104, 21-34. [CrossRef]

14. Perkins, D.O.; Loohuis, L.O.; Barbee, J.; Ford, ]J.; Jeffries, C.D.; Addington, J.; Bearden, C.; Cadenhead, K.S.; Cannon, T.D.;
Cornblatt, B.A.; et al. Polygenic Risk Score Contribution to Psychosis Prediction in a Target Population of Persons at Clinical
High Risk. Am. . Psychiatry 2020, 177, 155-163. [CrossRef]

15. Khera, A.V,; Chaffin, M.; Aragam, K.G.; Haas, M.E.; Roselli, C.; Choi, S.H.; Natarajan, P.; Lander, E.S.; Lubitz, S.A ; Ellinor, P.T,;
et al. Genome-wide polygenic scores for common diseases identify individuals with risk equivalent to monogenic mutations. Nat.
Genet. 2018, 50, 1219-1224. [CrossRef] [PubMed]

16. Lambert, ].C.; Ibrahim-Verbaas, C.A.; Harold, D.; Naj, A.C.; Sims, R.; Bellenguez, C.; DeStafano, A.L.; Bis, ].C.; Beecham, G.W.;
Grenier-Boley, B.; et al. Meta-Analysis of 74,046 individuals identifies 11 new susceptibility loci for Alzheimer’s disease. Nat.
Genet. 2013, 45, 1452-1458. [CrossRef] [PubMed]

17.  Andrews, S.J.; Fulton-Howard, B.; Goate, A. Interpretation of risk loci from genome-wide association studies of Alzheimer’s
disease. Lancet Neurol. 2020, 19, 326-335. [CrossRef]

18. Liu, C.-C.; Kanekiyo, T.; Xu, H.; Bu, G. Apolipoprotein E and Alzheimer disease: Risk, mechanisms and therapy. Nat. Rev. Neurol.

2013, 9, 106-118. [CrossRef] [PubMed]


https://www.ncbi.nlm.nih.gov/gene/
https://www.ncbi.nlm.nih.gov/protein/
https://www.ebi.ac.uk/gwas/
http://doi.org/10.1038/s42003-018-0261-x
http://www.ncbi.nlm.nih.gov/pubmed/30623105
http://doi.org/10.1038/nrg2344
http://www.ncbi.nlm.nih.gov/pubmed/18398418
http://doi.org/10.1016/j.ajhg.2018.04.002
http://doi.org/10.1038/jidsymp.2015.38
http://www.ncbi.nlm.nih.gov/pubmed/26551943
http://doi.org/10.2144/000113134
http://doi.org/10.1038/nrg.2016.27
http://doi.org/10.1038/nature08185
http://www.ncbi.nlm.nih.gov/pubmed/19571811
http://doi.org/10.1002/ajmg.b.32323
http://doi.org/10.1038/s41398-019-0592-5
http://doi.org/10.1016/j.jacc.2018.07.079
http://doi.org/10.1038/nature24284
http://doi.org/10.1186/s13058-020-01260-3
http://doi.org/10.1016/j.ajhg.2018.11.002
http://doi.org/10.1176/appi.ajp.2019.18060721
http://doi.org/10.1038/s41588-018-0183-z
http://www.ncbi.nlm.nih.gov/pubmed/30104762
http://doi.org/10.1038/ng.2802
http://www.ncbi.nlm.nih.gov/pubmed/24162737
http://doi.org/10.1016/S1474-4422(19)30435-1
http://doi.org/10.1038/nrneurol.2012.263
http://www.ncbi.nlm.nih.gov/pubmed/23296339

Cells 2021, 10, 1627 10 of 11

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Corder, E.H.; Saunders, A.M.; Strittmatter, W.J.; Schmechel, D.E.; Gaskell, P.C.; Small, G.W.; Roses, A.D.; Haines, J.L.; Pericak-
Vance, M. A. Gene dose of apolipoprotein E type 4 allele and the risk of Alzheimer’s disease in late onset families. Science 1993,
261,921-923. [CrossRef] [PubMed]

Blacker, D.; Haines, ].L.; Rodes, L.; Terwedow, H.; Go, R.; Harrell, L.E.; Perry, R.T.; Bassett, S.S.; Chase, G.; Meyers, D.; et al.
ApoE-4 and Age at Onset of Alzheimer’s Disease: The NIMH Genetics Initiative. Neurology 1997, 48, 139-147. [CrossRef]
[PubMed]

Yu, ].-T,; Tan, L.; Hardy, J. Apolipoprotein E in Alzheimer’s Disease: An Update. Annu. Rev. Neurosci. 2014, 37, 79-100. [CrossRef]
Arold, S.; Sullivan, P; Bilousova, T.; Teng, E.; Miller, C.A.; Poon, W.W.; Vinters, H.V.; Cornwell, L.B.; Saing, T.; Cole, G.M.; et al.
Apolipoprotein E level and cholesterol are associated with reduced synaptic amyloid beta in Alzheimer’s disease and apoE TR
mouse cortex. Acta Neuropathol. 2012, 123, 39-52. [CrossRef]

Blanchard, ].W,; Bula, M.; Davila-Velderrain, J.; Akay, L.A.; Zhu, L.; Frank, A.; Victor, M.B.; Bonner, ] M.; Mathys, H; Lin, Y.-T.;
et al. Reconstruction of the human blood-brain barrier in vitro reveals a pathogenic mechanism of APOE4 in pericytes. Nat. Med.
2020, 26, 952-963. [CrossRef] [PubMed]

Bell, R.D.; Winkler, E.A ; Singh, L; Sagare, A.P.; Deane, R.; Wu, Z.; Holtzman, D.M.; Betsholtz, C.; Armulik, A.; Sallstrom, J.; et al.
Apolipoprotein E controls cerebrovascular integrity via cyclophilin A. Nature 2012, 485, 512-516. [CrossRef]

Giri, M,; L1y, Y.; Zhang, M. Genes associated with Alzheimer’s disease: An overview and current status. Clin. Interv. Aging 2016,
11, 665-681. [CrossRef]

Shao, W.; Peng, D.; Wang, X. Genetics of Alzheimer’s disease: From pathogenesis to clinical usage. J. Clin. Neurosci. 2017, 45, 1-8.
[CrossRef]

Lambert, S.A.; Abraham, G.; Inouye, M. Towards clinical utility of polygenic risk scores. Hum. Mol. Genet. 2019, 28, R133-R142.
[CrossRef]

Chaudhury, S.; Patel, T.; Barber, 1.S.; Guetta-Baranes, T.; Brookes, K.J.; Chappell, S.; Turton, J.; Guerreiro, R.; Bras, J.; Hernandez,
D.; et al. Polygenic risk score in postmortem diagnosed sporadic early-onset Alzheimer’s disease. Neurobiol. Aging 2018, 62,
244 .e1-244.e8. [CrossRef] [PubMed]

Cruchaga, C.; Del-Aguila, J.L.; Saef, B.; Black, K.; Fernandez, M.V.; Budde, ].; Ibanez, L.; Deming, Y.; Kapoor, M.; Tosto, G.; et al.
Polygenic risk score of sporadic late-onset Alzheimer’s disease reveals a shared architecture with the familial and early-onset
forms. Alzheimer’s Dement. 2018, 14, 205-214. [CrossRef] [PubMed]

Axelrud, L.K.; Santoro, M.L.; Pine, D.S.; Talarico, E.; Gadelha, A.; Manfro, G.G.; Pan, PM.; Jackowski, A.; Picon, E; Brietzke, E.;
et al. Polygenic Risk Score for Alzheimer’s Disease: Implications for Memory Performance and Hippocampal Volumes in Early
Life. Am. J. Psychiatry 2018, 175, 555-563. [CrossRef] [PubMed]

Chandler, H.L.; Wise, R.G.; Murphy, K; Tansey, K.E.; Linden, D.E.].; Lancaster, T.M. Polygenic impact of common genetic risk loci
for Alzheimer’s disease on cerebral blood flow in young individuals. Sci. Rep. 2019, 9, 467. [CrossRef]

Morgan, A.R,; Touchard, S.; O’'Hagan, C.; Sims, R.; Majounie, E.; Escott-Price, V.; Jones, L.; Williams, ].; Morgan, B.P. The
Correlation between Inflammatory Biomarkers and Polygenic Risk Score in Alzheimer’s Disease. J. Alzheimer’s Dis. 2017, 56,
25-36. [CrossRef]

Harrison, J.R.; Mistry, S.; Muskett, N.; Escott-Price, V. From Polygenic Scores to Precision Medicine in Alzheimer’s Disease: A
Systematic Review. |. Alzheimer’s Dis. 2020, 74, 1271-1283. [CrossRef] [PubMed]

Logue, M.W.; Panizzon, M.S; Elman, J.A.; Gillespie, N.A.; Hatton, S.N.; Gustavson, D.E.; Andreassen, O.A.; Dale, A.M.; Franz,
C.E.; Lyons, ML].; et al. Use of an Alzheimer’s disease polygenic risk score to identify mild cognitive impairment in adults in their
50s. Mol. Psychiatry 2019, 24, 421-430. [CrossRef]

Da, X.; Toledo, J.; Zee, J.; Wolk, D.A_; Xie, S.X.; Ou, Y.; Shacklett, A.; Parmpi, P.; Shaw, L.; Trojanowski, ].Q.; et al. Integration and
relative value of biomarkers for prediction of MCI to AD progression: Spatial patterns of brain atrophy, cognitive scores, APOE
genotype and CSF biomarkers. Neurolmage Clin. 2014, 4, 164-173. [CrossRef]

Banks, S.J.; Qiu, Y.; Fan, C.C.; Dale, AM.; Zou, ].; Askew, B.; Feldman, H.H.; Alzheimer’s Disease Neuroimaging Initiative.
Enriching the design of Alzheimer’s disease clinical trials: Application of the polygenic hazard score and composite outcome
measures. Alzheimer’s Dement. Transl. Res. Clin. Interv. 2020, 6, €12071. [CrossRef] [PubMed]

Tesi, N.; Van Der Lee, S.J.; Hulsman, M.; Jansen, L.E.; Stringa, N.; Van Schoor, N.M.; Scheltens, P.; Van Der Flier, W.M.; Huisman,
M.; Reinders, M.].T; et al. Immune response and endocytosis pathways are associated with the resilience against Alzheimer’s
disease. Transl. Psychiatry 2020, 10, 332. [CrossRef] [PubMed]

De Marco, M.; Manca, R.; Kirby, J.; Hautbergue, G.M.; Blackburn, D.J.; Wharton, S.B.; Venneri, A. The Association between
Polygenic Hazard and Markers of Alzheimer’s Disease Following Stratification for APOE Genotype. Curr. Alzheimer Res. 2020,
17, 667-679. [CrossRef] [PubMed]

Choi, SW.; Mak, T.S.-H.; O'Reilly, P.F. Tutorial: A guide to performing polygenic risk score analyses. Nat. Protoc. 2020, 15,
2759-2772. [CrossRef]

Ernst, J.; Kheradpour, P.; Mikkelsen, T.S.; Shoresh, N.; Ward, L.; Epstein, C.B.; Zhang, X.; Wang, L.; Issner, R.; Coyne, M.; et al.
Mapping and analysis of chromatin state dynamics in nine human cell types. Nature 2011, 473, 43-49. [CrossRef]

Tolstorukov, M.Y.; Volfovsky, N.; Stephens, R.M.; Park, P.J. Impact of chromatin structure on sequence variability in the human
genome. Nat. Struct. Mol. Biol. 2011, 18, 510-515. [CrossRef] [PubMed]


http://doi.org/10.1126/science.8346443
http://www.ncbi.nlm.nih.gov/pubmed/8346443
http://doi.org/10.1212/WNL.48.1.139
http://www.ncbi.nlm.nih.gov/pubmed/9008509
http://doi.org/10.1146/annurev-neuro-071013-014300
http://doi.org/10.1007/s00401-011-0892-1
http://doi.org/10.1038/s41591-020-0886-4
http://www.ncbi.nlm.nih.gov/pubmed/32514169
http://doi.org/10.1038/nature11087
http://doi.org/10.2147/CIA.S105769
http://doi.org/10.1016/j.jocn.2017.06.074
http://doi.org/10.1093/hmg/ddz187
http://doi.org/10.1016/j.neurobiolaging.2017.09.035
http://www.ncbi.nlm.nih.gov/pubmed/29103623
http://doi.org/10.1016/j.jalz.2017.08.013
http://www.ncbi.nlm.nih.gov/pubmed/28943286
http://doi.org/10.1176/appi.ajp.2017.17050529
http://www.ncbi.nlm.nih.gov/pubmed/29495896
http://doi.org/10.1038/s41598-018-36820-3
http://doi.org/10.3233/JAD-160889
http://doi.org/10.3233/JAD-191233
http://www.ncbi.nlm.nih.gov/pubmed/32250305
http://doi.org/10.1038/s41380-018-0030-8
http://doi.org/10.1016/j.nicl.2013.11.010
http://doi.org/10.1002/trc2.12071
http://www.ncbi.nlm.nih.gov/pubmed/32999917
http://doi.org/10.1038/s41398-020-01018-7
http://www.ncbi.nlm.nih.gov/pubmed/32994401
http://doi.org/10.2174/1567205017666201006161800
http://www.ncbi.nlm.nih.gov/pubmed/33023447
http://doi.org/10.1038/s41596-020-0353-1
http://doi.org/10.1038/nature09906
http://doi.org/10.1038/nsmb.2012
http://www.ncbi.nlm.nih.gov/pubmed/21399641

Cells 2021, 10, 1627 11 of 11

42.

43.

44.

45.

46.

47.

48.

Liu, H.; Zhai, ].; Luo, K,; Liu, L. Chromatin structure is distinct between coding and non-coding single nucleotide polymorphisms.
BMC Mol. Biol. 2014, 15, 22. [CrossRef]

Hoffman, G.E.; Bend], J.; Girdhar, K.; Schadt, E.E.; Roussos, P. Functional interpretation of genetic variants using deep learning
predicts impact on chromatin accessibility and histone modification. Nucleic Acids Res. 2019, 47, 10597-10611. [CrossRef]
Rojano, E.; Seoane, P.; Ranea, ].A.G.; Perkins, ].R. Regulatory variants: From detection to predicting impact. Brief. Bioinform. 2019,
20, 1639-1654. [CrossRef] [PubMed]

Gene. Bethesda (MD): National Library of Medicine (US). National Center for Biotechnology Information, 2004. Available online:
https:/ /www.ncbi.nlm.nih.gov/gene/ (accessed on 30 August 2020).

Protein. Bethesda (MD): National Library of Medicine (US). National Center for Biotechnology Information, 2004. Available
online: https://www.ncbi.nlm.nih.gov/protein/ (accessed on 30 August 2020).

The UniProt Consortium. UniProt: A worldwide hub of protein knowledge. Nucleic Acids Res. 2019, 47, D506-D515. [CrossRef]
[PubMed]

Buniello, A.; MacArthur, J.A.L.; Cerezo, M.; Harris, L.W.; Hayhurst, ].; Malangone, C.; McMahon, A.; Morales, J.; Mountjoy, E.;
Sollis, E.; et al. The NHGRI-EBI GWAS Catalog of published genome-wide association studies, targeted arrays and summary
statistics. Nucleic Acids Res. 2019, 47, D1005-D1012. [CrossRef]


http://doi.org/10.1186/1471-2199-15-22
http://doi.org/10.1093/nar/gkz808
http://doi.org/10.1093/bib/bby039
http://www.ncbi.nlm.nih.gov/pubmed/29893792
https://www.ncbi.nlm.nih.gov/gene/
https://www.ncbi.nlm.nih.gov/protein/
http://doi.org/10.1093/nar/gky1049
http://www.ncbi.nlm.nih.gov/pubmed/30395287
http://doi.org/10.1093/nar/gky1120

	Introduction 
	Approach to Calculating an Improved PRS 
	Conclusions 
	References

