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Abstract

Neurodegenerative and neuropsychiatric disorders are pervasive and debilitating conditions 

characterized by diverse clinical syndromes and comorbidities, whose origins are as complex and 

heterogeneous as their associated phenotypes. Risk for these disorders involves substantial genetic 

liability, which has fueled large-scale genetic studies that have led to a flood of discoveries. In 

turn, these discoveries have exposed substantial gaps in our knowledge with regards to the 

complicated genetic architecture of each disorder and the substantial amount of genetic overlap 

among disorders, which implies some degree of shared pathophysiology underlying these 

clinically distinct, multifactorial disorders. Understanding the role of specific genetic variants will 

involve resolving the connections between molecular pathways, heterogeneous cell types, specific 

circuits and disease pathogenesis at the tissue and patient level. We consider the current known 

genetic basis of these disorders and highlight the utility of molecular systems approaches that 

establish the function of genetic variation in the context of specific neurobiological networks, cell-

types, and life stages. Beyond expanding our knowledge of disease mechanisms, understanding 

these relationships provides promise for early detection and potential therapeutic interventions.

Introduction

Neurological and psychiatric disorders are the leading cause of disability and death globally 

[1]. The root of neurodegenerative and psychiatric diseases is thought to be a combination of 

genetic variation and environmental exposures during a person’s lifetime. The genetic causes 

involve virtually all forms of DNA sequence variation and transmission, from rare de novo 

mutations (autosomal dominant or X-linked, imprinted etc.) and rare recessive conditions, to 

inherited common and rare variation across the genome [2–4]. Currently, we lack how this 

disease-causing variation influences specific cell types, biological processes and 

pathological trajectory, all of which help explain disease mechanisms and provide better 

substrate for putative effective therapies. For rare, protein disrupting mutations, connecting 

genetic mechanisms to cell types and molecular pathways has been facilitated by the ability 
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to focus on a single protein and its major effects in model systems, and yet still this has been 

a challenging path [5]. For common genetic variation, this process is further complicated by 

the large number of contributing variants, the small effect size of individual variants, and the 

difficulty in identifying the actual causal variants and genes that they impact [6,7].

Here, we will first discuss what we have learned from the genetic variation associated with a 

number of prominent neurodegenerative and neuropsychiatric diseases. While many genetic 

risk loci have been identified, they explain only a small portion of heritability, far more 

remain to be found, and only a small percentage of patient cases can be directly explained by 

a single specific major mutation [7]. We concentrate on disorders where substantial 

functional genomics investigations have been performed to try to link loci to 

pathophysiology. For neurodegenerative disorders, we focus particular attention on 

Alzheimer’s (AD) and related tauopathies and dementia (frontal-temporal dementia, FTD; 

progressive supranuclear palsy, PSP; and Parkinson’s disease, PD). With respect to 

neuropsychiatric with neurodevelopmental origins, we focus primarily on schizophrenia 

(SCZ) and autism spectrum disorder (ASD), in comparison with Bipolar disorder (BD) and 

ADHD which each have both overlapping and distinct genetic architectures. We explore new 

findings that connect common genetic risk variants to specific genes and altered 

transcriptional networks. It is vital to find better means of filtering and exploring these data 

to help both identify and focus on causative genes, as well as to explore new multi-loci or 

polygenic paradigms which is further complicated by the apparent shared genetic features 

overlap among many conditions [8,9]. Therefore, we also touch on new avenues of research 

that aim to incorporate multi-omic data from patients across cell-types, brain regions, and 

timeframes. By establishing functional relationships between a given causal variant, or a set 

of contributory genetic variants, and neurobiological phenotypes, these approaches hold 

promise to begin to fill gaps in our mechanistic understanding of the origins of disease traits 

and facilitate development of more effective approaches for prevention and treatment.

Genetic Architecture (shared, polygenic risk)

The increasing feasibility of interrogating the genome through high-throughput genotyping 

and sequencing technologies has allowed dissection of the genetic variation that underlie 

many disorders. Modern application of genotyping arrays, whole exome sequencing (WES), 

and whole-genome sequencing (WGS) to case control studies have permitted identifying 

hundreds of loci, or specific mutations, increasing disease susceptibility [10]. In a general 

sense, all of these disorders have rare and common forms, although the relative contributions 

from these different frequency pools differ. For example, disorders with clinical onset in 

infancy, such as ASD have a relatively higher proportion of cases harboring major gene 

forms, either dominant de novo or Mendelian (15-20% [11,12]) than SCZ or BD (<5%, [13–

15]). By GWAS, where similar samples sizes in SCZ and BD have uncovered more genome 

wide significant common loci than in ASD, consistent with more heterogeneity and a higher 

contribution from rare genetic variation in the latter [16–18]. In neurodegenerative disorders, 

the contribution of Mendelian gene forms also varies widely, contributing at least 20-30% to 

FTD [19,20] but substantially less to AD (~5%;[21], [22]), with PD in between (5-10%; 

[23]). As a general rule, although these cases share substantial overlap in clinical phenotypes 

with familial forms, they also can show some atypical aspects in their presentations, such as 
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earlier age of onset in dementias (FTD, PD, AD) [21,24,25], or a higher frequency of motor 

or intellectual disability (ID) in the case of ASD or SCZ [26–29]. In all cases, common 

variants do not explain all of the heritability suggesting a role for rare inherited variants, 

which has been supported by early, relatively small studies in dementia and ASD [30,31].

Neurodegenerative dementias.

Recent GWAS have identified over 90 PD-associated loci [32–35], 30 for AD [36–38], 29 

loci for FTD [39,40], and 5 for PSP [41,42] (Figure 1A). Given that these disorders share 

certain general features such as protein aggregation, neuronal degeneration and neuro-

inflammation, one might expect to see a high amount of genetic overlap among these 

disorders. Genetic correlations based on common variants from each GWAS reveal the 

highest relationship was found between PSP and FTD (0.6, [41]), both of which can involve 

pure tauopathy [43] (Figure 1A). AD common variation was most correlated with FTD 

(0.29), whereas PD was more correlated with PSP (0.4) and FTD (0.31), all of which share 

Parkinsonian features or pathology (Figure 1A; [9,41]). Interestingly, neurodegenerative 

disorders exhibit striking enrichment of risk-variants associated with immune-mediated 

diseases, such as Crohn disease (CD), ulcerative colitis (UC), rheumatoid arthritis (RA), 

type 1 diabetes (T1D), celiac disease (CED), and psoriasis (PSOR). After correcting for the 

MHC-associated SNPs, AD is found to be moderately enriched with CD, UC, T1D, and RA 

(3-8 fold enrichment, listed in decreasing order [44]) whereas FTD was mostly enriched in 

T1D, CED, CD and RA (5-35 fold enrichment, listed in decreasing order [45]). Thus, there 

does seem to be a relationship between genetic sharing and common pathology across 

neurodegenerative disorders including risk-overlap with several common immunological 

disorders, suggesting some common pathophysiological mechanisms, consistent with 

models based on cell biological and biochemical studies [46–49].

Neuropsychiatric disorders.

GWAS on common neuropsychiatric disorders has identified a similar magnitude of disease-

risk variants: 145 for SCZ [16,50], 30 for BD [17], 12 for ADHD [51], and 12 for ASD [52] 

(Figure 1A). The genetic correlations between SCZ and BIP are relatively high (0.68, [53]; 

0.70, [17]}), whereas SCZ is correlated with both ADHD and ASD, albeit at lower, but still 

significant rates (0.21 ASD and 0.36 ADHD, [9,52]}). Smaller orthogonal studies utilizing 

family history find high risk for ASD in offspring with relatives diagnosed with SCZ, BIP, 

ASD, and/or ADHD [54–56] and vice versa for each disorder (ADHD/BIP [57], 

ADHD/ASD [58]). Recent studies actually approach the concept of cross-disorder genetic 

liability directly, by pooling major psychiatric diagnosis (including anorexia nervosa, major 

depression, obsessive-compulsive disorder, and Tourette syndrome in addition to ADHD, 

ASD, BIP, and SCZ) into one “affected” category [59,60], together finding 4-6 loci with 

shared risk for all disorders, 23 shared by more than four disorders and over 100 loci with 

shared-risk by two disorders. Additionally, hierarchal analysis and exploratory factor 

analysis (EFA) of the common risk variants organized disorders into major phenotypical 

categories such as compulsivity (anorexia nervosa, obsessive-compulsive disorder, and 

Tourette syndrome), mood/psychosis (Major depression, BIP and SCZ) and early onset 

neurodevelopmental disorders (ASD, ADHD, and Tourette syndrome)[61]. Thus, despite 

having major differences in diagnostic criteria and behavioral phenotypic onset, there is 
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considerable evidence that SCZ and BIP, SCZ and ASD, ADHD and ASD share some 

similarities in origins, but the extent of sharing varies across disorders seemingly dependent 

on the extent of co-morbidity of specific traits. Thus, one major challenge in connecting 

genetic variants to specific clinical phenotypes is understanding the intermediate phenotypes 

or biological pathways modulated by shared and disorder-specific risk variants [7]. Although 

this is a challenge, it also provides an opportunity, in that we have the tools in hand to begin 

to dissect this complexity [4,6,62].

Connecting risk loci to genes

One feature that unites all common disorders, brain or otherwise, is that the majority of 

common genetic risk-variants are found in non-coding, regulatory regions of genome 

[63,64]. In AD, only 2% of common risk variants are found in protein-coding regions and 

50% of risk variants are found in intergenic loci, making their association with a specific 

gene more difficult [38]. Similarly, BIP-, ADHD-, and ASD-SNPs are found significantly 

enriched within non-coding regions (~15-20 fold enrichment) whereas the enrichment in 

coding regions are both low (~7 fold) and not significant [17,18,51]. In SCZ virtually all 

risk-SNPs are found to lie in intergenic and intronic loci (<1% of variants are located in 

exonic loci; [16,50]).

Altogether, these findings have illuminated a complex connection between genotype and 

disorder. That is, these disorders are polygenic, with substantial shared risk despite distinct 

clinically defined phenotypes, and whose risk is imparted by variants that reside primarily in 

regulatory regions, challenging the proper mapping of variant interactions to specific genes 

[3,65,66]. Moreover, in neuropsychiatric disorders, this architecture is further complicated 

by the presence of rare de novo or inherited larger copy-number variations, whose clinical 

presentation in individuals may be modified by polygenic risk [67–69]. To properly leverage 

these genetic findings, so as to fuel a deeper understanding of the biological origins and 

mechanisms, one needs to combine these population genetic findings with functional 

genomic maps [4], and integrate them using a systems biology approach [6,62,70]. Such 

integrative genomic studies attempt to connect loci to specific genes that they regulate, and 

understand what biological pathways, developmental periods, cell types, and circuits these 

genes control, and further, how specific variation they might impact them.

Causal variant to gene.

A first step in connecting variation to pathways is to understand which specific genes are 

regulated by disease-associated variants. This process initially involves identifying which 

variant(s) within a loci are functional. Often the most significant SNP from GWAS is not the 

causal variant due to linkage disequilibrium (LD; [71]), thus it is necessary to utilize bio-

informatic methods that incorporate LD (i.e. Caviar [72], Paintor [73]) in conjunction to 

annotation within human genomic functional maps and validation through high throughput 

assays, such as multiple parallel reporter assays [66,74]. This process is further complicated 

by the fact that such regulation likely mechanistically occurs through long-range chromatin 

interactions, often does not affect the closest gene [75,76] and is not influenced by patterns 

of linkage disequilibrium that are used in mapping the loci [77]. Given these precautions 
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researchers have made advances by mapping variants onto core functional maps derived 

from the integration of multi-omic investigations (Figure 2).

Functional maps for variant annotation are typically derived from normal healthy tissue and 

often are based on specific quantitative-trait loci that map common genetic variants onto 

their expression (eQTL) or splicing effects (sQTL) [78–81]; Figure 2A). Small sample size, 

and the restricted representation of cis-interactions only, can limit the number of genes 

covered in a given QTL functional dataset (for comparison see: [80,82] and [78]). Thus, 

genomic datasets that leverage biochemical methods, such as correlation of open chromatin 

regions by ATAC-seq, or presumed enhancer – promotor regulator loops identified by 

chromatin confirmation methods, such as Hi-C, are useful adjuncts to QTL maps 

([75,83,84]; Figure 2A). Moreover, although about half of gene regulatory variants are 

shared across cells [76], a substantial amount of regulatory variation is tissue and stage 

specific [80,85]. Thus, we need functional regulatory maps of brain tissue at all stages and 

regions, and across major psychiatric disorders to understand variant effects on gene 

expression and splicing, the core goal of the psychENCODE consortium [78,86,87] which is 

complemented by broader framework endeavors such as ENCODE [88], GTEX [89] and the 

4D genome [90]. Similar efforts to map gene expression and proteomics are being conducted 

by the AMP-AD consortium in dementias [91–93]. Validation of regulatory predictions from 

these resources using in vitro models and CRISPR engineering of enhancers or splicing 

regulatory regions has provided additional confidence that these predictions are biologically 

relevant [75,83,94,95].

Genes to pathways and cells.

Most studies to date have used standard ontological databases to map risk genes onto 

pathways [96]. Although these approaches are a valuable step, they are limited by current 

knowledge and incomplete annotation of most pathways with respect to CNS specific 

processes [62], leading to specific efforts to expertly curate nervous system specific 

knowledge such as SynGO [97]. Moreover, solely relying on gene ontology or KEGG 

pathways for testing enrichment of common or rare risk genes is more biased than analyses 

based on functional genomic data sets [62,98,99]. More advanced methods look for gene or 

protein networks, which are built from the bottom up using expression or protein interaction 

data and are increasingly becoming widely applied [99–101]. A major advantage of network 

analysis is that it is able to organize multiple levels of the hierarchical molecular structure of 

the brain into significant modules, or highly connected set of genes, that specifically 

represent brain region, maturation state, cell type, organelle function, and molecular 

pathways [102–104].

Further annotation of GWAS signals to specific biological pathways, brain regions and cell 

types is achieved through the mapping of risk-variants onto gene or protein networks from 

brain regional and single cell transcriptomes or epigenomic data (e.g. ATAC-seq) (Figure 

2B). For example, network analysis utilizing the BrainSpan database [105] illustrated a 

striking enrichment of ASD-risk genes in modules representing transcriptional regulation 

and chromatin modification as well as specific excitatory neuronal cell types during 

neurogenesis, linking ASD risk to midgestational development [102], findings that have 
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been replicated and extended since [31,106–109]. Altogether, exemplified by recent studies 

in ASD, this approach has yielded substantial evidence of pathways impacting 

transcriptional regulation and chromatin modification, microtubule function and synaptic 

function, primarily affecting projection neurons and neurogenesis and less so inhibitory 

neurons, during fetal brain development [31,109].

In contrast to major gene mutations, polygenicity poses a challenge to the paradigm of single 

gene to function, how does one understand or summarize the biological mechanisms of 

hundreds or thousands of common variants, each with variable but minute effect sizes on 

disease risk? Perhaps paradoxically, polygenic risk has actually proven quite powerful in 

elucidating pathways. Analogous to expression data, one can partition the polygenic signal 

measured by disease GWAS-risk across the genome utilizing functional chromatin datasets, 

asking if disease-risk is in specific pathways defined by co-expression or PPI modules, brain 

regions, or cell types (Figure 2B bottom). In this way, a complex association signal can be 

broken down into the biological elements that it affects. These approaches have made 

substantial contribution to our understanding of disease exemplified below.

Two recent studies combining AD GWAS with either bulk or single-cell transcriptional 

analysis of post mortem brain from AD donors found that multiple GWAS risk loci were 

enriched in half of their top 20 significant modules disrupted in AD via bulk analysis [110], 

whereas only three modules from single-cell analysis exhibited significant enrichment (most 

likely a technical limitation) [111]. While the majority of these AD-modules seem to 

represent multiple functional changes in astrocytes and microglia (inflammatory and 

metabolic pathways; [110], the single cell data points to clear enrichment of AD risk-signal 

specifically within microglia [111]. These findings are further supported by large-scale 

proteomic AD brain donor cohort that found strikingly analogous and complimentary AD-

PPI networks to the prior AD-expression networks and displayed strong enrichment for AD-

risk signal within microglia modules [112].

In comparison, a recent study focused on chromatin confirmation data in human 

midgestational fetal cortical tissue utilized partitioned heritability (LD score regression) with 

a number of GWAS disease-associated datasets to determine if and when these variants can 

impact development ([83], Figure 2B). They found no overlap between common AD-

variants and any of these developmental regulatory regions. In contrast, they found both SCZ 

and ADHD were significantly enriched in regulatory chromatin regions related to 

neurogenesis within the dividing germinal zone in comparison to the maturing cortical plate, 

a region comprised mainly of neurons. Analogously, another study focused on chromatin 

confirmation and function in adult human cortex found significant enrichment of risk-

variants in isolated populations of neurons, oligodendrocytes, microglia, and astrocytes 

[113]. The authors found AD-associated risk variants specifically and only enriched within 

microglia enhancers. On the other hand, their analysis showed a strong enrichment of SCZ-, 

ASD-, BD-, and ADHD-risk variants in both the enhancers and promoters of genes 

expressed in neurons. BD and SCZ variants were also found in oligodendrocyte and 

astrocyte gene promoters. These findings are supported by single-cell transcriptomic 

analysis obtained earlier in mid-fetal development that find an enrichment of risk variants in 
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transcriptome profiles of radial glia responsible for producing excitatory neurons, astrocytes 

and oligodendrocytes and select maturing excitatory neurons [108].

Conclusions

Despite underlying causal heterogeneity, polygenicity and phenotypic complexity 

contributing to common neurological and neuropsychiatric disorders there is early 

emergence of biologic themes that have been uncovered via integrative functional genomic 

analyses. Here we highlighted research utilizing integrative frameworks to better resolve 

disease mechanisms. As discussed above, although being highly heritable, AD-risk is 

expressed during adulthood, that most disease-variants function within glial cells and these 

findings are further supported by transcriptomics. The missing enrichment in fetal data of 

AD-risk variants within glial cells is most likely technical as these cell types have yet to be 

produced in large enough number for analysis or are masked within the bulk datasets as 

proof of principle it would be of interest to follow up investigation across postnatal 

development. SCZ and ASD genetic risk can be found as early as mid-gestation stage in 

fetal development particularly enriched in enhancers specific to radial glia progenitor cells 

and, later in adulthood, this enrichment can be extended to specifically to select excitatory 

neurons and glial cells supported by both bulk and single-cell transcriptomic analysis.

These approaches are in their infancy and there still remains much to discovered in terms of 

true mechanistic understanding. However the integrative analyses we have described show 

great promise by not only connecting genotype to phenotype but increasing the resolution of 

disease mechanisms and intermediate phenotypes.
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Figure 1. Correlation of Common Variation underlying Neurodegenerative and Neuropsychiatric 
disorders.
Arc network of variant correlations (> 0.15) exhibiting shared risk between common 

neurodevelopmental, ASD and ADHD colored by purple, neuropsychiatric, BIP and SCZ 

colored by blue, and neurodegenerative disorders, PD, AD, FTD, PSP colored by red and 

green. The width of the colored connecting arc depicts the size of correlation. Correlations 

taken from {Chen:2018ks, 

AutismSpectrumDisorderWorkingGroupofthePsychiatricGenomicsConsortium:2019ex, 

Demontis:2018do}. ASD; Autism spectrum disorder, ADHD; Attention-deficient 
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hyperactivity disorder, BIP;Bipolar, SCZ; Schizophrenia, PD; Parkinson’s disorder, AD; 

Alzheimer’s disorder, FTD; Frontal-temporal lobe Dementia, PSP; Progressive supranuclear 

palsy.
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Figure 2. Functional Genomics Links Genetic origins to Disease Mechanisms.
A) Depiction of annotation of risk variation to specific genes. DNA is depicted as a black 

line with a simple gene model: right hand arrow depicts a transcriptional start site, blue 

rectangle represents exons, and grey diagonal, connections between exons as isoform 

options. Enhancers are depicted as orange rectangles and risk variants are marked by red 

stars. The top extension of DNA from the gene body illustrates mapping by either eQTL or 

sQTL of a proximal risk variant to a gene. The bottom extension of DNA illustrates long-

range DNA contacts (cis or trans), through the combination of ATACseq and Hi-C datasets, 

to map risk variants to specific genes. B) Cartoon of the two basic integrative approaches 

used to collapse polygenic disease variation to specific temporal epochs, regions, cell types 

and network modules. These methods are often thought of interchangeably, but should be 

distinguished: 1) top, risk genes (red) identified through the annotation with core functional 

maps in (A) are used in comparison to, 2) bottom, SNPs or multi-SNP loci (LD, red stars) 

are mapped directly to regulatory regions (open chromatin) to look for enrichment in 

regulatory regions that are active in specific spatiotemporal datasets across time and brain 

regions, modules of specific pathways and processes, cell types from single-cell 

technological approaches from normal human reference and/or postmortem case datasets.
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