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Abstract

Dementia with Lewy Bodies (DLB) is the second most common neurodegenerative disorder in the 

elderly. The development and progression of DLB remain unclear. In this study we used next 

generation sequencing to assess RNA expression profiles and cellular processes associated with 

DLB in the anterior cingulate cortex, a brain region affected by DLB pathology. The expression 

measurements were made in autopsy brain tissues from 8 DLB subjects and 10 age-matched 

controls using AmpliSeq technology with ion torrent sequencing. The analysis of RNA expression 

profiles revealed 490 differentially expressed genes, among which 367 genes were down-regulated 

and 123 were up-regulated. Functional enrichment analysis of genes differentially expressed in 

DLB indicated downregulation of genes associated with myelination, neurogenesis, and regulation 

of nervous system development. miRNA binding sites enriched in these mRNAs yielded a list of 

candidate miRNAs participating in DLB pathophysiology. Our study provides a comprehensive 

picture of gene expression landscape in DLB, identifying key cellular processes associated with 

DLB pathology.
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Introduction

Dementia with Lewy bodies (DLB) is the second most common neurodegenerative disorder 

after Alzheimer’s disease (AD) in people older than 65 years [1, 2]. It is characterized by 

cognitive decline, Parkinsonism, visual hallucinations, cognitive/behavioral fluctuations, and 

dream-enactment behaviors [3, 4]. Heitz et al. revealed an association between impairment 

of anterior cingulate cortex (ACC) and visual hallucinations in DLB patients [6]. DLB is 

marked by Lewy body (LB) deposition in cortical regions including ACC and entorhinal 

cortex, in correlation with cognitive decline [5]. Abnormal accumulation of α-synuclein 

protein forms LBs in neurons (round eosinophilic hyaline inclusions), leading to dystrophy 

of axons and dendrites, and Lewy neuritis (LNs) with loss of neurons, mainly cholinergic 

and dopaminergic [7]. Despite extensive studies of the role of α-synuclein in DLB 

pathology, the mechanisms leading to accumulation of LD and LN remains poorly 

understood [8].

Transcriptome profiling is a powerful approach for identification of gene expression patterns 

characteristic of diseases. So far, to the best of our knowledge, DLB-associated gene 

expression profiles have yet to be published. In this study we applied next generation 

sequencing technology to assess RNA expression profiles in anterior cingulate cortex 

autopsy tissues from DLB subjects and age-matched controls lacking a diagnosis of 

neurodegenerative disorders, to identify genes and cellular processes associated with DLB 

pathology.

Material and methods

Postmortem human brain specimens

Human brain tissue for this study was obtained from the Buckeye Brain Bank at the Wexner 

Ohio State Medical Center (DLB cases) and the Miami Brain Endowment Bank (University 

of Miami, Miami, FL), maintained under respective IRB protocols. DLB diagnosis was 

confirmed by basic clinical and neuropathological analyses. We analyzed eight anterior 

cingulate cortex samples obtained from subjects suffering DLB and from ten age-matched 

controls lacking a diagnosis of neurodegenerative disorders.

RNA isolation

Initial RNA extraction was performed using TRIzol Reagent (Ambion, Austin, TX), 

according to the manufacturer’s instructions. Briefly, 100 mg of frozen brain tissue was 

homogenized in Trizol and then phase separated with chloroform. The upper aqueous phase 

was transferred to a new tube, and RNA was precipitated by adding isopropyl alcohol. The 

RNA precipitate was pelleted by centrifugation, and dissolved in 50µl of RNase free water. 

RNA was further purified using the SpinSmart RNA purification kit (Denville Scientific) 

and treated with DNase according to the manufacturer’s protocol. Enzyme treated RNA was 

washed to remove degraded deoxynucleic acids and eluted in RNase free water. RNA 

concentration was measured using the Qubit RNA assay (ThermoFisher, Carlsbad, CA) and 

RNA integrity was assessed by Bioanalyzer (Agilent, Santa Clara, CA), as described in [9].
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Library preparation and amplicon sequencing

The Ion AmpliSeq Transcriptome Human Gene Expression Kit (ThermoFisher) enables the 

simultaneous measurement of the expression levels of over 20,000 human genes in a single 

assay. Reverse transcription was performed on 10 ng of the prepared brain total RNA using 

the AmpliSeq Whole Transcriptome primers with the included SuperScript VILO cDNA 

Synthesis kit. The resulting cDNA was amplified for 12 cycles using Ion AmpliSeq primers 

and technology to accurately maintain expression levels of all genes. Barcoded adapters 

were added and ligated to individual reactions, and the resulting libraries were purified using 

Agencourt AMPure XP reagents (Beckman Coulter, LaBrea, CA) without any additional 

amplification. The limited number of PCR cycles reduces biased amplification of highly 

abundant molecules and also reduces dropout of low abundance transcripts, as well as 

minimizes the confounding effect of undesirable PCR duplicates produced by higher cycle 

numbers. This facilitates a precise and sensitive linear range of measurement of gene 

expression over 6 orders of magnitude.

The purified library concentrations were determined by quantitative real time PCR with Ion 

Torrent adapter primers and SYBR Green detection. The quantified barcoded libraries were 

diluted to 100 pM. All libraries were combined and pooled in equal amounts for emulsion 

PCR on the Ion OneTouch 2 instrument. The OneTouch 2 system uses emulsion PCR to 

produce templated Ion Sphere Particles used for Ion Torrent semiconductor sequencing. 

Templated libraries were sequenced with the Ion Proton sequencer, using Ion PITM 

Sequencing 200 Kit v2 reagents, on Ion PITM Chips.

Gene expression analysis

AmpliSeq sequencing data were analyzed using the Ion Torrent Mapping Alignment 

Program (TMAP), which is optimized for aligning the raw sequencing reads against 

reference sequences targeted by the AmpliSeq kit primers. To achieve both specificity and 

sensitivity, TMAP implements a two-stage mapping approach, using four alignment 

algorithms, BWA-short and long, SSAHA, and Super-maximal Exact Matching. This is 

followed by the Smith Waterman algorithm to find the final best mapping [10–13]. 

Differentially expressed genes (DEGs) were determined using the R package edgeR [14], as 

described in [15]. The package is available from Bioconductor. RNAs with less than fifty 

read counts on average across all samples were excluded from further analysis. DEGs were 

selected based on p-value and log2 fold change (log2FC). Pairwise analysis of RNA profile 

similarity was performed using I-Index, which was calculated for each pair of samples [16]. 

The pairwise similarity matrix was used for hierarchical clustering as described in [15]. 

Analysis was performed using the R package “divo”, which is available for download in the 

CRAN repository (https://cran.r-project.org/web/packages/divo).

Functional annotation analysis

Protein-coding RNAs selected for analysis were significantly differentially expressed genes 

between DLB subjects and age-matched controls based on p-value and Log2FC. We used 

the ToppFun application of ToppGene [17] for the identification of enriched functional 

categories among DEGs in DLB brains. We also assessed enrichment of biological processes 

in gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. 
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Bonferroni-corrected p-values for the statistical tests of functional enrichment of less than 

0.05 were considered statistically significant. Identification of putative common miRNA 

regulators was performed using miRTarbase, TargetScan, and MicroRNA.org [18–20].

Results

RNA was isolated from anterior cingulate cortex, a brain region affecting cognitive 

outcomes in DLB [5], from 8 DLB subjects and 10 age-matched controls. To assess gene 

expression profiles, we applied an amplicon sequencing approach using 20812 probes sets 

specific to human mRNA, yielding more than 3,900,000 mapped reads per sample with 

alignment rates > 92%. The outcomes of AmpliSeq analysis are highly reproducible [21]; 

the results obtained by us, and other groups, in a number of projects renders Ampliseq RNA 

profiling well suitable for large-scale screening of DEGs, guiding subsequent targeted 

approaches.

For analysis of differential gene expression between DLB subjects and controls we included 

signals from > 9300 amplicons with mean mapped reads higher than 50 reads across all 

subjects. Differential gene expression analysis revealed 136 DEGs at a false discovery rate 

of 5% (Figure 1), of which 18 were at higher expression in DLB and 118 were at lower 

expression. To cast a wider net, we selected genes showing DE with twofold difference and a 

p-value < 0.01. The results, presented in a volcano plot (Figure 1), illustrate a trend towards 

more DEGs being down-regulated. The 10 most strongly up- and downregulated genes in 

DLB subjects are listed in Tables 1A and 1B. The top upregulated genes were as follows: 

thyroid hormone transporter transthyretin (TTR; FC = 9.4; FDR ≤ 0.02); zinc finger 

transcriptional repressor scratch family zinc finger 1 (SCRT1; FC = 2.4; FDR ≤ 0.04) and 

metallothionein 1H (MT1H; FC = 3.36; FDR ≤ 0.05). Among top downregulated genes we 

identified carbohydrate transmembrane transporter transmembrane protein 144 (TMEM144; 

FC = 0.14; FDR ≤ 0.006), CD9 molecule (CD9; FC = 0.3; FDR ≤ 0.0019), and myelin 

regulatory factor (MYRF; FC = 0.23; FDR ≤ 0.006). The expression of DEGs and those 

showing a DE trend (Supplementary Table S1) is presented in Figure 2A. Hierarchical 

clustering analysis of gene expression revealed coexpression of gene groups indicated by 

reduction of Euclidian distances between genes (Figure 2A). To assess overall differences of 

RNA expression profiles between DLB subjects and controls, we assessed pairwise 

similarity of the profiles for each pair of samples using the I-Index (Figure 2B). Hierarchical 

clustering revealed a lack of DLB-specific sample clustering, and the distance between 

samples was small, suggesting specificity of observed differences of gene expression.

Functional enrichment analysis of DEG in DLB (minimum 2-fold change and p-value < 

0.01; 490 genes) revealed 20 biological processes including axon ensheathment (16 genes; p 

= 3.91E-9), myelination (15 genes; p = 4.09E-8), neurogenesis (48 genes, p = 7.48E-4), and 

regulation of nervous system development (26 genes; p = 4.62E-2) (Table 2). Among genes 

in the enriched GO categories: myelination, neurogenesis, and regulation of gliogenesis, 5 

genes were upregulated in DLB while 45 were downregulated. Upregulated genes included 

adrenomedullin (ADM), nuclear receptor subfamily 2, group F, member 1 (NR2F1), and 

vascular endothelial growth factor A (VEGFA). Downregulated genes included apoptosis-
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associated tyrosine kinase (AATK), myelin associated glycoprotein (MAG), and transferrin 

(TF) (Figure 3).

The analysis of putative targets of miRNAs in the pool of DEGs in DLB revealed 14 

candidate miRNAs that can potentially regulate pools of 30 to 74 genes (FDR< 4.1E-2) 

(Figure 4 and Table S2). For example, 35 DEGs, including cyclin-dependent kinase inhibitor 

1C (p57, Kip2) (CDKN1C), transmembrane protein 144 (TMEM144), and myelin 

oligodendrocyte glycoprotein (MOG), are putative targets of miR-25. DEG targets of miR-9 

(26 DE genes; FDR ≤ 7.708E-3) include myosin ID (MYO1D), presenilin 1 (PSEN1), 

apoptosis-associated tyrosine kinase (AATK), and ubiquitin protein ligase E3A (UBE3A), 

while miR-124 targets (37 DE genes; FDR ≤ 2.191E-4) include dicer 1 ribonuclease III 

(DICER1), microtubule associated protein 7 (MAP7) and semaphorin 6A (SEMA6A) 

(Figure 4 and Table S2).

Discussion

While specific biological processes leading to neurodegeneration in patients with dementia 

with Lewy bodies have been studied [2], a comprehensive analysis of the gene expression 

landscape was lacking. This pilot study with 8 DLB cases and 10 controls demonstrates 

differences in gene expression profiles in a brain region affected by DLB pathology, the 

anterior cingulate cortex. Measuring gene expression using the AmpliSeq approach – a 

method of high sensitivity and reproducibility [21], facilitated detection of 136 genes (FDR 

≤ 0.05) differently expressed in DLB, even with a relatively small sample size. For a less 

stringent broader analysis, we included genes showing a DE trend, potentially relevant to 

DLB pathology.

A majority of significant DE genes were found to be downregulated, possibly a result of loss 

of cholinergic and dopaminergic neurons in DLB-affected brains. On the other hand, 

reduced activity of specific pathways could also point to underlying processes leading to 

DLB. Gene ontology analysis revealed numerous genes downregulated in DLB brains 

involved in neurogenesis: 48 genes (Bonferroni corrected p-value 7.475E-4) including 

transferrin (TF), cyclin-dependent kinase inhibitor 1C (CDKN1C), and presenilin 1 

(PSEN1). On the other hand, genes such as adrenomedullin (ADM), EPH receptor B1 

(EPHB1), and vascular endothelial growth factor A (VEGFA) were upregulated, suggesting 

that loss of neurons may not be the main cause of these changes. Another large group of 

downregulated genes is associated with myelination, including myelin associated 

glycoprotein (MAG), contactin 2 (CNTN2), and dicer 1, ribonuclease type III (DICER1), 

(Bonferroni corrected p-value 4.088E-8). Previous evidence is lacking for a role of 

demyelination in DLB pathology, affecting axonal degeneration and subsequent neuronal 

loss [22]. Other processes identified by enrichment analysis include CNS development, 

cytoskeleton organization, and blood vessel morphogenesis. Whether these processes 

contribute to DLB pathology or result from it remains to be clarified.

Gene expression profiling of samples with advanced neurodegeneration might reveal general 

gene expression differences not specific to any particular disease. To test whether differences 

in gene expression are DLB-specific, we compared our results with studies describing other 
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neurodegenerative disorders. Analysis of gene expression profiles in DLB revealed 46 DE 

genes that were upregulated in brain samples with Alzheimer’s disease pathology [23]. Only 

four of these genes were also upregulated in DLB: cytokine receptor-like factor 1 (CRLF1) – 

a member of the cytokine type I receptor family that forms a protein complex promoting 

survival of neuronal cells; F-box protein 2 (FBXO2) – the F-box protein family member 

similar to rat nfb42 which is enriched in the nervous system and plays a role in maintaining 

neurons in a postmitotic state; nuclear receptor subfamily 2 group F member 1 (NR2F1) – 

important paralog of RXRG, and metallothionein 1H (MT1H) – a member of class 1 

metallothioneins, involved in detoxification and maintaining the homeostasis of heavy 

metals [24], control of oxidative stress [25]. Conversely, 42 genes showing increased 

expression in AD, such as: ATP-binding cassette transporter 2 (ABCA2), cyclin-dependent 

kinase inhibitor 1C (CDKN1C), double-stranded RNA-specific endoribonuclease (DICER1), 

microtubule-associated protein 7 (MAP7), semaphorin 3B (SEMA3B), and tubulin alpha 1a 

(TUBA1A), were downregulated in DLB (Table S1). The differences of direction of these 

expression changes between DLB and AD could have resulted from the different etiology of 

synucleinopathies and tauopathies [26]. Two genes upregulated in DLB ACC tissues had 

also been reported upregulated in Huntington’s disease (HD): metallothionein 1G (MT1G) 

in motor cortex and nuclear receptor subfamily 1 Group D Member 1 (NR1D1) in 

cerebellum [27]. Similarly, two genes downregulated in ACC in DLB brains were also found 

downregulated in HD: engulfment and cell motility 1 (ELMO1) in caudate nucleus and 

PSEN1 in motor cortex [27]. Conversely, several genes downregulated in DLB are 

upregulated in HD brain: serpin family A member 3 (SERPINA3), apelin receptor 

(AGTRL1), serum/glucocorticoid regulated kinase (SGK), and aquaporin 1 (AQP1) [27, 28]. 

The relatively limited overlap of gene expression profiles between DLB and other 

neurodegenerative disorders suggests that a portion of alternations observed in our study is 

not a general hallmark of neurodegeneration but rather represents gene expression changes 

that regulate disease-specific processes providing insight into DLB etiology.

The identified DE genes relevant to DLB enable us to deduce possible roles for miRNAs 

interacting with these mRNAs. miRNAs play a substantial role in the regulation of gene 

expression in the brain [29–31]. Approximately 70% of experimentally identified miRNAs 

are expressed in the human nervous system, orchestrating multiple cellular processes by 

posttranscriptional regulation of numerous genes [32]. To identify putative regulatory 

miRNA that might contribute to DLB pathology, we screened the mRNAs of DEGs for 

putative miRNA binding sites. The analysis revealed 14 candidate miRNA that regulate sets 

of genes containing 30 – 74 DEGs. Among candidate miRNAs, we identified miR-9 and 

miR-124 – crucial for regulation of adult neurogenesis [33, 34]. Moreover miR-124 plays a 

critical role in CNS stress response, regulation of synaptic plasticity and memory, and 

neurodegenerative disorders such as AD and Parkinson’s disease [35]. These findings 

provide a guide for further studies on the role of miRNAs in molecular mechanisms 

underlying neurodegeneration and specifically DLB.

In summary, RNA transcriptome analysis of brains affected by DLB revealed disease-

specific gene expression profile differences. Enrichment analysis indicated downregulation 

of groups of genes associated with myelination and neurogenesis in DLB. miRNA binding 
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sites enriched in DE mRNAs yielded a list of candidate miRNAs participating in DLB 

pathophysiology, guiding future studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Transcriptome profiles are measured in DLB brain

• Differentially expressed genes are involved in myelination and 

neurogenesis

• DE genes share putative miRNA sites, suggesting a common regulatory 

role in DLB
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Figure 1. Gene expression differences in ACC between subjects with Lewy body dementia and 
age-matched controls
For each gene, log2 fold-change of expression difference is plotted on the x axis and 

corresponding p-value (−log) is plotted on the y axis. Genes differentially expressed (FDR < 

0.05) and showing DE trend (twofold expression difference and p-value < 0.01) are marked 

in color red, and the top five up- and down-regulated DEGs are indicated.
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Figure 2. A. Heat map diagram of differential gene expression in ACC between dementia with 
Lewy bodies subjects and age-matched controls
Gene expression data obtained in AmpliSeq analysis of ACC revealed 123 genes up-

regulated and 367 genes down-regulated in DLB (up-regulation is indicated by color green, 

down-regulation by color red) (FDR < 0.05, and genes with twofold expression difference 

and p-value < 0.01). Clusters of genes showing similarity of the expression patterns were 

identified based on Euclidian distances. B. Hierarchical clustering of RNA expression 
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profiles measured with similarity indices revealed lack of significant differences of overall 

expression profiles between DLB (red) and control samples (black).
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Figure 3. Gene ontology (GO) enrichment of genes differentially expressed in ACC between 
subject with DLB and age-matched controls
Genes identified in GO categories: Myelination, Neurogenesis, and Regulation of 

Gliogenesis (Bonferroni corrected p-value < 0.05); genes up-regulated in DLB are in red and 

down-regulated genes in green. Fold-change of expression is plotted on y axis.

Pietrzak et al. Page 14

Biochem Biophys Res Commun. Author manuscript; available in PMC 2017 October 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Identification of miRNAs targeting genes differentially expressed in ACC between 
subjects with dementia with Lewy bodies and age-matched controls
For DEGs in DLB we identified putative upstream regulatory miRNAs. Red bars indicate 

number of DE genes (read on left y axis) targeted by particular miRNA. p - values for each 

group are shown by the blue line (right y axis). Detailed information is provided in Table S2.
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Table 2

GO enrichment analysis for genes differentially expressed between DLB brain tissues and age-matched 

controls.

ID Name p-value Bonferroni # Genes

GO:0008366 Axon ensheathment 1.17E-12 3.91E-09 16

GO:0007272 Ensheathment of neurons 1.17E-12 3.91E-09 16

GO:0042552 Myelination 1.23E-11 4.09E-08 15

GO:0048709 Oligodendrocyte differentiation 1.38E-08 4.60E-05 11

GO:0022008 Neurogenesis 2.25E-07 7.48E-04 48

GO:0010001 Glial cell differentiation 2.53E-07 8.41E-04 14

GO:0014003 Oligodendrocyte development 3.07E-07 1.02E-03 7

GO:0014015 Positive regulation of gliogenesis 5.10E-07 1.70E-03 8

GO:0048699 Generation of neurons 8.95E-07 2.98E-03 45

GO:0022010 Central nervous system myelination 9.50E-07 3.16E-03 5

GO:0032291 Axon ensheathment in central nervous system 9.50E-07 3.16E-03 5

GO:0042063 Gliogenesis 1.03E-06 3.43E-03 15

GO:0021782 Glial cell development 1.25E-06 4.16E-03 9

GO:0007417 Central nervous system development 1.51E-06 5.01E-03 30

GO:0050767 Regulation of neurogenesis 5.27E-06 1.76E-02 25

GO:0007422 Peripheral nervous system development 5.37E-06 1.79E-02 8

GO:0014013 Regulation of gliogenesis 5.85E-06 1.95E-02 9

GO:0045687 Positive regulation of glial cell differentiation 6.68E-06 2.22E-02 6

GO:0032989 Cellular component morphogenesis 7.19E-06 2.39E-02 41

GO:0051960 Regulation of nervous system development 1.39E-05 4.62E-02 26
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