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Parkinson’s disease (PD) is the second most prevalent late-onset neurodegenerative dis-
order worldwide after Alzheimer’s disease for which available drugs only deliver tempor-
ary symptomatic relief. Loss of dopaminergic neurons (DaNs) in the substantia nigra and
intracellular alpha-synuclein inclusions are the main hallmarks of the disease but the
events that cause this degeneration remain uncertain. Despite cell types other than DaNs
such as astrocytes, microglia and oligodendrocytes have been recently associated with
the pathogenesis of PD, we still lack an in-depth characterisation of PD-affected brain
regions at cell-type resolution that could help our understanding of the disease mechan-
isms. Nevertheless, publicly available large-scale brain-specific genomic, transcriptomic
and epigenomic datasets can be further exploited to extract different layers of cell type-
specific biological information for the reconstruction of cell type-specific transcriptional
regulatory networks. By intersecting disease risk variants within the networks, it may be
possible to study the functional role of these risk variants and their combined effects at
cell type- and pathway levels, that, in turn, can facilitate the identification of key regula-
tors involved in disease progression, which are often potential therapeutic targets.

Introduction
Currently, 2–3% of the population over 65 years of age are living with Parkinson’s disease (PD),
making this disorder the most prevalent late-onset neurodegenerative disorder worldwide after
Alzheimer’s disease (AD) [1]. Dopaminergic neurons (DaNs) in the substantia nigra pars compacta
(SNpc) of PD patients present distinctive neuronal inclusions of alpha-synuclein, or Lewy bodies [1,2]
and their preferential loss gives rise to specific motor features such as tremor at rest, muscle rigidity
and bradykinesia [3]. For this, the primary focus of PD research to date has been on DaNs that, due
to their unique cellular features, are also the most vulnerable cell type in the disease compared with
other neuronal populations in the brain; complex morphology with extensive and unmyelinated
axonal innervation conveys, indeed, an exceptionally high energy cost [4] and, high calcium flux and
dopamine metabolism [5] make them particularly susceptible to various stressors [6].
Several large consortia have now assembled genome-wide association studies (GWAS) that, by asso-

ciating genetic loci with clinical diagnoses of PD [7–9] or with PD characteristic pathological features
[10], have led to the identification of more than 20 causal genes from familial PD cases and over 90
risk loci contributing to 16–36% of PD heritability [8,11,12]. Recent advances in induced pluripotent
stem cell (iPSCs) disease models and development of powerful omics and computational tools are
enabling genome-wide characterisation on how these identified mutations alter context-specific bio-
logical processes. This is also contributing to growing evidence that cell types other than DaNs, such
as astrocytes [13], microglia [13,14] and oligodendrocytes (ODCs) [15,16] are involved in PD patho-
genesis. As GWASs have grown in size and power, so has the quality and scope of functional
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information that can be used to annotate the genome [17,18], providing new opportunities to further address
the cellular specificity of disease heritability [3].
In this review, I first present recent findings on PD-affected cell type-specific pathways identified through current

technologies including analysis of iPSC-derived disease models and intersection of disease genetic risks with brain
transcriptomic atlases. I then describe cell type-specific functional genomic annotations and more recent methodolo-
gies for their integrative analysis that can provide stronger evidence for their association to the disease and can help
elucidate the cascade of molecular events contributing to PD mechanisms at cell-type resolution.

Cell type-specific pathways affected in PD
The recent development of iPSC technology resulted in a profound improvement of disease-modelling strat-
egies for neuroscience research enabling the analysis of phenotypic abnormalities, intracellular pathways rele-
vant for disease and cell response under stress challenges [19]. For PD, this translated in a better
understanding of the role and phenotypic consequences of PD familial mutations in models of DaNs, astrocytes
and microglia. SNCA-A53T mutation has been proposed to affect DaN-specific processes such as endoplasmic
reticulum (ER), protein trafficking and ER stress [20], mitochondrial function [21], axonal degeneration,
neurite growth [22], and cellular bioenergetics [23]. LRRK2-G2019S mutation has shown DaN-specific effect at
the level of mitochondria [24], but also a reduced neuroprotective capacity in astrocytes [25] and
microglia-specific modulation of cytokine production and glycolytic switch in response to IFN-γ resulting in
neurotoxicity [26]. GBA-N370S mutation exhibited increased ER stress, autophagic and lysosomal perturba-
tions, and elevated α-synuclein release in DaNs [27]. Furthermore, Parkin and PINK1 loss-of-function muta-
tions associated with early-onset familial PD showed dysregulation of mitochondrial quality control [28,29],
that can, in turn, activate the NLRP3 inflammasome both in macrophages in a Parkin-dependant manner [30]
and in astrocytes [31]. Single cell RNA-seq (scRNA-seq) experiments, that measure the distribution of gene
expression levels in single cells, have further improved over bulk RNA-seq approaches which failed to dissect
cell type-specific contributions to disease pathology [3,32]. For instance, deep-coverage scRNA-seq of
iPSC-derived DaNs highlighted GBA-N370S mutation effects in neuronal function, microtubule function and
formation, neurite and axonal outgrowth, protein secretion and trafficking, and ER stress [33], while low-
coverage scRNA-seq of iPSC-derived DaNs revealed a subpopulation of DaNs showing higher vulnerability to
PD-like rotenone-induced stress and to SNCA-A53T mutation with dysregulation of autophagy and ubiquitin-,
heat shock- and oxidative stress response-related genes [34]. Only recently, single cell transcriptomic atlases of
mouse [16,35,36] and human post-mortem brain regions [15,37,38] have shed new light on the causal effect of
the genetic risks of brain-related diseases at cell type resolution [39]. PD-related works on mouse [16] and
human [15] brain tissues have confirmed convergence of causal genetic risk effects in different neuronal popu-
lations, such as cholinergic neurons, enteric neurons and SNpc DaNs, as well as in ODCs. At the pathway
level, PD genetic risk mainly affects previously reported DaN-specific processes such as mitochondrial function-
ing, protein ubiquitination, endocytosis and oxidative phosphorylation, and novel ODC-specific pathways
related to protein phosphorylation and regulation of gene expression and of metabolic processes [15].
Despite these advances, we are still far from having a complete knowledge on the functional mechanisms by

which risk variants mediate disease susceptibility at cell type level. It is likely that instead of the absolute level
of gene expression, gene expression change, i.e. its regulation, between cell types is key to define cell type gene
specificity (Figure 1). Thus, different sets of genes and, consequently, a wider range of cellular processes have
yet to be revealed and analysed in terms of how they interact with one another and between different cell types
in healthy and PD brains. Such analyses may help shed light on the underlying biology of DaN-specific vulner-
ability and on the dysfunction of other cell types that, in turn, will contribute to identifying potential novel
drug targets. In light of this, in the next section I will describe current functional omics data as better reference
to define cell type gene specificity, and recent methodologies for integrated analysis of the effects of
disease-associated variants on gene expression, gene regulation and gene interactome at cell-type resolution.

How to obtain and integrate cell type-specific gene
functional annotations
Cell type specificity of gene regulatory mechanisms
The progressive increase in the number of publicly available brain cell-type and tissue-specific annotations,
including those released by the UK Brain Expression Consortium [40] and the Genotype-Tissue Expression
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(GTEx) [41], the Roadmap Epigenomics Project [42] and the PsychEncode Project [43], as well as their
increasing sample size, sequencing depth, and tissue/cell type resolution can improve our power to interpret
GWAS results in the context of regulatory effects [44,45]. Disease-associated variants have, indeed, shown
strong enrichment with functional genomic annotations for gene expression regulation mechanisms, such as
DNase I hypersensitive sites, mRNA-transcription factor interactions, histone modifications, and expression
and splicing quantitative trait loci (eQTLs and sQTLs, respectively) [46–48]. Furthermore, not only these regu-
latory mechanisms have an important role in neurodegeneration [46], but also they are often highly cell type-
specific [49]. A recent study, that expanded the total number of putative brain enhancers by 87%, has shown
that cell type specificity is mainly captured within the enhancer repertoire with active histone (enhancer) marks
H3K4me1 and H3K27ac better at resolving cell type classification than promoter marks [49]. Additionally, a
study on DNA methylation between controls and schizophrenia patients has revealed that the methylomes of
the two cell types under investigation were highly distinct and that disease-associated differential DNA methy-
lations tended to occur in cell type differentially methylated sites, highlighting the significance of cell type-
specific epigenetic dysregulation in a complex brain-related disorder [50]. To translate from genetic signals to
mechanisms, associations with eQTLs have also shown great potential. In particular, cis-eQTLs can aid GWAS
interpretation by measuring direct effects of local genetic variants and identifying direct links between genes
and phenotypes, whereas trans-eQTLs, that measure indirect effects of distal variants, can identify downstream
genes and pathways on which the effects of disease variants converge [51]. Notably, eQTLs have long been sug-
gested to exert their influence in a cell-specific manner, and the large portion of unresolved eQTLs may be
attributable to the cell type dependent effects of these eQTLs [52]. Cell type-specific eQTL studies may also
reduce the detection of false-positive variants associated with disease that have often emerged as potential lim-
itations of bulk RNA-seq-based eQTL research. By using a large number of cells, scRNA-seq experiments may
significantly reduce the number of samples required for eQTL detection [52], from the suggested ∼80 in bulk
analysis [41] to less than 40 for single cell analysis [53,54]. Furthermore, contribution of alternative splicing
events to the molecular diversity across brain regions and cell types is just starting to emerge. Although some
studies have suggested that the effects of alternative splicing at the protein functional level have been signifi-
cantly overestimated [55], others also revealed that the genetic effects on RNA splicing, or sQTLs, are likely
primary mediators on complex diseases at many GWAS loci [56–58]. Not only such effects on RNA splicing
tend to be highly brain region specific in neurodegenerative disorders [58], but they are largely independent

Figure 1. Cell type gene specificity defined by gene regulation.

(a) based on current methodologies that rely on absolute gene expression levels, Gene 1 is not defined as cell type-specific

while Gene 2 is defined as cell type A specific showing higher gene expression in cell type A than in cell type B. (b) based on

methods that look at variation in gene regulation mechanisms, such as expression quantitative trait loci or eQTLs, across cell

types, Gene 1 is defined as cell type A specific while Gene 2 is defined as cell type B specific. These genetic effects on gene

regulation can be more informative in deciphering the functional role of disease-associated variants at cell type resolution.
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from the effects on RNA expression [56], providing additional links between disease-associated variants and
candidate disease genes [48].

Deconvolution of cell type-specific functional annotations from bulk data
Despite the relevance of the above-mentioned datasets to study human complex diseases at cell type resolution,
still the high cost of single cell experiments to study genetic variability across many individuals has prevented
so far to build comprehensive cellular gene regulatory maps that would better pinpoint cell type-specific
disease-associated genes and cellular processes. This is particularly true for the characterisation of brain regions
that are affected in PD, contrary to those affected in AD, such as the cortex and the hippocampus, that have
received much more attention in recent years. As a cost-effective solution to such lack of data, new computa-
tional tools have been developed to fully exploit informative and publicly available datasets. For instance, pro-
jects such as the Religious Orders Study and Memory and Aging Project (ROSMAP) [59,60], the Mayo Clinic
Brain Bank [61,62] and the Genotype-Tissue Expression (GTEx) [41] have generated large datasets, including,
overall, RNA-seq and matched genotypes from 3387 post-mortem brain samples from multiple brain regions
and across 1127 individuals, that have been recently re-examined to extract cell type-specific information [63].
It is, indeed, now possible to characterise the heterogeneity of bulk RNA-seq samples by deconvolving their cel-
lular composition, i.e. the proportion of each cell type, by assuming that bulk RNA-seq data should match the
sum of the same set of scRNA-seq data across the different cell types (Figure 2, Step 1). Popular methods are
CIBERSORT [64], MuSiC [65], SDCD [66] and SPLITR [63] that have been extensively evaluated [67], and
proven effective in predicting from bulk datasets cell type-specific methylation levels [68,69], cell type-specific
ATACseq and HiChIP [70] and cell type eQTLs [71,72]. Of note, such methods require evaluation on the com-
bined impact of data transformation, scaling/normalisation, marker selection, cell type composition and choice
of methodology on the deconvolution results [66].
A recent study showed that large fractions (81%) of cell type-specific eGenes (genes regulated by eQTLs)

identified through deconvolution approaches act in a single cell type and that deconvolved cell-type proportions
are highly associated with increased risk for diverse phenotypes/complex traits and with both sex and age of
the analysed individuals [63], confirming the necessity to further explore such datasets for a better understand-
ing of disease mechanisms and, possibly, of patient stratification. For instance, substantia nigra-specific datasets
exist, such as GTEx for bulk gene expression and the Roadmap project for histone modification marks, that
can be specifically used to deconvolve cell type signals for PD research. Furthermore, PPMI RNA-sequencing
project [73] includes longitudinal whole blood sequencing data from 1570 subjects. As the transcriptome
changes with age and health status, the above mentioned analyses can reveal gene expression changes and

Figure 2. Pipeline for the identification of cell type-specific regulatory processes involved in disease.

Cell type-specific functional omics data can now be deconvolved from bulk datasets (Step 1). This can allow to collect

transcriptomic and epigenomic data across a larger number of individuals for the discovery of gene regulatory variants. GWAS

variants can then be investigated for their functional role on gene expression regulation. This will also help prioritise new causal

disease-associated genes (Step 2). Integrative network-based approaches, that build variant and gene relationships, are better

suited to study the cumulative effects of disease-associated variants and genes in the dysregulation of sub-networks, or

cellular processes (Step 3).

© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).2094

Biochemical Society Transactions (2021) 49 2091–2100
https://doi.org/10.1042/BST20210128

D
ow

nloaded from
 http://portlandpress.com

/biochem
soctrans/article-pdf/49/5/2091/923732/bst-2021-0128c.pdf by U

K user on 03 M
arch 2022

https://creativecommons.org/licenses/by/4.0/


pathways disrupted by the disease processes at cell type resolution, also providing the potential to uncover valu-
able transcriptomic biomarkers.

Identification of cell type-specific disease-associated genes
The cumulative and combined effects of multiple disease-associated variants on genes can then be investigated
through novel computational tools that take into account the contribution of long-range (>10 kb) regulatory
interactions (Figure 2, Step 2). For instance, eMAGMA can integrate eQTL data [74], whereas H-MAGMA can
leverage signals from subthreshold GWAS loci and can incorporate long-range interactions measured by Hi-C
[75]. As shown in [75], H-MAGMA-derived genes can explain a significant proportion of heritability in add-
ition to eQTL-derived genes suggesting that chromatin architecture can provide complementary regulatory phe-
notypes and that leveraging multiple genomic resources is, therefore, critical for annotating and interpreting
GWAS variants. Another useful approach to identify disease variants with cumulative effect on molecular phe-
notypes is to test association between complex traits and gene expression or alternative splicing through tran-
scriptome wide association analysis (TWAS). Some of the most popular methods are PrediXcan [76],
TWAS-Fusion [77,78], and SMR [79] that impute the genotype–expression relationship based on the eQTL
association statistics and derive expression–trait associations by correlating the imputed gene expression to the
trait, also allowing prediction of whether the disease-associated variants down-regulate or up-regulate the
affected genes [75]. A recent study identified both previously known and novel genes whose imputed gene
expression and intronic excision levels were significantly associated with AD status helping to pinpoint the
likely gene or target of the known susceptibility variants in each disease-associated locus [80]. Similarly,
methylome-wide association studies (MWAS) or epigenome-wide association studies (EWAS), that test causal
relationships between complex traits and regulatory mechanisms, have proven helpful to complement previous
findings and to suggest that the functional effect of disease genetic risk is mediated and enhanced also by the
methylation status [81]. A recent study discovered new candidate disease genes whose change in expression,
splicing, or methylation are associated with risk of PD with cell type specificity [82].

Network-based approaches for data integration and identification of
dysregulated pathways
Traditional pathway analysis tools can then be used to further characterise the identified disease-associated
genes and to test their functional enrichment in cellular processes. Alternatively, network-based approaches can
be employed to intersect multiple functional resources and, in turn, to infer functional relationships between
genes [83,84]. These methods have been effectively used in the past to identify gene co-regulation patterns for
discovery of novel pathways and gene targets in various complex human diseases [85–88]. By mapping genetic
variants onto the interactions between genes, whose functional effects depend on their relationships in the
network, these methods can also provide functional and cellular context for disease-associated genetic variants
[89] (Figure 2, Step 3). At the molecular level, several types of interactions can be used to define gene relation-
ships. For instance, the strength of gene–gene correlations can be measured by simple gene expression values as
well as by other gene expression regulatory mechanisms such as microRNAs, chromosome conformation, epi-
genetics, and by cell type gene specificity and cell type proportions. Protein–protein interaction resources such
as STRING [90], HumanNet [91], and PCNET [92] provide a further source of high-confidence gene func-
tional links that can be filtered based on distinct cell type-specific expressed genes resulting in cell type-specific
networks. SCINET [93] and DifferentialNet [94] are examples of recent computational frameworks that allow
optimal filtering of a reference network. Genetic interactions or epistasis measure, instead, the synergistic
effects of interactions between genetic variants that are related to phenotypes [95] or disease status [96]. For
most diseases, genetic interactions between loci might help explain the ‘missing heritability’ problem, i.e. the
gap between the disease risk explained by the discovered loci and the estimated total heritable disease risk
based on familial aggregation [97,98]. However, due to high burden associated with multiple testing and the
large sample size necessary to detect genetic interactions, systematic discovery of statistically significant genetic
interactions on a genome-scale remains a major challenge. A solution is to restrict the set of variants to be
tested through knowledge or data-driven prioritisation [99], for instance, by focusing on the above-mentioned
functional regulatory variants, i.e. eQTLs and sQTLs. Interactions between different functional genomic ele-
ments are indeed important for understanding regulatory networks. By analysing co-accessibility of different
genomic regions, methods such as Cicero [100] enable to detect interactions between transcription starting
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sites (TSS) and enhancers [101,102], promoters [100], and other genomic elements that can, in turn, provide
causal links between gene expression changes. Other methods able to infer directed networks are SCODE [103]
and GENIE3[104] that, through pseudotime trajectory analyses of single-cell transcriptomes that order cells
along disease progression axes [33], can mimic RNA-seq time series experiments at cell type resolution [105].
It is worth to mention that such approaches also suffer from limitations; protein–protein interaction networks
are associated with technical biases inherent to the experimental techniques that can generate false protein
links and study biases driven by the research interests [106]. Interconnectedness in gene co-expression net-
works can be affected by confounding bias, for example generated by different normalisation methods or by
the large amount of zero values in single cell RNA-seq data, potentially resulting in false positive findings
[107]. A proposed solution is to infer functional associations between genes from the integration of diverse
data types and assess them with a novel phenotype-based method [83].
In conclusion, integrative multimodal analysis can better identify diverse variant-to-variant, variant-to-gene

and gene-to-gene relationships. In the context of disease, clusters of connected genes can be a proxy for altera-
tions in gene expression regulatory mechanisms [105]. Therefore, identification of functional sub-networks that
are characteristic of the disease states may help understand pathogenesis at cell type- and pathway-specific
levels and also facilitate identification of key regulators of cellular pathways involved in disease progression
which are often potential therapeutic targets and biomarkers for diagnosis.

Perspectives
• Given the well-recognised cellular heterogeneity of the brain, pinpointing cell type-specific

disease variants and their implicated genes is crucial to further understand pathogenicity.

• Since the regulatory program specific to each cell type is the core element governing the cel-
lular identity, cell type-specific multi-layered gene regulatory networks are key tools for the
study of disease heritability at cell type level [52].

• Data stratification by sex, age and other phenotypes will provide multiple layers of information
that will further benefit our understanding of disease mechanisms [105].

Competing Interests
The author declares that there are no competing interests associated with this manuscript.

Funding
This work was supported by the UK Dementia Research Institute, which receives its funding from DRI Ltd,
funded by the Medical Research Council, Alzheimer’s Society and Alzheimer’s Research UK.

Open Access Statement
Open access for this article was enabled by the participation of Cardiff University in an all-inclusive Read &
Publish pilot with Portland Press and the Biochemical Society under a transformative agreement with JISC.

Abbreviations
AD, Alzheimer’s disease; ER, endoplasmic reticulum; GTEx, genotype-tissue expression; GWAS, genome-wide
association studies; ODCs, oligodendrocytes; PD, Parkinson’s disease; SNpc, substantia nigra pars compacta;
TWAS, transcriptome wide association analysis.

References
1 Poewe, W., Seppi, K., Tanner, C.M., Halliday, G.M., Brundin, P., Volkmann, J. et al. (2017) Parkinson disease. Nat. Rev. Dis. Primers 3, 17013

https://doi.org/10.1038/nrdp.2017.13
2 Del Tredici, K. and Braak, H. (2016) Review: Sporadic Parkinson’s disease: development and distribution of alpha-synuclein pathology. Neuropathol.

Appl. Neurobiol. 42, 33–50 https://doi.org/10.1111/nan.12298

© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).2096

Biochemical Society Transactions (2021) 49 2091–2100
https://doi.org/10.1042/BST20210128

D
ow

nloaded from
 http://portlandpress.com

/biochem
soctrans/article-pdf/49/5/2091/923732/bst-2021-0128c.pdf by U

K user on 03 M
arch 2022

https://doi.org/10.1038/nrdp.2017.13
https://doi.org/10.1111/nan.12298
https://creativecommons.org/licenses/by/4.0/


3 Reynolds, R.H., Botia, J., Nalls, M.A., International Parkinson’s Disease Genomics Consortium, System Genomics of Parkinson’s Disease, Hardy, J. et al.
Moving beyond neurons: the role of cell type-specific gene regulation in Parkinson’s disease heritability. NPJ Parkinsons Dis. 2019;5:6. https://doi.org/
10.1038/s41531-019-0076-6

4 Bolam, J.P. and Pissadaki, E.K. (2012) Living on the edge with too many mouths to feed: why dopamine neurons die. Mov Disord. 27, 1478–1483
https://doi.org/10.1002/mds.25135

5 Sulzer, D. (2007) Multiple hit hypotheses for dopamine neuron loss in Parkinson’s disease. Trends Neurosci. 30, 244–250 https://doi.org/10.1016/j.
tins.2007.03.009

6 Fujita, K.A., Ostaszewski, M., Matsuoka, Y., Ghosh, S., Glaab, E., Trefois, C. et al. (2014) Integrating pathways of Parkinson’s disease in a molecular
interaction map. Mol. Neurobiol. 49, 88–102 https://doi.org/10.1007/s12035-013-8489-4

7 Chang, D., Nalls, M.A., Hallgrimsdottir, I.B., Hunkapiller, J., van der Brug, M., Cai, F. et al. (2017) A meta-analysis of genome-wide association studies
identifies 17 new Parkinson’s disease risk loci. Nat. Genet. 49, 1511–1516 https://doi.org/10.1038/ng.3955

8 Nalls, M.A., Blauwendraat, C., Vallerga, C.L., Heilbron, K., Bandres-Ciga, S., Chang, D. et al. (2019) Identification of novel risk loci, causal insights, and
heritable risk for Parkinson’s disease: a meta-analysis of genome-wide association studies. Lancet Neurol. 18, 1091–1102 https://doi.org/10.1016/
S1474-4422(19)30320-5

9 Pankratz, N., Beecham, G.W., DeStefano, A.L., Dawson, T.M., Doheny, K.F., Factor, S.A. et al. (2012) Meta-analysis of Parkinson’s disease:
identification of a novel locus, RIT2. Ann. Neurol. 71, 370–384 https://doi.org/10.1002/ana.22687

10 Corces, M.R., Shcherbina, A., Kundu, S., Gloudemans, M.J., Fresard, L., Granja, J.M. et al. (2020) Single-cell epigenomic analyses implicate candidate
causal variants at inherited risk loci for Alzheimer’s and Parkinson’s diseases. Nat. Genet. 52, 1158–1168 https://doi.org/10.1038/s41588-020-00721-x

11 Blauwendraat, C., Nalls, M.A. and Singleton, A.B. (2020) The genetic architecture of Parkinson’s disease. Lancet Neurol. 19, 170–178 https://doi.org/
10.1016/S1474-4422(19)30287-X

12 Wang, Q., Zhang, B. and Yue, Z. (2021) Disentangling the molecular pathways of Parkinson’s disease using multiscale network modeling. Trends
Neurosci. 44, 182–188 https://doi.org/10.1016/j.tins.2020.11.006

13 Booth, H.D.E., Hirst, W.D. and Wade-Martins, R. (2017) The role of astrocyte dysfunction in Parkinson’s disease pathogenesis. Trends Neurosci. 40,
358–370 https://doi.org/10.1016/j.tins.2017.04.001

14 Bruck, D., Wenning, G.K., Stefanova, N. and Fellner, L. (2016) Glia and alpha-synuclein in neurodegeneration: A complex interaction. Neurobiol. Dis. 85,
262–274 https://doi.org/10.1016/j.nbd.2015.03.003

15 Agarwal, D., Sandor, C., Volpato, V., Caffrey, T.M., Monzon-Sandoval, J., Bowden, R. et al. (2020) A single-cell atlas of the human substantia nigra
reveals cell-specific pathways associated with neurological disorders. Nat. Commun. 11, 4183 https://doi.org/10.1038/s41467-020-17876-0

16 Bryois, J., Skene, N.G., Hansen, T.F., Kogelman, L.J.A., Watson, H.J., Liu, Z. et al. (2020) Genetic identification of cell types underlying brain complex
traits yields insights into the etiology of Parkinson’s disease. Nat. Genet. 52, 482–493 https://doi.org/10.1038/s41588-020-0610-9

17 Gagliano, S.A., Pouget, J.G., Hardy, J., Knight, J., Barnes, M.R., Ryten, M. et al. (2016) Genomics implicates adaptive and innate immunity in
Alzheimer’s and Parkinson’s diseases. Ann. Clin. Transl. Neurol. 3, 924–933 https://doi.org/10.1002/acn3.369

18 Gallagher, M.D. and Chen-Plotkin, A.S. (2018) The post-GWAS Era: from association to function. Am. J. Hum. Genet. 102, 717–730 https://doi.org/10.
1016/j.ajhg.2018.04.002

19 Pozo Devoto, V.M. and Falzone, T.L. (2017) Mitochondrial dynamics in Parkinson’s disease: a role for alpha-synuclein? Dis. Model. Mech. 10,
1075–1087 https://doi.org/10.1242/dmm.026294

20 Chung, C.Y., Khurana, V., Auluck, P.K., Tardiff, D.F., Mazzulli, J.R., Soldner, F. et al. (2013) Identification and rescue of a-synuclein toxicity in Parkinson
patient-derived neurons. Science 342, 983–987 https://doi.org/10.1126/science.1245296

21 Ryan, S.D., Dolatabadi, N., Chan, S.F., Zhang, X., Akhtar, M.W., Parker, J. et al. (2013) Isogenic human iPSC Parkinson’s model shows nitrosative
stress-induced dysfunction in MEF2-PGC1alpha transcription. Cell 155, 1351–1364 https://doi.org/10.1016/j.cell.2013.11.009

22 Kouroupi, G., Taoufik, E., Vlachos, I.S., Tsioras, K., Antoniou, N., Papastefanaki, F. et al. (2017) Defective synaptic connectivity and axonal
neuropathology in a human iPSC-based model of familial Parkinson’s disease. Proc. Natl Acad. Sci. U.S.A. 114, E3679–E3E88 https://doi.org/10.1073/
pnas.1617259114

23 Zambon, F., Cherubini, M., Fernandes, H.J.R., Lang, C., Ryan, B.J., Volpato, V. et al. (2019) Cellular alpha-synuclein pathology is associated with
bioenergetic dysfunction in Parkinson’s iPSC-derived dopamine neurons. Hum. Mol. Genet. 28, 2001–2013 https://doi.org/10.1093/hmg/ddz038

24 Sandor, C., Robertson, P., Lang, C., Heger, A., Booth, H., Vowles, J. et al. (2017) Transcriptomic profiling of purified patient-derived dopamine neurons
identifies convergent perturbations and therapeutics for Parkinson’s disease. Hum. Mol. Genet. 26, 552–566 https://doi.org/10.1093/hmg/ddw412

25 Booth, H.D.E., Wessely, F., Connor-Robson, N., Rinaldi, F., Vowles, J., Browne, C. et al. (2019) RNA sequencing reveals MMP2 and TGFB1
downregulation in LRRK2 G2019S Parkinson’s iPSC-derived astrocytes. Neurobiol. Dis. 129, 56–66 https://doi.org/10.1016/j.nbd.2019.05.006

26 Panagiotakopoulou, V., Ivanyuk, D., De Cicco, S., Haq, W., Arsic, A., Yu, C. et al. (2020) Interferon-gamma signaling synergizes with LRRK2 in neurons
and microglia derived from human induced pluripotent stem cells. Nat. Commun. 11, 5163 https://doi.org/10.1038/s41467-020-18755-4

27 Fernandes, H.J., Hartfield, E.M., Christian, H.C., Emmanoulidou, E., Zheng, Y., Booth, H. et al. (2016) ER stress and autophagic perturbations lead to
elevated extracellular alpha-Synuclein in GBA-N370S Parkinson’s iPSC-Derived dopamine neurons. Stem Cell Rep. 6, 342–356 https://doi.org/10.1016/
j.stemcr.2016.01.013

28 Kumar, M., Acevedo-Cintron, J., Jhaldiyal, A., Wang, H., Andrabi, S.A., Eacker, S. et al. (2020) Defects in mitochondrial biogenesis drive mitochondrial
alterations in PARKIN-Deficient human dopamine neurons. Stem Cell Rep. 15, 629–645 https://doi.org/10.1016/j.stemcr.2020.07.013

29 Pickles, S., Vigie, P. and Youle, R.J. (2018) Mitophagy and quality control mechanisms in mitochondrial maintenance. Curr. Biol. 28, R170–RR85
https://doi.org/10.1016/j.cub.2018.01.004

30 Zhong, Z., Umemura, A., Sanchez-Lopez, E., Liang, S., Shalapour, S., Wong, J. et al. (2016) NF-kappaB Restricts inflammasome activation via
elimination of damaged mitochondria. Cell 164, 896–910 https://doi.org/10.1016/j.cell.2015.12.057

31 Bantle, C.M., Hirst, W.D., Weihofen, A. and Shlevkov, E. (2020) Mitochondrial dysfunction in astrocytes: a role in Parkinson’s disease? Front. Cell Dev.
Biol. 8, 608026 https://doi.org/10.3389/fcell.2020.608026

32 Borrageiro, G., Haylett, W., Seedat, S., Kuivaniemi, H. and Bardien, S. (2018) A review of genome-wide transcriptomics studies in Parkinson’s disease.
Eur. J. Neurosci. 47, 1–16 https://doi.org/10.1111/ejn.13760

© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 2097

Biochemical Society Transactions (2021) 49 2091–2100
https://doi.org/10.1042/BST20210128

D
ow

nloaded from
 http://portlandpress.com

/biochem
soctrans/article-pdf/49/5/2091/923732/bst-2021-0128c.pdf by U

K user on 03 M
arch 2022

https://doi.org/10.1038/s41531-019-0076-6
https://doi.org/10.1038/s41531-019-0076-6
https://doi.org/10.1038/s41531-019-0076-6
https://doi.org/10.1038/s41531-019-0076-6
https://doi.org/10.1038/s41531-019-0076-6
https://doi.org/10.1002/mds.25135
https://doi.org/10.1016/j.tins.2007.03.009
https://doi.org/10.1016/j.tins.2007.03.009
https://doi.org/10.1007/s12035-013-8489-4
https://doi.org/10.1007/s12035-013-8489-4
https://doi.org/10.1007/s12035-013-8489-4
https://doi.org/10.1007/s12035-013-8489-4
https://doi.org/10.1038/ng.3955
https://doi.org/10.1016/S1474-4422(19)30320-5
https://doi.org/10.1016/S1474-4422(19)30320-5
https://doi.org/10.1016/S1474-4422(19)30320-5
https://doi.org/10.1016/S1474-4422(19)30320-5
https://doi.org/10.1002/ana.22687
https://doi.org/10.1038/s41588-020-00721-x
https://doi.org/10.1038/s41588-020-00721-x
https://doi.org/10.1038/s41588-020-00721-x
https://doi.org/10.1038/s41588-020-00721-x
https://doi.org/10.1016/S1474-4422(19)30287-X
https://doi.org/10.1016/S1474-4422(19)30287-X
https://doi.org/10.1016/S1474-4422(19)30287-X
https://doi.org/10.1016/S1474-4422(19)30287-X
https://doi.org/10.1016/j.tins.2020.11.006
https://doi.org/10.1016/j.tins.2017.04.001
https://doi.org/10.1016/j.nbd.2015.03.003
https://doi.org/10.1038/s41467-020-17876-0
https://doi.org/10.1038/s41467-020-17876-0
https://doi.org/10.1038/s41467-020-17876-0
https://doi.org/10.1038/s41467-020-17876-0
https://doi.org/10.1038/s41588-020-0610-9
https://doi.org/10.1038/s41588-020-0610-9
https://doi.org/10.1038/s41588-020-0610-9
https://doi.org/10.1038/s41588-020-0610-9
https://doi.org/10.1002/acn3.369
https://doi.org/10.1016/j.ajhg.2018.04.002
https://doi.org/10.1016/j.ajhg.2018.04.002
https://doi.org/10.1242/dmm.026294
https://doi.org/10.1126/science.1245296
https://doi.org/10.1016/j.cell.2013.11.009
https://doi.org/10.1073/pnas.1617259114
https://doi.org/10.1073/pnas.1617259114
https://doi.org/10.1093/hmg/ddz038
https://doi.org/10.1093/hmg/ddw412
https://doi.org/10.1016/j.nbd.2019.05.006
https://doi.org/10.1038/s41467-020-18755-4
https://doi.org/10.1038/s41467-020-18755-4
https://doi.org/10.1038/s41467-020-18755-4
https://doi.org/10.1038/s41467-020-18755-4
https://doi.org/10.1016/j.stemcr.2016.01.013
https://doi.org/10.1016/j.stemcr.2016.01.013
https://doi.org/10.1016/j.stemcr.2020.07.013
https://doi.org/10.1016/j.cub.2018.01.004
https://doi.org/10.1016/j.cell.2015.12.057
https://doi.org/10.3389/fcell.2020.608026
https://doi.org/10.1111/ejn.13760
https://creativecommons.org/licenses/by/4.0/


33 Lang, C., Campbell, K.R., Ryan, B.J., Carling, P., Attar, M., Vowles, J. et al. (2019) Single-cell sequencing of iPSC-dopamine neurons reconstructs
disease progression and identifies HDAC4 as a regulator of Parkinson cell phenotypes. Cell Stem Cell 24, 93–106 e6 https://doi.org/10.1016/j.stem.
2018.10.023

34 Fernandes, H.J.R., Patikas, N., Foskolou, S., Field, S.F., Park, J.E., Byrne, M.L. et al. (2020) Single-Cell transcriptomics of Parkinson’s disease human
in vitro models reveals dopamine neuron-Specific stress responses. Cell Rep. 33, 108263 https://doi.org/10.1016/j.celrep.2020.108263

35 Scala, F., Kobak, D., Bernabucci, M., Bernaerts, Y., Cadwell, C.R., Castro, J.R. et al. (2020) Phenotypic variation of transcriptomic cell types in mouse
motor cortex. Nature https://doi.org/10.1038/s41586-020-2907-3

36 Tasic, B., Yao, Z., Graybuck, L.T., Smith, K.A., Nguyen, T.N., Bertagnolli, D. et al. (2018) Shared and distinct transcriptomic cell types across neocortical
areas. Nature 563, 72–78 https://doi.org/10.1038/s41586-018-0654-5

37 Ecker, J.R., Geschwind, D.H., Kriegstein, A.R., Ngai, J., Osten, P., Polioudakis, D. et al. (2017) The BRAIN initiative cell census consortium: lessons
learned toward generating a comprehensive brain cell atlas. Neuron 96, 542–557 https://doi.org/10.1016/j.neuron.2017.10.007

38 Regev, A., Teichmann, S.A., Lander, E.S., Amit, I., Benoist, C., Birney, E. et al. (2017) The human cell atlas. eLife 6, e27041 https://doi.org/10.7554/
eLife.27041

39 Hickman, S., Izzy, S., Sen, P., Morsett, L. and El Khoury, J. (2018) Microglia in neurodegeneration. Nat. Neurosci. 21, 1359–1369 https://doi.org/10.
1038/s41593-018-0242-x

40 Ramasamy, A., Trabzuni, D., Guelfi, S., Varghese, V., Smith, C., Walker, R. et al. (2014) Genetic variability in the regulation of gene expression in ten
regions of the human brain. Nat. Neurosci. 17, 1418–1428 https://doi.org/10.1038/nn.3801

41 The GTEx Consortium. (2015) The genotype-Tissue expression (GTEx) pilot analysis: Multitissue gene regulation in humans. Science 348, 648–660
https://doi.org/10.1126/science.1262110

42 Roadmap Epigenomics Consortium, Kundaje, A., Meuleman, W., Ernst, J., Bilenky, M., Yen, A. et al. Integrative analysis of 111 reference human
epigenomes. Nature 2015;518:317–330. https://doi.org/10.1038/nature14248

43 Psych Encode Consortium, Akbarian, S., Liu, C., Knowles, J.A., Vaccarino, F.M., Farnham, P.J. et al. The PsychENCODE project. Nat. Neurosci.
2015;18:1707–1712. https://doi.org/10.1038/nn.4156

44 Dobbyn, A., Huckins, L.M., Boocock, J., Sloofman, L.G., Glicksberg, B.S., Giambartolomei, C. et al. (2018) Landscape of conditional eQTL in
dorsolateral prefrontal cortex and Co-localization with schizophrenia GWAS. Am J Hum. Genet. 102, 1169–1184 https://doi.org/10.1016/j.ajhg.2018.04.
011

45 Pardinas, A.F., Holmans, P., Pocklington, A.J., Escott-Price, V., Ripke, S., Carrera, N. et al. (2018) Common schizophrenia alleles are enriched in
mutation-intolerant genes and in regions under strong background selection. Nat. Genet. 50, 381–389 https://doi.org/10.1038/s41588-018-0059-2

46 Annese, A., Manzari, C., Lionetti, C., Picardi, E., Horner, D.S., Chiara, M. et al. (2018) Whole transcriptome profiling of late-onset Alzheimer’s disease
patients provides insights into the molecular changes involved in the disease. Sci. Rep. 8, 4282 https://doi.org/10.1038/s41598-018-22701-2

47 Bagyinszky, E., Giau, V.V. and An, S.A. (2020) Transcriptomics in Alzheimer’s disease: aspects and challenges. Int. J. Mol. Sci. 21, 3517 https://doi.
org/10.3390/ijms21103517

48 Li, Y.I., Wong, G., Humphrey, J. and Raj, T. (2019) Prioritizing Parkinson’s disease genes using population-scale transcriptomic data. Nat. Commun. 10,
994 https://doi.org/10.1038/s41467-019-08912-9

49 Nott, A., Holtman, I.R., Coufal, N.G., Schlachetzki, J.C.M., Yu, M., Hu, R. et al. (2019) Brain cell type-specific enhancer-promoter interactome maps and
disease-risk association. Science 366, 1134–1139 https://doi.org/10.1126/science.aay0793

50 Mendizabal, I., Berto, S., Usui, N., Toriumi, K., Chatterjee, P., Douglas, C. et al. (2019) Cell type-specific epigenetic links to schizophrenia risk in the
brain. Genome Biol. 20, 135 https://doi.org/10.1186/s13059-019-1747-7

51 Boyle, E.A., Li, Y.I. and Pritchard, J.K. (2017) An expanded view of complex traits: from polygenic to omnigenic. Cell 169, 1177–1186 https://doi.org/
10.1016/j.cell.2017.05.038

52 Cha, J. and Lee, I. (2020) Single-cell network biology for resolving cellular heterogeneity in human diseases. Exp. Mol. Med. 52, 1798–1808
https://doi.org/10.1038/s12276-020-00528-0

53 van der Wijst, M.G.P., Brugge, H., de Vries, D.H., Deelen, P., Swertz, M.A., LifeLines Cohort, S. et al. (2018) Single-cell RNA sequencing identifies
celltype-specific cis-eQTLs and co-expression QTLs. Nat. Genet. 50, 493–497 https://doi.org/10.1038/s41588-018-0089-9

54 Wills, Q.F., Livak, K.J., Tipping, A.J., Enver, T., Goldson, A.J., Sexton, D.W. et al. (2013) Single-cell gene expression analysis reveals genetic
associations masked in whole-tissue experiments. Nat. Biotechnol. 31, 748–752 https://doi.org/10.1038/nbt.2642

55 Tress, M.L., Martelli, P.L., Frankish, A., Reeves, G.A., Wesselink, J.J., Yeats, C. et al. (2007) The implications of alternative splicing in the ENCODE
protein complement. Proc. Natl Acad. Sci. U.S.A. 104, 5495–5500 https://doi.org/10.1073/pnas.0700800104

56 Li, Y.I., van de Geijn, B., Raj, A., Knowles, D.A., Petti, A.A., Golan, D. et al. (2016) RNA splicing is a primary link between genetic variation and disease.
Science 352, 600–604 https://doi.org/10.1126/science.aad9417

57 Chen, L., Ge, B., Casale, F.P., Vasquez, L., Kwan, T., Garrido-Martin, D. et al. (2016) Genetic drivers of epigenetic and transcriptional variation in
human immune cells. Cell 167, 1398–414 e24 https://doi.org/10.1016/j.cell.2016.10.026

58 Zhang, Y., Yang, H.T., Kadash-Edmondson, K., Pan, Y., Pan, Z., Davidson, B.L. et al. (2020) Regional variation of splicing QTLs in human brain.
Am. J. Hum. Genet. 107, 196–210 https://doi.org/10.1016/j.ajhg.2020.06.002

59 Mostafavi, S., Gaiteri, C., Sullivan, S.E., White, C.C., Tasaki, S., Xu, J. et al. (2018) A molecular network of the aging human brain provides insights into
the pathology and cognitive decline of Alzheimer’s disease. Nat. Neurosci. 21, 811–819 https://doi.org/10.1038/s41593-018-0154-9

60 Ng, B., White, C.C., Klein, H.U., Sieberts, S.K., McCabe, C., Patrick, E. et al. (2017) An xQTL map integrates the genetic architecture of the human
brain’s transcriptome and epigenome. Nat. Neurosci. 20, 1418–1426 https://doi.org/10.1038/nn.4632

61 Allen, M., Wang, X., Burgess, J.D., Watzlawik, J., Serie, D.J., Younkin, C.S. et al. (2018) Conserved brain myelination networks are altered in
Alzheimer’s and other neurodegenerative diseases. Alzheimers Dement. 14, 352–366 https://doi.org/10.1016/j.jalz.2017.09.012

62 Allen, M., Wang, X., Serie, D.J., Strickland, S.L., Burgess, J.D., Koga, S. et al. (2018) Divergent brain gene expression patterns associate with distinct
cell-specific tau neuropathology traits in progressive supranuclear palsy. Acta Neuropathol. 136, 709–727 https://doi.org/10.1007/s00401-018-1900-5

63 Park, Y., He, L., Davila-Velderrain, J., Hou, L., Mohammadi, S., Mathys, H. et al. (2021) Single-cell deconvolution of 3,000 post-mortem brain samples
for eQTL and GWAS dissection in mental disorders. bioRxiv https://doi.org/10.1101/2021.01.21.426000

© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).2098

Biochemical Society Transactions (2021) 49 2091–2100
https://doi.org/10.1042/BST20210128

D
ow

nloaded from
 http://portlandpress.com

/biochem
soctrans/article-pdf/49/5/2091/923732/bst-2021-0128c.pdf by U

K user on 03 M
arch 2022

https://doi.org/10.1016/j.stem.2018.10.023
https://doi.org/10.1016/j.stem.2018.10.023
https://doi.org/10.1016/j.celrep.2020.108263
https://doi.org/10.1038/s41586-020-2907-3
https://doi.org/10.1038/s41586-020-2907-3
https://doi.org/10.1038/s41586-020-2907-3
https://doi.org/10.1038/s41586-020-2907-3
https://doi.org/10.1038/s41586-018-0654-5
https://doi.org/10.1038/s41586-018-0654-5
https://doi.org/10.1038/s41586-018-0654-5
https://doi.org/10.1038/s41586-018-0654-5
https://doi.org/10.1016/j.neuron.2017.10.007
https://doi.org/10.7554/eLife.27041
https://doi.org/10.7554/eLife.27041
https://doi.org/10.1038/s41593-018-0242-x
https://doi.org/10.1038/s41593-018-0242-x
https://doi.org/10.1038/s41593-018-0242-x
https://doi.org/10.1038/s41593-018-0242-x
https://doi.org/10.1038/s41593-018-0242-x
https://doi.org/10.1038/nn.3801
https://doi.org/10.1126/science.1262110
https://doi.org/10.1038/nature14248
https://doi.org/10.1038/nn.4156
https://doi.org/10.1016/j.ajhg.2018.04.011
https://doi.org/10.1016/j.ajhg.2018.04.011
https://doi.org/10.1038/s41588-018-0059-2
https://doi.org/10.1038/s41588-018-0059-2
https://doi.org/10.1038/s41588-018-0059-2
https://doi.org/10.1038/s41588-018-0059-2
https://doi.org/10.1038/s41598-018-22701-2
https://doi.org/10.1038/s41598-018-22701-2
https://doi.org/10.1038/s41598-018-22701-2
https://doi.org/10.1038/s41598-018-22701-2
https://doi.org/10.3390/ijms21103517
https://doi.org/10.3390/ijms21103517
https://doi.org/10.1038/s41467-019-08912-9
https://doi.org/10.1038/s41467-019-08912-9
https://doi.org/10.1038/s41467-019-08912-9
https://doi.org/10.1038/s41467-019-08912-9
https://doi.org/10.1126/science.aay0793
https://doi.org/10.1186/s13059-019-1747-7
https://doi.org/10.1186/s13059-019-1747-7
https://doi.org/10.1186/s13059-019-1747-7
https://doi.org/10.1186/s13059-019-1747-7
https://doi.org/10.1016/j.cell.2017.05.038
https://doi.org/10.1016/j.cell.2017.05.038
https://doi.org/10.1038/s12276-020-00528-0
https://doi.org/10.1038/s12276-020-00528-0
https://doi.org/10.1038/s12276-020-00528-0
https://doi.org/10.1038/s12276-020-00528-0
https://doi.org/10.1038/s41588-018-0089-9
https://doi.org/10.1038/s41588-018-0089-9
https://doi.org/10.1038/s41588-018-0089-9
https://doi.org/10.1038/s41588-018-0089-9
https://doi.org/10.1038/nbt.2642
https://doi.org/10.1073/pnas.0700800104
https://doi.org/10.1126/science.aad9417
https://doi.org/10.1016/j.cell.2016.10.026
https://doi.org/10.1016/j.ajhg.2020.06.002
https://doi.org/10.1038/s41593-018-0154-9
https://doi.org/10.1038/s41593-018-0154-9
https://doi.org/10.1038/s41593-018-0154-9
https://doi.org/10.1038/s41593-018-0154-9
https://doi.org/10.1038/nn.4632
https://doi.org/10.1016/j.jalz.2017.09.012
https://doi.org/10.1007/s00401-018-1900-5
https://doi.org/10.1007/s00401-018-1900-5
https://doi.org/10.1007/s00401-018-1900-5
https://doi.org/10.1007/s00401-018-1900-5
https://doi.org/10.1101/2021.01.21.426000
https://creativecommons.org/licenses/by/4.0/


64 Newman, A.M., Liu, C.L., Green, M.R., Gentles, A.J., Feng, W., Xu, Y. et al. (2015) Robust enumeration of cell subsets from tissue expression profiles.
Nat. Methods 12, 453–457 https://doi.org/10.1038/nmeth.3337

65 Wang, X., Park, J., Susztak, K., Zhang, N.R. and Li, M. (2019) Bulk tissue cell type deconvolution with multi-subject single-cell expression reference.
Nat. Commun. 10, 380 https://doi.org/10.1038/s41467-018-08023-x

66 Dong, M., Thennavan, A., Urrutia, E., Li, Y., Perou, C.M., Zou, F. et al. (2021) SCDC: bulk gene expression deconvolution by multiple single-cell RNA
sequencing references. Brief. Bioinform. 22, 416–427 https://doi.org/10.1093/bib/bbz166

67 Cobos F, A., Alquicira-Hernandez, J., Powell, J.E., Mestdagh, P. and De Preter, K. (2020) Benchmarking of cell type deconvolution pipelines for
transcriptomics data. Nat. Commun. 11, 5650 https://doi.org/10.1038/s41467-020-19015-1

68 Rahmani, E., Schweiger, R., Rhead, B., Criswell, L.A., Barcellos, L.F., Eskin, E. et al. (2019) Cell-type-specific resolution epigenetics without the need
for cell sorting or single-cell biology. Nat. Commun. 10, 3417 https://doi.org/10.1038/s41467-019-11052-9

69 Teschendorff, A.E., Zhu, T., Breeze, C.E. and Beck, S. (2020) EPISCORE: cell type deconvolution of bulk tissue DNA methylomes from single-cell
RNA-Seq data. Genome Biol. 21, 221 https://doi.org/10.1186/s13059-020-02126-9

70 Zeng, W., Chen, X., Duren, Z., Wang, Y., Jiang, R. and Wong, W.H. (2019) DC3 is a method for deconvolution and coupled clustering from bulk and
single-cell genomics data. Nat. Commun. 10, 4613 https://doi.org/10.1038/s41467-019-12547-1

71 Aguirre-Gamboa, R., de Klein, N., di Tommaso, J., Claringbould, A., van der Wijst, M.G., de Vries, D. et al. (2020) Deconvolution of bulk blood eQTL
effects into immune cell subpopulations. BMC Bioinformatics 21, 243 https://doi.org/10.1186/s12859-020-03576-5

72 Donovan, M.K.R., D’Antonio-Chronowska, A., D’Antonio, M. and Frazer, K.A. (2020) Cellular deconvolution of GTEx tissues powers discovery of disease
and cell-type associated regulatory variants. Nat. Commun. 11, 955 https://doi.org/10.1038/s41467-020-14561-0

73 Parkinson Progression Marker Initiative. (2011) The Parkinson progression marker initiative (PPMI). Prog Neurobiol. 95, 629–635 https://doi.org/10.
1016/j.pneurobio.2011.09.005

74 Gerring, Z.F., Gamazon, E.R. and Derks, E.M. (2019) Major depressive disorder working group of the psychiatric genomics C. A gene co-expression
network-based analysis of multiple brain tissues reveals novel genes and molecular pathways underlying major depression. PLoS Genet. 15, e1008245
https://doi.org/10.1371/journal.pgen.1008245

75 Sey, N.Y.A., Hu, B., Mah, W., Fauni, H., McAfee, J.C., Rajarajan, P. et al. (2020) A computational tool (H-MAGMA) for improved prediction of brain-
disorder risk genes by incorporating brain chromatin interaction profiles. Nat. Neurosci. 23, 583–593 https://doi.org/10.1038/s41593-020-0603-0

76 Gamazon, E.R., Wheeler, H.E., Shah, K.P., Mozaffari, S.V., Aquino-Michaels, K., Carroll, R.J. et al. (2015) A gene-based association method for
mapping traits using reference transcriptome data. Nat. Genet. 47, 1091–1098 https://doi.org/10.1038/ng.3367

77 Mancuso, N., Gayther, S., Gusev, A., Zheng, W., Penney, K.L., Kote-Jarai, Z. et al. (2018) Large-scale transcriptome-wide association study identifies
new prostate cancer risk regions. Nat. Commun. 9, 4079 https://doi.org/10.1038/s41467-018-06302-1

78 Gusev, A., Mancuso, N., Won, H., Kousi, M., Finucane, H.K., Reshef, Y. et al. (2018) Transcriptome-wide association study of schizophrenia and
chromatin activity yields mechanistic disease insights. Nat. Genet. 50, 538–548 https://doi.org/10.1038/s41588-018-0092-1

79 Zhu, Z., Zhang, F., Hu, H., Bakshi, A., Robinson, M.R., Powell, J.E. et al. (2016) Integration of summary data from GWAS and eQTL studies predicts
complex trait gene targets. Nat. Genet. 48, 481–487 https://doi.org/10.1038/ng.3538

80 Raj, T., Li, Y.I., Wong, G., Humphrey, J., Wang, M., Ramdhani, S. et al. (2018) Integrative transcriptome analyses of the aging brain implicate altered
splicing in Alzheimer’s disease susceptibility. Nat. Genet. 50, 1584–1592 https://doi.org/10.1038/s41588-018-0238-1

81 Aberg, K.A., Shabalin, A.A., Chan, R.F., Zhao, M., Kumar, G., van Grootheest, G. et al. (2018) Convergence of evidence from a methylome-wide
CpG-SNP association study and GWAS of major depressive disorder. Transl. Psychiatry 8, 162 https://doi.org/10.1038/s41398-018-0205-8

82 Kia, D.A., Zhang, D., Guelfi, S., Manzoni, C., Hubbard, L., Reynolds, R.H. et al. (2021) Identification of candidate Parkinson disease genes by integrating
genome-wide association study, expression, and epigenetic data sets. JAMA Neurol. 78, 464–472 https://doi.org/10.1001/jamaneurol.2020.5257

83 Honti, F., Meader, S. and Webber, C. (2014) Unbiased functional clustering of gene variants with a phenotypic-linkage network. PLoS Comput. Biol. 10,
e1003815 https://doi.org/10.1371/journal.pcbi.1003815

84 Sandor, C., Beer, N.L. and Webber, C. (2017) Diverse type 2 diabetes genetic risk factors functionally converge in a phenotype-focused gene network.
PLoS Comput. Biol. 13, e1005816 https://doi.org/10.1371/journal.pcbi.1005816

85 Bagot, R.C., Cates, H.M., Purushothaman, I., Lorsch, Z.S., Walker, D.M., Wang, J. et al. (2016) Circuit-wide transcriptional profiling reveals brain
region-specific gene networks regulating depression susceptibility. Neuron 90, 969–983 https://doi.org/10.1016/j.neuron.2016.04.015

86 Emilsson, V., Ilkov, M., Lamb, J.R., Finkel, N., Gudmundsson, E.F., Pitts, R. et al. (2018) Co-regulatory networks of human serum proteins link genetics
to disease. Science 361, 769–773 https://doi.org/10.1126/science.aaq1327

87 Wang, M., Roussos, P., McKenzie, A., Zhou, X., Kajiwara, Y., Brennand, K.J. et al. (2016) Integrative network analysis of nineteen brain regions
identifies molecular signatures and networks underlying selective regional vulnerability to Alzheimer’s disease. Genome Med. 8, 104 https://doi.org/10.
1186/s13073-016-0355-3

88 Zhang, B., Gaiteri, C., Bodea, L.G., Wang, Z., McElwee, J., Podtelezhnikov, A.A. et al. (2013) Integrated systems approach identifies genetic nodes and
networks in late-onset Alzheimer’s disease. Cell 153, 707–720 https://doi.org/10.1016/j.cell.2013.03.030

89 Parikshak, N.N., Gandal, M.J. and Geschwind, D.H. (2015) Systems biology and gene networks in neurodevelopmental and neurodegenerative disorders.
Nat. Rev. Genet. 16, 441–458 https://doi.org/10.1038/nrg3934

90 Szklarczyk, D., Franceschini, A., Wyder, S., Forslund, K., Heller, D., Huerta-Cepas, J. et al. (2015) STRING v10: protein-protein interaction networks,
integrated over the tree of life. Nucleic Acids Res. 43, D447–D452 https://doi.org/10.1093/nar/gku1003

91 Hwang, S., Kim, C.Y., Yang, S., Kim, E., Hart, T., Marcotte, E.M. et al. (2019) Humannet v2: human gene networks for disease research. Nucleic Acids
Res. 47, D573–DD80 https://doi.org/10.1093/nar/gky1126

92 Huang, J.K., Carlin, D.E., Yu, M.K., Zhang, W., Kreisberg, J.F., Tamayo, P. et al. (2018) Systematic evaluation of molecular networks for discovery of
disease genes. Cell Syst. 6, 484–95 e5 https://doi.org/10.1016/j.cels.2018.03.001

93 Mohammadi, S., Davila-Velderrain, J. and Kellis, M. (2019) Reconstruction of cell-type-specific interactomes at single-cell resolution. Cell Syst. 9,
559–68 e4 https://doi.org/10.1016/j.cels.2019.10.007

94 Basha, O., Shpringer, R., Argov, C.M. and Yeger-Lotem, E. (2018) The DifferentialNet database of differential protein-protein interactions in human
tissues. Nucleic Acids Res. 46, D522–D526 https://doi.org/10.1093/nar/gkx981

© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 2099

Biochemical Society Transactions (2021) 49 2091–2100
https://doi.org/10.1042/BST20210128

D
ow

nloaded from
 http://portlandpress.com

/biochem
soctrans/article-pdf/49/5/2091/923732/bst-2021-0128c.pdf by U

K user on 03 M
arch 2022

https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1038/s41467-018-08023-x
https://doi.org/10.1038/s41467-018-08023-x
https://doi.org/10.1038/s41467-018-08023-x
https://doi.org/10.1038/s41467-018-08023-x
https://doi.org/10.1093/bib/bbz166
https://doi.org/10.1038/s41467-020-19015-1
https://doi.org/10.1038/s41467-020-19015-1
https://doi.org/10.1038/s41467-020-19015-1
https://doi.org/10.1038/s41467-020-19015-1
https://doi.org/10.1038/s41467-019-11052-9
https://doi.org/10.1038/s41467-019-11052-9
https://doi.org/10.1038/s41467-019-11052-9
https://doi.org/10.1038/s41467-019-11052-9
https://doi.org/10.1186/s13059-020-02126-9
https://doi.org/10.1186/s13059-020-02126-9
https://doi.org/10.1186/s13059-020-02126-9
https://doi.org/10.1186/s13059-020-02126-9
https://doi.org/10.1038/s41467-019-12547-1
https://doi.org/10.1038/s41467-019-12547-1
https://doi.org/10.1038/s41467-019-12547-1
https://doi.org/10.1038/s41467-019-12547-1
https://doi.org/10.1186/s12859-020-03576-5
https://doi.org/10.1186/s12859-020-03576-5
https://doi.org/10.1186/s12859-020-03576-5
https://doi.org/10.1186/s12859-020-03576-5
https://doi.org/10.1038/s41467-020-14561-0
https://doi.org/10.1038/s41467-020-14561-0
https://doi.org/10.1038/s41467-020-14561-0
https://doi.org/10.1038/s41467-020-14561-0
https://doi.org/10.1016/j.pneurobio.2011.09.005
https://doi.org/10.1016/j.pneurobio.2011.09.005
https://doi.org/10.1371/journal.pgen.1008245
https://doi.org/10.1038/s41593-020-0603-0
https://doi.org/10.1038/s41593-020-0603-0
https://doi.org/10.1038/s41593-020-0603-0
https://doi.org/10.1038/s41593-020-0603-0
https://doi.org/10.1038/ng.3367
https://doi.org/10.1038/s41467-018-06302-1
https://doi.org/10.1038/s41467-018-06302-1
https://doi.org/10.1038/s41467-018-06302-1
https://doi.org/10.1038/s41467-018-06302-1
https://doi.org/10.1038/s41588-018-0092-1
https://doi.org/10.1038/s41588-018-0092-1
https://doi.org/10.1038/s41588-018-0092-1
https://doi.org/10.1038/s41588-018-0092-1
https://doi.org/10.1038/ng.3538
https://doi.org/10.1038/s41588-018-0238-1
https://doi.org/10.1038/s41588-018-0238-1
https://doi.org/10.1038/s41588-018-0238-1
https://doi.org/10.1038/s41588-018-0238-1
https://doi.org/10.1038/s41398-018-0205-8
https://doi.org/10.1038/s41398-018-0205-8
https://doi.org/10.1038/s41398-018-0205-8
https://doi.org/10.1038/s41398-018-0205-8
https://doi.org/10.1001/jamaneurol.2020.5257
https://doi.org/10.1371/journal.pcbi.1003815
https://doi.org/10.1371/journal.pcbi.1005816
https://doi.org/10.1016/j.neuron.2016.04.015
https://doi.org/10.1126/science.aaq1327
https://doi.org/10.1186/s13073-016-0355-3
https://doi.org/10.1186/s13073-016-0355-3
https://doi.org/10.1186/s13073-016-0355-3
https://doi.org/10.1186/s13073-016-0355-3
https://doi.org/10.1186/s13073-016-0355-3
https://doi.org/10.1016/j.cell.2013.03.030
https://doi.org/10.1038/nrg3934
https://doi.org/10.1093/nar/gku1003
https://doi.org/10.1093/nar/gky1126
https://doi.org/10.1016/j.cels.2018.03.001
https://doi.org/10.1016/j.cels.2019.10.007
https://doi.org/10.1093/nar/gkx981
https://creativecommons.org/licenses/by/4.0/


95 Costanzo, M., Baryshnikova, A., Bellay, J., Kim, Y., Spear, E.D., Sevier, C.S. et al. (2010) The genetic landscape of a cell. Science 327, 425–431
https://doi.org/10.1126/science.1180823

96 Pandey, A., Davis, N.A., White, B.C., Pajewski, N.M., Savitz, J., Drevets, W.C. et al. (2012) Epistasis network centrality analysis yields pathway
replication across two GWAS cohorts for bipolar disorder. Transl. Psychiatry 2, e154 https://doi.org/10.1038/tp.2012.80

97 Eichler, E.E., Flint, J., Gibson, G., Kong, A., Leal, S.M., Moore, J.H. et al. (2010) Missing heritability and strategies for finding the underlying causes of
complex disease. Nat. Rev. Genet. 11, 446–450 https://doi.org/10.1038/nrg2809

98 Ridge, P.G., Mukherjee, S., Crane, P.K. and Kauwe, J.S. (2013) Alzheimer’s disease genetics C. Alzheimer’s disease: analyzing the missing heritability.
PLoS ONE 8, e79771 https://doi.org/10.1371/journal.pone.0079771

99 Pare, G., Cook, N.R., Ridker, P.M. and Chasman, D.I. (2010) On the use of variance per genotype as a tool to identify quantitative trait interaction
effects: a report from the women’s genome health study. PLoS Genet. 6, e1000981 https://doi.org/10.1371/journal.pgen.1000981

100 Pliner, H.A., Packer, J.S., McFaline-Figueroa, J.L., Cusanovich, D.A., Daza, R.M., Aghamirzaie, D. et al. (2018) Cicero predicts cis-regulatory DNA
interactions from single-cell chromatin accessibility data. Mol. Cell 71, 858–71 e8 https://doi.org/10.1016/j.molcel.2018.06.044

101 Mulqueen, R.M., DeRosa, B.A., Thornton, C.A., Sayar, Z., Torkenczy, K.A., Fields, A.J. et al. (2019) Improved single-cell ATAC-seq reveals chromatin
dynamics of in vitro corticogenesis

102 Sinnamon, J.R., Torkenczy, K.A., Linhoff, M.W., Vitak, S.A., Mulqueen, R.M., Pliner, H.A. et al. (2019) The accessible chromatin landscape of the
murine hippocampus at single-cell resolution. Genome Res. 29, 857–869 https://doi.org/10.1101/gr.243725.118

103 Matsumoto, H., Kiryu, H., Furusawa, C., Ko, M.S.H., Ko, S.B.H., Gouda, N. et al. (2017) SCODE: an efficient regulatory network inference algorithm from
single-cell RNA-Seq during differentiation. Bioinformatics 33, 2314–2321 https://doi.org/10.1093/bioinformatics/btx194

104 Huynh-Thu, V.A., Irrthum, A., Wehenkel, L. and Geurts, P. (2010) Inferring regulatory networks from expression data using tree-based methods. PLoS
ONE 5, e12776 https://doi.org/10.1371/journal.pone.0012776

105 Gaiteri, C., Mostafavi, S., Honey, C.J., De Jager, P.L. and Bennett, D.A. (2016) Genetic variants in Alzheimer disease - molecular and brain network
approaches. Nat. Rev. Neurol. 12, 413–427 https://doi.org/10.1038/nrneurol.2016.84

106 Schaefer, M.H., Serrano, L. and Andrade-Navarro, M.A. (2015) Correcting for the study bias associated with protein-protein interaction measurements
reveals differences between protein degree distributions from different cancer types. Front. Genet. 6, 260 https://doi.org/10.3389/fgene.2015.00260

107 van Dam, S., Vosa, U., van der Graaf, A., Franke, L. and de Magalhaes, J.P. (2018) Gene co-expression analysis for functional classification and
gene-disease predictions. Brief. Bioinform. 19, 575–592 https://doi.org/10.1093/bib/bbw139

© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).2100

Biochemical Society Transactions (2021) 49 2091–2100
https://doi.org/10.1042/BST20210128

D
ow

nloaded from
 http://portlandpress.com

/biochem
soctrans/article-pdf/49/5/2091/923732/bst-2021-0128c.pdf by U

K user on 03 M
arch 2022

https://doi.org/10.1126/science.1180823
https://doi.org/10.1038/tp.2012.80
https://doi.org/10.1038/nrg2809
https://doi.org/10.1371/journal.pone.0079771
https://doi.org/10.1371/journal.pgen.1000981
https://doi.org/10.1016/j.molcel.2018.06.044
https://doi.org/10.1101/gr.243725.118
https://doi.org/10.1093/bioinformatics/btx194
https://doi.org/10.1371/journal.pone.0012776
https://doi.org/10.1038/nrneurol.2016.84
https://doi.org/10.3389/fgene.2015.00260
https://doi.org/10.1093/bib/bbw139
https://creativecommons.org/licenses/by/4.0/

	Integration of functional genomics data to uncover cell type-specific pathways affected in Parkinson's disease
	Abstract
	Introduction
	Cell type-specific pathways affected in PD
	How to obtain and integrate cell type-specific gene functional annotations
	Cell type specificity of gene regulatory mechanisms
	Deconvolution of cell type-specific functional annotations from bulk data
	Identification of cell type-specific disease-associated genes
	Network-based approaches for data integration and identification of dysregulated pathways

	Competing Interests
	Funding
	Open Access Statement
	References


