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Abstract 

We performed transcriptome analysis using RNA sequencing on substantia nigra pars 

compacta (SNpc) from mice after acute and chronic 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) treatment and Parkinson’s disease (PD) patients. Acute and 

chronic exposure to MPTP resulted in decreased expression of genes involved in 

sodium channel regulation. However, upregulation of pro-inflammatory pathways was 

seen after single dose but not after chronic MPTP treatment. Dopamine biosynthesis 

and synaptic vesicle recycling pathways were downregulated in PD patients and after 

chronic MPTP treatment in mice. Genes essential for midbrain development and 

determination of dopaminergic phenotype such as, LMX1B, FOXA1, RSPO2, KLHL1, 

EBF3, PITX3, RGS4, ALDH1A1, RET, FOXA2, EN1, DLK1, GFRA1, LMX1A, NR4A2, 

GAP43, SNCA, PBX1, and GRB10 were downregulated in human PD and 

overexpression of GFP tagged LMX1B rescued MPP+ induced death in SH-SY5Y 

neurons. Downregulation of gene ensemble involved in development and differentiation 

of dopaminergic neurons indicate their potential involvement in pathogenesis and 

progression of human PD.  
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Introduction 

Parkinson’s disease (PD) is a debilitating neurodegenerative movement disorder. 

The cardinal clinical symptoms of PD include rigidity, bradykinesia and resting tremor. 

PD is characterized by the loss of dopaminergic neurons in the substantia nigra pars 

compacta (SNpc). While it has been more than 200 years since PD was first 

characterized by James Parkinson (Parkinson 1817), lack of thorough understanding of 

the mechanisms that underlie disease pathogenesis has been a major obstacle in 

discovery of curative treatment modalities. Levodopa administration has been the 

mainstay for symptomatic treatment for almost sixty years (Cotzias 1968; Hornykiewicz 

2010), we do not, as yet, have a disease modifying therapy that can slow down disease 

progression. 

Familial PD is seen in less than 10% of cases, the majority are sporadic 

(Ascherio and Schwarzschild 2016). The etiology of both familial and sporadic PD is not 

yet clearly understood, and it is considered to be a complex, multifactorial disorder. 

Several risk factors have been implicated including oxidative stress, mitochondrial 

(Schapira et al. 1990; Park et al. 2009) and proteasomal dysfunction (Sherman and 

Goldberg 2001; Carvalho et al. 2013), -synuclein aggregation (Stefanis 2012), 

neuroinflammation (Hirsch et al. 2012), dopamine metabolism (Pifl et al. 2014) and iron 

accumulation (Sofic et al. 1988; Ayton and Lei 2014). However, the exact cause 

underlying PD pathogenesis remain poorly understood. Therefore, understanding the 

mechanisms that lead to neurodegeneration of dopaminergic neurons in SNpc is vital. 

Transcriptomics is a powerful technique that can help investigate all the genes 

and pathways that might be dysregulated in PD simultaneously. It allows us to identify 
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dynamic changes in gene expression between different physiological states. Global 

gene expression analysis using microarray has been deployed to identify critical 

changes in gene expression in PD (Borrageiro et al. 2018). Many pathways, such as 

mitochondrial electron transport system, ubiquitin-proteasome system, apoptosis, actin 

cytoskeleton, inflammation and synaptic transmission have been reported to be 

dysregulated in PD studies (Zhang et al. 2005; Miller and Federoff 2005; Simunovic et 

al. 2009; Sutherland et al. 2009; Greene 2012). However, microarray lacks the 

sensitivity to detect genes which are expressed in low levels, that is they have limited 

dynamic range of detection (Malone and Oliver 2011; Kogenaru et al. 2012). Moreover, 

there is low signal to noise ratio as well as there is an upper limit to detection of 

transcripts beyond which the signal gets saturated. More recently approaches using 

RNA sequencing (RNA-seq) offer good alternative to examine global gene expression 

changes in disease state. Several PD studies have employed the RNA-seq technique to 

understand gene expression changes in the MPTP mouse model (Yang et al. 2021; 

Tong et al. 2022; Guo et al. 2022), patient brain regions (Keo et al. 2020; Aguila et al. 

2021; Tiklová et al. 2021), blood from PD patients (Soreq et al. 2015; Infante et al. 

2016; Moni et al. 2019), and iPSCs derived from PD patients (Booth et al. 2019; van 

den Hurk et al. 2022). 

Here, we used RNA seq to identify global gene expression changes in the mouse 

model of PD following single and chronic exposure to MPTP. Further, RNA-seq was 

performed to study gene expression alterations in SNpc from human PD patients 

compared with age-matched controls in an unbiased approach. 
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Materials and Methods 

Animals and MPTP dosing: C57BL/6J male mice (3-4 months; 25-30 grams; 

RRID:IMSR_JAX:000664), procured from Central animal facility of Indian Institute of 

Science were used for all animal experiments. All the animal experiments were 

designed and followed in compliance with the Animal Research: Reporting of In Vivo 

Experiments (ARRIVE) guidelines. Animals were housed in groups of five and had 

access to pelleted diet and water, ad libitum. For 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine hydrochloride (MPTP) mouse model of dopaminergic loss (Jackson-

Lewis and Przedborski 2007), MPTP (Sigma-Aldrich Cat. No. M0896) dissolved in 

normal saline was given at a dose of 30 mg/kg body weight sub-cutaneously to mice as 

a single injection or daily for 14 days. MPTP injections were carried out in an isolated 

clean air room in the Central Animal Facility, Indian Institute of Science, Bangalore. 

Adequate safety precautions were taken for proper handling of MPTP during 

preparation and injection and for disposal of materials and samples contaminated with 

MPTP. The controls were injected with an equivalent volume of normal saline. Animals 

were sacrificed 24 hours after the last MPTP dose. 

Preparation of brain coronal sections for histochemical analysis: After 14 days of MPTP 

treatment, animals were anesthetized in an enclosed chamber and were then perfused 

transcardially with 4% (w/v) paraformaldehyde (PFA) that served as a fixative. The 

mouse brains were then carefully removed and post-fixed in 4% (w/v) PFA for 12 h at 

4°C, followed by transfer to 30% (w/v) sucrose in phosphate buffered saline (PBS) at 

4°C for ~36–48 h. The brains were then embedded in tissue freezing medium (Leica 
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Microsystems Nussloch GmbH Cat. No. 0201 08926). Serial coronal sections (25 m 

thickness) were cut through the midbrain region of the brain. 

TH immunohistochemistry: Serial coronal sections preserved in Tris buffered saline 

(TBS) with sodium azide (0.005% w/v) were used for IHC. Sections were washed twice 

with TBS (5 min) and incubated with blocking solution (3% (w/v) bovine serum albumin 

(BSA), 0.1% (v/v) Triton-X 100, and 3% (v/v) normal horse serum in TBS) for 1 hour at 

room temperature followed by incubation in rabbit anti-TH (Millipore Cat. No. AB152, 

RRID: AB_390204) (1:500) in TBS-Tween 20 (TBST) for 12 h at 4°C. Further, sections 

were given four washes with TBST and incubated in donkey anti-rabbit IgG H+L (Alexa 

Fluor 594) (Thermo Scientific A-21207, RRID: AB_2556547) (1:1000) in TBST for 1 

hour. The sections were then washed and mounted in VECTASHIELD mounting 

medium with DAPI (Vector Laboratories Cat. No. H-1200) on glass slides. 

Stereological analysis on histological data: Analysis of total number of TH positive 

neurons in SNpc was performed for every sixth coronal section through the midbrain 

using Stereo Investigator by MBF Bioscience (RRID:SCR_002526). All data were 

quantified in an experimentally blind manner. 

The sections were imaged on an Olympus microscope using the Stereo 

Investigator (MBF Bioscience) software to obtain tile scans of unilateral SNpc across z 

(vertical axis) at a magnification of 40. Counting was performed in an experimentally 

blind manner, offline using the optical fractionator probe (Gundersen and Jensen 1987; 

West et al. 1991) using 60 × 60 µm counting frame at x = 150 µm, y = 150 µm intervals 

from a random start point. A guard zone of 2.5 µm, and a probe depth of 20 µm were 

used. The coefficient of error was below 0.1 in all animals studied. 
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Mouse brain SNpc dissection: MPTP treated mice were decapitated following cervical 

dislocation post 24 h of the last dose of MPTP in the treatment paradigm following 

cervical dislocation. Mouse brain was placed on mouse brain matrix (Ted Pella, Inc Cat. 

No. 15050) and 1 mm thick slices of the brain were obtained for the dissection of SNpc, 

under cold and sterile conditions. Then, SNpc was dissected out from these slices 

under stereomicroscope using anatomical markers. 

Human brain tissue dissection: For the dissection of SNpc, slides containing cryostat-

cut sections of flash frozen human autopsy midbrain tissue from PD patients and age-

matched controls were obtained from the ICM Brain Bank and the Neuroceb Pitié-

Salpêtrière hostital, Paris. Controls were individuals without neurologic or psychiatric 

disorders. Patients with PD displayed the characteristics of the disease including 

akinesia, rigidity and/or resting tremor. All patients with PD were treated with 

dopaminergic agonists and/or L-DOPA and displayed or had displayed dyskinesia. The 

clinical diagnosis was confirmed by neuropathological examination including the 

presence of Lewy bodies at least in the substantia nigra. Mean post-mortem delay and 

age at death did not differ between controls and patients with PD. A table with details on 

patients has been appended in Table. 1 and supplementary (supplementary table S1). 

SNpc was scraped off the surface of the slides, kept on dry ice under sterile conditions 

using anatomical landmarks. 

RNA isolation: All the reagents used for RNA isolation and cDNA synthesis were 

prepared in RNAase free conditions using DEPC water. RNA from mouse brain tissue 

was isolated using TRIzol reagent (Invitrogen Cat. No. 15596018) and bromo-

chlorophenol (BCP) (Molecular Research Centre, Inc. Cat. No. BP151) (Chomczynski 
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and Sacchi 2006). RNA was isolated from human autopsy brain tissue using the 

RNeasy Plus Universal Mini Kit (Qiagen Cat. No. 73404).  

RNA quality check, cDNA library preparation and RNA sequencing: Integrity and purity 

of RNA samples was determined using Nanodrop, Qubit and BioAnalyzer and samples 

with Rin value less than 5 were not used. The NEBNext Ultra Directional RNA Library 

Prep Kit for Illumina (NEB Cat. No. E7420G, 30061409) was used for preparing the 

strand specific libraries from mouse RNA. The sequencing was performed in paired end 

manner, generating 2 × 75 bp long reads and a total of 44-50 million reads. RNA-seq 

library preparation for human tissue samples was performed using the TruSeq RNA 

Library Prep Kit v2 (Catalog IDs: RS-122-2001, RS-122-2002). These libraries were 

prepared in an unstranded manner. The sequencing was performed in paired end 

manner, generating 2 × 100 bp long reads and a total of about 40 million reads. While 

RNA sequencing on mouse SNpc libraries was performed on Illumina HiSeq2000, RNA-

seq on human SNpc libraries was performed on Illumina HiSeq2500. 

Differential gene expression and pathway analysis: Analysis of RNA-seq data was 

performed on Linux operating system Debian GNU/Linux 8 (Jessie). The raw 

sequencing data, in the form of FastQ files was checked for quality using FastQC 

(RRID:SCR_014583), following which the low quality reads and adapter sequences 

were removed using Trimmomatic (v0.36; RRID:SCR_011848) (Bolger et al. 2014). 

Further, TopHat2 (v2.1.1; RRID:SCR_013035) (Kim et al. 2013) was used for alignment 

of reads to mouse or human genomes. Ensembl genome GRCm38 was used as mouse 

genome reference genome and GRCh37 was used as human reference genome. The 

resultant alignment files are in the bam (binary alignment/map) format, which were 
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further sorted in the order of names of genes using Samtools (v0.1.19; 

RRID:SCR_002105) (Li et al. 2009) and finally the numbers of counts for each read in 

each sample were generated using htseq-count (Anders et al. 2015). DESeq2 version 

1.22.2 (Love et al. 2014)( RRID:SCR_015687) was used for normalization of read 

counts. DESeq2 analysis was performed on R version 3.5.1 (RRID:SCR_001905). 

Normalization by Cufflinks methods (Trapnell et al. 2012) was repeated on the 

human data after alignment by following the Cufflinks (v2.2.1; RRID:SCR_014597): 

Cuffmerge-Cuffdiff pipeline and differentially expressed genes were identified for 

validation of DESeq2 data. 

Data on differential gene expression of developmental genes was also validated 

by the changing the DESeq2 linear model to account for age, post-mortem interval 

(PMI) and RIN. The altered model was: ~age+PMI+RIN+condition. All subsequent data 

analysis was performed on genes that were differentially expressed and had adjusted p 

values less than 0.05 as determined using DESeq2 normalization. 

Functional annotation clusters from differentially expressed genes that were 

significantly different were created using the Database for Annotation, Visualization and 

Integrated Discovery (DAVID) bioinformatics resources 6.8 (RRID:SCR_001881) 

(Huang et al. 2009b, a) and GOplot 1.0.2 (Walter et al. 2015) was used for visualization 

of the data. The pheatmap 1.0.12 (RRID:SCR_016418) (Kolde 2012) was used for 

generation of heatmaps and volcano plots were created using EnhancedVolcano 1.5.0 

(RRID:SCR_018931) (Blighe et al. 2019). Protein-protein associations that may result 

from co-differential expression of genes were drawn using String database 
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(RRID:SCR_005223) (Szklarczyk et al. 2019). The Venn diagrams were plotted using 

the tool available at the url: http://bioinformatics.psb.ugent.be/webtools/Venn/. 

Representation of cell-type specific markers: The analysis of the presence of markers of 

different cell-types in substantia nigra was performed by using the data base curated by 

Mancarci et al.(Mancarci et al. 2017) The overlap between the cell-type specific markers 

in different SN cell-types and the significantly differentially expressed genes was 

determined. 

Cell-type specific analysis of differential gene expression: Reference-based differential 

expression of genes specifically in dopaminergic neurons from human SN was 

estimated using the package TOAST (Li and Wu 2019; Li et al. 2019) in R. The 

reference matrix for estimation of proportional expression of genes in different cell types 

in the substantia nigra was generated from the single cell RNA sequencing data 

(GSE140231) published by Agarwal and colleagues (Agarwal et al. 2020) analyzed 

using the package Seurat (RRID:SCR_016341) (Hao et al. 2021) in R. 

Projected network analysis on human differentially expressed genes: Gene expression 

data generated by performing microarray on human post-mortem brain tissue from 

neurologically and neuropathologically control individuals was used for the construction 

of basal gene expression network using weighted gene co-expression network analysis 

(WGCNA; RRID:SCR_003302). Normalised gene expression data (GSE46706) was 

obtained from GEO database. WGCNA (version1.51) on the SN dataset resulted in 

generation of 16 co-expression modules. The significantly differentially expressed genes 

from DESeq2 analysis were matched to each of the modules using hypergeometric test 

(performed on R) to calculate the significant representation of the DESeq2 genes within 

http://bioinformatics.psb.ugent.be/webtools/Venn/
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each of the modules. This data was then used to create network using Cytoscape version 

3.5.1 (RRID:SCR_003032). 

Quantitative real time PCR: Human total RNA (200 ng) was used for first strand cDNA 

synthesis using random hexamers, dNTPs and reverse transcriptase from the high 

capacity cDNA reverse transcription kit (Applied Biosystems Cat. No. 4368814). 

Quantitative real time PCR (qRT-PCR) was performed using SYBR green chemistry for 

GAP43, RET, LMX1B, EN1 and DAT. The nucleotide sequences for primers used for 

human tissue gene expression analysis are provided in supplementary table S2. Two 

endogenous controls, namely β-actin and GAPDH were used for normalization. For 

mouse SNpc samples, qRT-PCR was performed using SYBR green chemistry for Dat, 

Th, Lmx1b, En1, Ret and Gap43. The nucleotide sequences for primers used for mouse 

tissue gene expression analysis are provided in supplementary table S3. The qRT-PCR 

conditions are provided in supplementary table S4. 18S rRNA was used for 

normalization. 

LMX1B-GFP over expression construct: Expression construct for human LMX1B was 

subcloned from the tetO-ALN plasmid (Addis et al. 2011). tetO-ALN was a gift from 

John Gearhart (Addgene plasmid No. 43918; http://n2t.net/addgene:43918; RRID: 

Addgene_43918). The open reading frame (ORF) for human LMX1B was PCR-

amplified using the following primer sequences: Forward primer: 5’-HindIII-

GACGTCAAGCTTGCCACCATGTTGGACGGCATCAAG-3’; Reverse primer: 5’-BamHI-

GACCGGTGGATCCGCGGAGGCGAAGTAGGAAC-3’. The ORF thus PCR-amplified 

was sub-cloned at the multiple cloning site of pEGFP-N1 between HindIII and BamHI 
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restriction enzyme sites following standard ligation and bacterial transformation 

protocol. 

Experiments with SH-SY5Y cells: SH-SY5Y cells (ATCC CRL-2266; RRID:CVCL_0019) 

were cultured in Minimum Essential Medium Eagle (MEM; Sigma, Cat. No. M0643) that 

was supplemented with 10% v/v fetal bovine serum (FBS; Gibco, Cat. No. 26140079, 

Origin: U.S) and 1X penicillin-streptomycin (Gibco, Cat. No. 15070063). SH-SY5Y cells 

were plated at a confluency of 70% on glass cover slips (VWR, Cat. No. 26022) that 

were acid washed and precoated with poly-D-lysine (0.1 mg/ml) in 12-well plates. 

Within ~16 hours of plating, SH-SY5Y cells were transfected with LMX1B in 

pEGFP-N1 or pEGFP-N1 (control plasmid) using Lipofectamine LTX Reagent with 

PLUS Reagent (Invitrogen, Cat. No. 15338030) in OptiMEM medium (Gibco, Cat. No. 

22600-050). The media was changed to MEM with FBS and penicillin-streptavidin after 

6 hours. 

SH-SY5Y cells were treated with MPP+ (1mM; Sigma-Aldrich D048) 48 hours 

after transfection with LMX1B in pEGFP-N1 or pEGFP-N1 (control plasmid). The cells 

were washed with PBS and fixed with 2% paraformaldehyde (w/v) 24 hours after MPP+ 

exposure. For immunoblotting of LMX1B-GFP overexpression,, 48 hours post 

transfection, SHSY5Y cells were washed with ice cold PBS (pH7.4) and lysed in an ice 

cold RIPA buffer containing 50 mM Tris-HCl, (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% 

Nonidet P-40, 0.5% Sodium Deoxycholate, 0.1% SDS and supplemented with 

phosphatase (50 mM sodium fluoride, 1 mM sodium orthovanadate) and protease 

inhibitors (2 µg/ml aprotinin, 10 µg/ml leupeptin, 7 µg/ml pepstatin A, 100 µg/ml of 

phenylmethanesulfonyl fluoride (PMSF), benzamidine (100 µM),  and 50 µg/ml anti-
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pain. The cell lysate was centrifuged at 16000 x g for 30 min at 4C. After centrifugation, 

protein concentrations were measured by bicinchoninic acid (BCA) protein assay, and 

equivalent protein was used for immunoblotting. 

The extent of cell death following MPP+ treatment with pEGFP-N1 and LMX1B-

GFP overexpression was assessed by using the terminal deoxynucleotidyl transferase 

mediated dUTP-biotin nick end-labeling (TUNEL) method (In situ cell death detection 

kit, TMR red, Roche, Cat. No. 12156792910), according to the manufacturer’s protocol. 

Ten fields were imaged from three independent coverslips for each experimental 

condition. Analysis was performed to quantify the average number of TUNEL-positive 

(Red) cells and was blinded. 

Statistics: Samples were analyzed in triplicates. Relative gene expression was analyzed 

using Ct method. Data was analyzed and represented using Graphpad Prism 

(Graphpad Prism Inc, USA; RRID:SCR_002798). Statistical significance was 

determined using Student’s t test. All data are presented as mean  SEM. 
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Results 

Gene expression changes in mouse model of PD using MPTP 

RNA sequencing was performed on SNpc, dissected (Fig. 1A) from mice treated 

with a single dose (acute) of MPTP (30 mg/kg body weight) or daily for 14 days 

(chronic). While single dose of MPTP represents the first hit without substantial cell loss; 

about 30% loss of dopaminergic neurons is seen after 14 days of MPTP treatment 

(Saeed et al. 2009). Indeed, stereological examination of tyrosine hydroxylase (Th) 

positive neurons in SNpc revealed a 27% reduction in total number of dopaminergic 

neurons (Fig. 1B). Further, down-regulation of several dopaminergic genes such as, 

dopamine transporter (Dat), DOPA decarboxylase (Ddc) and vesicular monoamine 

transporter 2 (Vmat2) was observed after 14 days of MPTP treatment (Fig. 1C) but not 

after single exposure. Only Th was downregulated after both one and 14 days of MPTP 

treatment. 

Differential gene expression analysis of RNA-seq data from mouse SNpc (n = 5 

controls and 5 treated mice) after 24 hours following single exposure to MPTP revealed 

significantly (adjusted p <0.05) altered expression of 472 genes, 291 of which were 

upregulated and 181 were down-regulated (Fig. 1D and 1F). However, analysis of data 

from mouse SNpc (n = 3 controls and 3 treated mice) after 14 days of MPTP treatment 

showed significant (adjusted p <0.05) altered expression of 74 genes, 23 of which were 

upregulated and 51 were downregulated (Fig. 1E and 1G). Thus, fewer genes were 

perturbed as the disease progressed and cell loss continued. As evident from the Venn 

diagram (Fig. 1H), there was little overlap between the two sets suggesting the 

involvement of different molecular pathways during early and later stages of MPTP 
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treatment. Further, there was greater perturbation in terms of number of differentially 

expressed genes 24 hours after single dose of MPTP, which could be due to the 

adaptive response to the toxin. Analysis of cell-type specific markers expressed among 

the differentially expressed genes 24 hours after a single dose of MPTP revealed 

differential expression of markers of oligodendrocytes, microglia, astroglia, and 

dopaminergic neurons (supplementary Fig. S1A). However, a similar analysis for the 

differentially expressed genes after 14 days of MPTP treatment revealed differential 

expression of dopaminergic neuron markers and only one marker of microglia 

(supplementary Fig. S1B). A complete list of the differentially expressed genes is 

provided in the supplementary tables S5 and S6. (Figure. 1 should be placed here) 

Perturbation of different pathways seen at early and late stage of MPTP mouse model 

of PD 

Identification of gene ontology (GO) pathways including biological processes 

(BP), molecular function (MF), and cellular components (CC), which were populated by 

genes that were significantly up or downregulated in SNpc after single exposure to 

MPTP revealed an upregulation of pathways, such as innate immune response, 

inflammatory response, response to cytokine, cellular response to tumor necrosis factor, 

apoptotic processes, and MAPK cascade, and a downregulation of pathways, such as 

nervous system development (Fig. 2A and supplementary table S7). A similar analysis 

for the RNA-seq data from 14 days MPTP mouse SNpc did not show perturbation of 

innate immune response or inflammatory response. However, upregulation of pathways 

involved in functioning of extracellular exosome and downregulation of pathways 
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involved in functioning of, response to nicotine, regulation of dopamine metabolic 

process, and synapse (Fig. 2B and supplementary table S8). 

The circular plots for acute (Fig. 2C) and chronic (Fig. 2D) MPTP treatment 

shows hierarchical clustering of the significant genes based on functional categories 

and how they populate these categories along with their log2 fold change. Further, chord 

diagrams for differentially expressed pathways and their resident genes after single 

dose (Fig. 2E) and 14 days (Fig. 2F) of MPTP treatment show the significantly 

differentially expressed genes that populate at least three different pathways and their 

log2 fold change. (Figure. 2 should be placed here) 

The early stage of MPTP mouse model thus presents a canvas of molecular 

pathways that is quite dissimilar to what is observed at late stage of the model. It is also 

intriguing to note the absence of differentially expressed genes related to innate 

immunity and inflammatory response in SNpc from mouse treated with MPTP for 14 

days, wherein about 30% of dopaminergic neurons are lost. 

Gene expression changes in SNpc from human PD 

The anatomical landmarks used for dissection of SNpc are depicted in Fig. 3A. 

The top 30 differentially expressed genes are tabulated in Fig. 3B. Differential gene 

expression analysis through DESeq2 revealed significantly (adjusted p <0.05) altered 

expression of 367 genes, of which 103 were upregulated and 264 were downregulated 

in SNpc of human PD brain (n= 3 controls and 4 PD patients; Fig. 3C and 3D).  
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Complete list of differentially expressed genes is provided in supplementary table 

S9. Markers of dopaminergic neuron phenotype such as DAT, VMAT2, DDC, DRD2 and 

TH were significantly downregulated (Fig. 3E), which served as a positive indication of 

degeneration of dopaminergic neurons in SNpc in these samples. Components of the 

ubiquitin-proteasome pathway such as, PSMD12, UBE2T, UBFD1 and UCHL1 were 

downregulated in the human PD. Of the genes that were downregulated, UCHL1 (also 

known as PARK5) has been associated with familial PD (Maraganore et al. 2004). 

Dysregulation of the ubiquitin-proteasome pathway is one of the well-studied 

mechanisms implicated in the pathogenesis of PD (Cook and Petrucelli 2009). Further, 

analysis of cell-type specific markers expressed among the differentially expressed 

genes revealed differential expression of markers of dopaminergic neurons, microglia 

(deactivation, genes are downregulated in activated microglia), and astroglia 

(supplementary Fig. S1C). (Figure. 3 should be placed here) 

Neuron specific genes such as MAP2, RBFOX3 and TUBB3 were unchanged in 

human PD. Further, the mRNA expression of -actin and glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH), as assessed using qRT-PCR, remained unchanged as seen 

after normalization with ribosomal protein L13 (RPL13) in human PD (supplementary 

Fig S3). 

Pathway analysis reveals down regulation of dopaminergic neuron differentiation factors 

in human PD 

Pathway analysis, performed using the significantly differentially expressed 

genes, showed downregulation of functional clusters, such as those involved in synaptic 

vesicle recycling, regulation of synaptic plasticity, dopaminergic neuron differentiation 
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and locomotory behavior (Fig. 4A and supplementary table S10). We also clustered 

significantly expressed genes according to functional categories (Fig. 4B). Further, the 

chord diagram shows distribution of differentially expressed genes in pathways with 

their adjusted p values (Fig. 4C). An interesting set of genes that were perturbed 

significantly as highlighted is of those that belong to dopaminergic neuron differentiation 

as also those that define midbrain dopaminergic neuron development and maintenance. 

These include FOXA1, RSPO2, KLHL1, LMX1B, EBF3, PITX3, RGS4, ALDH1A1, RET, 

FOXA2, EN1, DLK1, GFRA1, LMX1A, NR4A2, GAP43, SNCA, PBX1 and GRB10 (Fig. 

4D). (Figure. 4 should be placed here) 

Weighted gene co-expression network analysis (WGCNA) on the SN dataset 

obtained from GEO database resulted in generation of 16 modules as described in the 

Methods section. Significantly differentially expressed genes from DESeq2 analysis 

were matched to each of the modules using hypergeometric test to calculate the 

significant representation of the DESeq2 genes within each of the modules. Only one 

out of 16 modules showed significant representation of the DESeq2 genes. All the 

correlations of the DESeq2 genes within this module were then isolated with the weights 

of correlation. This dataset now has information on a gene, every other gene that it co-

expressed with and the weight of correlation. This data was used to create network 

using Cytoscape v3.5.1. The resultant network was highly dense (supplementary Fig. 

S2). 

All the genes in the network that are downregulated were classified into genes 

that are markers of dopaminergic neurons, gene involved in synaptic vesicle release, 

ubiquitin proteasomal system and genes important for development and maintenance of 
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dopaminergic phenotype. Several genes that are important markers of dopaminergic 

phenotype were represented in the network. These genes included TH, DOPA, DDC, 

DAT, DRD2, and VMAT2. Several genes that are important for development and 

differentiation of dopaminergic neurons were also observed in the network. These 

genes involved include LMX1B, FOXA1, EN1, DLK1, RET, KLHL1, EBF3, GDNF, 

GFRA1, and GAP43. 

Further, we validated the downregulation of the genes belonging to the pathway 

related to differentiation of midbrain dopaminergic neurons, namely, GAP43, RET, 

LMX1B and EN1 in SNpc from PD autopsy tissue using qRT-PCR. Evaluation of TH 

mRNA was not performed since four different isoforms exist in the human brain (Grima 

et al. 1987; Lewis et al. 1993) while a single TH isoform is present in the mouse brain 

(Iwata et al. 1992), creating difficulty in choosing a single TH sequence as a suitable 

reference marker for qRT-PCR in human tissue. Down-regulation of DAT, a marker for 

dopaminergic neurons was seen (Fig. 5A), which is expected following dopaminergic 

neuronal death in SNpc. This is indeed an interesting observation considering that 

genes involved in differentiation of dopaminergic phenotype are indeed important for its 

maintenance and their downregulation could impact the health of dopaminergic neuron. 

We further validated the downregulation of genes using an alternate method of 

normalization, that is, Cufflinks and also after regressing the data for age, post mortem 

interval (PMI) and RIN using DESeq2 (supplementary tables S11 and S12) and found 

that majority of the selected genes were significantly downregulated through both the 

analyses. Moreover, we performed cell-type specific analysis after estimation of cell 

type proportions on dopaminergic neurons from the data from PD patients to account for 
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the presence of other cell types, namely, astrocytes, microglia, and oligodendrocyte 

precursor cells and showed that many of the selected genes were downregulated in the 

dopaminergic neurons specifically (supplementary table S13). Though the 

downregulation of GAP43 does not have a significant adjusted p value but only a 

significant p value, it was significantly downregulated in the qRT-PCR experiments. 

The RNA-seq data from mouse SNpc following MPTP treatment for 14 days did 

not show significant adjusted p values for Lmx1b, En1 and Ret even though the raw 

reads had decreased by 39, 18 and 37%, respectively. However, these genes were 

significantly downregulated when examined using qRT-PCR (Fig. 5B). The 

downregulation of these genes in mouse model of PD demonstrate that the 

dysregulation of this pathway occurs both in mouse and human. (Figure. 5 should be 

placed here) 

Protein-protein interactions that can potentially result from co-expression 

changes in the genes involved dopaminergic neurons differentiation, is depicted in Fig. 

6A using String database (Szklarczyk et al. 2019). Further, mapping these interactions 

based on existing data (Fig. 6B) revealed LMX1B as an important gene upstream to the 

expression of many genes involved in dopaminergic midbrain neuron development, 

differentiation and maintenance. Thus, we see that the whole ensemble of genes 

(LMX1B, FOXA1, RSPO2, KLHL1, LMX1B, EBF3, PITX3, RGS4, ALDH1A1, RET, 

FOXA2, EN1, DLK1, GFRA1, LMX1A, NR4A2, GAP43, SNCA, PBX1 and GRB10) that 

are essential for dopaminergic neuron development, differentiation and maintenance 

are downregulated in human PD, including those that are downstream of LMX1B. 
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Therefore, we overexpressed LMX1B and assessed its effect on MPP+ mediated cell 

death. 

LMX1B overexpression rescues SHSY-5Y from MPP+ toxicity 

Recombinant human LMX1B-GFP was over expressed in SH-SY5Y neuronal cell 

line, as confirmed by immunoblotting (Fig. 6C; supplementary Fig. S4), which were then 

exposed to parkinsonism-inducing toxin, MPP+. We observed that while exposure to 

MPP+ led to significant death in SH-SY5Y cells as measured using TUNEL assay, 

overexpression of LMX1B-GFP led to significant reduction in the percentage of TUNEL 

positive cells (Fig. 6D and 6E). Our results, therefore, show that LMX1B is capable of 

rescuing SH-SY5Y cells from MPP+ mediated cell death. (Figure. 6 should be placed 

here) 
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Discussion 

In this study, global changes in the transcriptome were studied in precisely 

dissected substantia nigra pars compacta (SNpc) from MPTP mouse model of PD after 

acute and chronic MPTP treatment using RNA sequencing (supplementary Fig. S5). 

Further, RNA sequencing was also performed on SNpc from PD patients and age-

matched controls. A single dose of MPTP resulted in a larger number of differentially 

expressed genes in mouse SNpc as compared to 14 days treatment with MPTP. Gene 

expression changes in SNpc from mice after single exposure to MPTP resulted in 

dysregulation of pathways related to immune and inflammatory system. However, after 

14 daily doses of MPTP and in human PD, these pathways were not enriched. While 

Riley and colleagues have indeed reported dysregulation of several inflammatory 

pathways (Riley et al. 2014), it is essential to note that the RNA-seq in their study was 

performed on substantia nigra which would include contribution from the GABA-ergic 

neurons of pars reticulata. The present study, on the other hand, evaluates gene 

expression changes in specifically substantia nigra pars compacta, which could explain 

the observed difference. Further, a recent transcriptomic study describes gene 

expression alteration in SN from the brain of PD patients in relation to Braak staging 

(Keo et al. 2020). Using co-expression analysis, Keo and colleagues have reported the 

dysregulation of genes related to dopamine synthesis, microglia, immune system, 

blood-oxygen transport, and endothelial cells. However, in the present study, when we 

analyzed only the significantly differentially expressed genes, we were able to identify 

the downregulation of an ensemble of genes involved in development and differentiation 

of midbrain dopaminergic neurons as a novel pathway involved in PD pathogenesis. 



 
24 

We, further, confirmed downregulation of these genes using qRT-PCR and validated the 

protective effect of overexpression of an upstream regulator of this pathway, namely, 

LMX1B, against MPP+ induced cell death in SHSY-5Y cells. 

When we compared the transcriptomic changes observed in 14 days MPTP 

mouse SNpc with human PD, we found similarity in terms of downregulation of the 

common genes involved in dopaminergic phenotype maintenance. Further, several 

pathways that were dysregulated in the 14 days MPTP mouse SNpc were similar to 

those observed to be perturbed in a microarray study on induced pluripotent stem cells-

derived dopaminergic neurons from PD patients (Fernández-Santiago et al. 2015). 

While few dysregulated pathways are common between MPTP model and human PD, 

the differences are predominant reinforcing the limited overlap of the molecular 

pathways involved in neurodegeneration. However, it is also to be noted that while the 

MPTP mouse model mimics substantia nigra degeneration, these mice do not 

recapitulate other lesions and consequently do not show all the symptoms of PD. 

Moreover, the differences observed could have stemmed from various other factors, 

such as species differences, the disease pathology being chronic, over days in humans 

as opposed to acute for only a few days/weeks for the mouse model, the status of the 

disease being end stage PD in humans versus early phase in animals, and the 

contribution of the loss of other neurons that might in turn affect dopaminergic neurons 

whereas in the model there is only a loss of dopaminergic neurons. These factors could 

explain the small number of common molecular pathways that were dysregulated in the 

mouse model and in PD brain. 
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The low log2 fold change values observed for some of the statistically 

significantly differentially expressed genes could potentially be attributed to the 

limitations of bulk RNA sequencing. In addition to the neurons, the dissected SNpc 

tissue will also have contribution from other glial cell types. Moreover, while ~70% of 

rodent SNpc neurons are dopaminergic, about 29% are GABAergic and 1–2% are 

glutamatergic (Nair-Roberts et al. 2008). Thus, the actual fold change in gene 

expression that may stem specifically from SNpc dopaminergic neurons may get diluted 

due to the presence of other cell types. We are aware of this limitation; however, it is 

still important to study gene expression in the surviving dopaminergic neurons. 

Two striking observations of this study are the lack of enrichment of genes 

involved in inflammatory and immune response and the downregulation of an entire 

ensemble of genes in SNpc from patients with PD that are well characterized for their 

role in maintenance of dopaminergic phenotype, namely, FOXA1, RSPO2, KLHL1, 

LMX1B, EBF3, PITX3, RGS4, ALDH1A1, RET, FOXA2, EN1, DLK1, GFRA1, LMX1A, 

NURR1, SNCA, PBX1, and GRB10 in human PD (Thuret et al. 2004; Jacobs et al. 

2009; Lei et al. 2011; Alavian et al. 2014; Domanskyi et al. 2014; Kramer and Liss 2015; 

Blaudin de Thé et al. 2016; Drinkut et al. 2016). The downregulation of these genes 

could presumably affect the expression of genes that define the dopaminergic 

phenotype, such as DAT, TH, DRD2 and DDC. GAP43 has been implicated in 

neurogenesis and its role in survival or maintenance of dopaminergic neurons is not 

clear (Murakami et al. 2007, 2011). A customized pathway analysis to investigate the 

enrichment of the differentially expressed genes also revealed the enrichment of the 

module containing genes important for dopaminergic phenotype. Further, a recent 
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single cell transcriptomic study (Agarwal et al. 2020) performed using human substantia 

nigra also demonstrated the expression of the genes including RSPO2, KLHL1, LMX1B, 

EBF3, RGS4, ALDH1A1, RET, EN1, GFRA1, NURR1, SNCA, and PBX1 in the 

dopaminergic neurons in SN suggesting the importance of these genes in SN. 

A summary of the functions of genes involved in development, differentiation and 

maintenance of dopaminergic neurons is presented in Fig. 6B. Sonic hedgehog (SHH), 

WNT1 and FGF8 are important early genes that induce the expression of FOXA2, 

LMX1A, LMX1B and EN1 during the earliest stages of midbrain dopaminergic neuron 

development, which further drive the expression of NURR1 and PITX3 and thereby lead 

to expression of TH, VMAT2, DRD2, DDC, DAT and ALDH1A1 that define the 

dopaminergic neuron phenotype (Simon et al. 2003; Prakash and Wurst 2006; 

Abeliovich and Hammond 2007; Hegarty et al. 2013; Arenas et al. 2015; Bissonette and 

Roesch 2016; Smidt 2017). Further, studies have implicated the role of genes such as 

RGS4, GRB10 and RSPO2 that are downstream LMX1A in midbrain dopaminergic 

neurogenesis and differentiation (Hoekstra et al. 2013b, a). Similarly, there is evidence 

that EBF3 may lie upstream of NURR1 and PITX3 (Baek et al. 2014) and PBX1 is 

upstream of PITX3 and EN1 (Veenvliet et al. 2013; Villaescusa et al. 2016; 

Kouwenhoven et al. 2017) and may play an important role in dopaminergic neuron 

development. Moreover, the expression of NURR1 and PITX3 is induced by GDNF/RET 

signaling and has been shown to be important for protection of dopaminergic neuron 

(Peng et al. 2011; Kramer and Liss 2015). It is also important to note that several 

studies have emphasized on the strong co-ordination among the members of this 

pathway such as NURR1 and FOXA2, PITX3 and EN1, NURR1 and EN1 and FOXA2 
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and LMX1A and B (Lin et al. 2009; Lee et al. 2010; Veenvliet et al. 2013; Alavian et al. 

2014; Kouwenhoven et al. 2017). 

While these genes are indispensable for the development of midbrain 

dopaminergic neurons, fewer studies have assessed their function in the adult SNpc. 

EN genes have been reported to be essential for survival of midbrain dopaminergic 

neurons and regulate the expression of -synuclein (SNCA) (Simon et al. 2001). 

LMX1A/B have been shown to be important for maintenance of dopaminergic neuron 

phenotype through their roles in regulating normal autophagic-lysosomal pathway 

(Laguna et al. 2015) and mitochondrial functions (Doucet-Beaupré et al. 2016). 

In the present study, we have observed the concomitant down-regulation of 

majority of the genes important for development and maintenance of dopaminergic 

neurons, which not only emphasize the role that this pathway plays in the pathogenesis 

of PD but also the interdependence of these genes in dopaminergic neuron survival. 

However, how these genes are downregulated so specifically in SNpc from patients with 

PD and their roles in the adult SNpc needs to be addressed. Importantly, we 

demonstrated that the overexpression of LMX1B-GFP, which is an upstream regulator 

of the midbrain dopaminergic neuron differentiation pathway, can rescue cell death as a 

result of MPP+ toxicity in the SH-SY5Y neuron cultures suggesting that a revival of this 

pathway could potentially rescue neurodegeneration in PD. 

It is to be noted that while we have carried out cell type specific analysis on the 

data, there is a differential cell composition in the substantia nigra pars compact which 

is contributed to the controls by just aging and in the PD brains by aging and disease. 

This is inherent problem in using autopsy tissues, which is well recognized but 
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nevertheless the identification of LMX1B as a major upstream regulator, which is 

dysfunctionally regulated in PD is very significant. 

While greater emphasis has been given to addressing the motor dysfunctions 

observed in PD, management of non-motor symptoms of PD including sleep and 

autonomic dysfunction, and psychiatric symptoms is increasingly becoming a larger 

burden. While two loci associated with SNCA have been identified as risk loci in a PD 

genome wide association study (GWAS)(Nalls et al. 2019), interestingly, a review of 

GWAS revealed the association of ALDH1A1 (Greenwood et al. 2019) and DRD2 

(Consortium 2014) with schizophrenia. DRD2 is also associated with alcohol 

consumption (Evangelou et al. 2019) and sleep deprivation (Lane et al. 2017). NURR1 

(Zhou et al. 2017) and LMX1A (Brazel et al. 2019) are associated with alcohol 

consumption while DAT (Jansen et al. 2019) and PBX1 (Spada et al. 2016) are 

associated with sleep duration. Further RET has been associated with cannabis 

dependence (Sherva et al. 2016) and smoking behavior (Matoba et al. 2019). Thus, we 

see that several of the genes dysregulated in PD are associated with addictive behavior 

and impact a variety of behavioral dysfunctions which co-occur with PD. The impact of 

downregulation of the genes as we see in the present study would potentially have far-

reaching effects beyond motor symptoms. However, the present study being exploratory 

in nature, further studies with larger sample size are warranted to confirm and better 

understand the role of these genes in PD. 

In conclusion, we demonstrate for the first time that an ensemble of 19 genes 

that govern and regulate the development of midbrain and emergence of dopaminergic 

phenotype in SNpc neurons are markedly downregulated in the PD samples analyzed in 
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our study. These not only include genes that are downstream of LIM homeobox 

transcription factor, LMX1B (PITX3 and ALDH1A1) and LMX1A (GRB10, RGS4, 

RSPO2, NURR1, KLHL1, DLK1 and RET), but also other genes that are upstream such 

as, FOXA2 and RET and genes regulated by FGF8 such as EN1; indicating that these 

genes are potentially important for the maintenance of dopaminergic neurons. 

Interventions that could potentially upregulate the key genes that lie upstream in this 

cascade could protect dopaminergic neurons and thus alter the progression of the 

disease. Thus, identification of this ensemble offers a new window for discovery of 

disease modifying therapies for PD.  
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Details of the patient samples are provided in Table 1. 

 

Case 
No 

Pathology Sex 
Age 

(years) 
PMI RIN 

Treatment 
at time of  

death 
Symptoms Origin 

Parkinson's disease 

3296 

Transitional 
Lewy body 
disease + 

Grain Disease 

M 81 24h 6.1 
Sinemet + 
Sifrol + 
Comtan 

akinesia + 
rigidity + 
gait 
disorders 

Sporadic 

4762 

Diffuse Lewy 
body disease 

+ Alz Ill 
lesions of 

Braak 

F 83 12h 6.3 
Modopar + 
Parlodel 

akinesia + 
rigidity + 
gait 
disorders + 
slight 
cognitive 
impairment 

Sporadic 

7555 

Diffuse Lewy 
body disease 
+ Alz I lesions 

of Braak  

F 80 23h 6.5 

l-Dopa 
sensitive  
no 
information 
about 
treatment 
at time of 
death 

akinesia + 
rigidity + 
gait 
disorders + 
slight 
cognitive 
impairment 

Sporadic 

7773 

Diffuse Lewy 
body disease 
+ Alz I lesions 

of Braak  

M 80 18h 6.7 

l-Dopa 
sensitive  
no 
information 
about 
treatment 
at time of 
death 
 
 
 
 
 
 
  

akinesia + 
rigidity 

GBA 
mutation 

E326K 
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Control 

4078 

Control: 
presence of 

lesions of 
subacute and 

chronic 
ischemia of 

cortico-
subcortical 

localization in 
moderate 

abundance 

M 73 10h 6.3 

    

  

7197 

Control with 
Braak stage II 

Alzheimer 
lesions + 
amyloid 

angiopathy  

M 85 10h 6.5   

  

  

3549 
Control right 
tonsil lesion  

M 69 6h 7 
    

  

 

 

 

 

 

 

 

 

 



 
49 

Legends to Figures 

Fig.1 Differential gene expression in SNpc from MPTP mouse model of PD. (A) A 

diagrammatic representation of SNpc dissection using coronal mouse midbrain 

sections. (B) Stereological analysis of tyrosine hydroxylase positive neurons in SNpc 

after 14 days of MPTP treatment (n=5). (C) Table depicting downregulation of genes 

specific to dopaminergic neurons in SNpc from 14 days MPTP treated mice. (D) and (E) 

The top 60 significantly differentially expressed genes after 1 day and 14 days of MPTP 

treatment, represented through heatmaps along with their log2 fold change, 

respectively. (F) and (G) Volcano plots for differentially expressed genes in SNpc from 1 

day and 14 days MPTP treated mice SNpc, respectively. (H) Venn diagram showing the 

overlap of the upregulated and downregulated genes between 1 day and 14 days MPTP 

treatment. Each dot represents an individual on the graphs. Comparisons between the 

groups were done using unpaired Student’s t test. Data are presented as mean  SEM. 

* indicates p<0.05. Panel A was created originally using Adobe Illustrator. Heatmaps for 

panels D and E were generated using the R package, pheatmap 1.0.12. Volcano plots 

for panels F and G were generated using the R package, EnhancedVolcano 1.5.0. The 

Venn diagram in panel H was plotted using the online tool available at the url: 

http://bioinformatics.psb.ugent.be/webtools/Venn/ 

Fig. 2 Differentially expressed pathways enriched in SNpc from MPTP mouse 

model of PD. (A) and (B) Bar diagrams for functional clusters derived using the 

Database for Annotation, Visualization and Integrated Discovery (DAVID) for 

significantly differentially expressed genes in 1 day and 14 days MPTP mouse model of 

PD, respectively. (C) and (D) Significantly differentially expressed genes and their 

http://bioinformatics.psb.ugent.be/webtools/Venn/
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distribution into pathways hierarchically clustered according to functional categories 

along with the adjusted p values for 1 day and 14 days MPTP treated mice SNpc using 

circular plots, respectively. The innermost space represents the hierarchical clustering 

of the genes while the inner circle represents the log2 fold change. (E) and (F) Chord 

diagrams for pathways depicting the significant genes that belong to at least three 

different pathways with their log2 fold change for 1 day and 14 days MPTP treatment in 

mice, respectively. All the panels in this figure were generated using the R package, 

GOplot 1.0.2 

Fig. 3 Differential gene expression in SNpc from human autopsy tissue samples. 

(A) Graphical representation of human midbrain nuclei, namely central gray substance 

(CGS), red nucleus (RN), peri and retro rubral dopaminergic cell group (A8), substantia 

nigra pars compacta (SNpc: A9), ventral tegmental area (VTA: A10). (B) Differential 

gene expression in PD-from human autopsy tissue. The list displays the top 30-

upregulated and downregulated genes in SNpc from PD autopsy tissue. The log2 fold 

change and adjusted p value are also provided along with gene names. (C) Heatmap 

depicting differentially expressed genes in SNpc from human PD (D) Volcano plot 

representing the relative numbers of upregulated and downregulated genes. (E) Down-

regulation of dopaminergic neuron markers in SNpc from autopsy tissue from PD 

patients. Panel A was created originally using Adobe Illustrator. Heatmap for panels C 

was generated using the R package, pheatmap 1.0.12. Volcano plots for panel D was 

generated using the R package, EnhancedVolcano 1.5.0 

Fig.4 Differentially expressed pathways enriched in SNpc from human autopsy 

tissue samples. (A) Bar diagram of the differentially regulated functional clusters as 
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derived using DAVID from the significantly differentially expressed genes. (B) Circular 

plot for the significant genes enriched in pathways where the innermost space 

represents the hierarchical clustering of the genes while the inner circle represents the 

log2 fold change. (C) Significantly differentially expressed genes that belong to at least 

two functional clusters and their log2 fold change as represented using a chord diagram. 

(D) Table of genes that are involved in development, differentiation and maintenance of 

midbrain dopaminergic neurons with their log2 fold change, p value and adjusted p 

value. Panels A–C were generated using the R package, GOplot 1.0.2 

Fig.5 Validation of down-regulation of genes involved in development and 

differentiation of midbrain DA neurons through qRT-PCR. (A) Relative level of gene 

expression of DAT, LMX1B, EN1, RET and GAP43 in on human autopsy SNpc as 

compared to age-matched controls as quantified using qRT-PCR. (B) Significant 

downregulation of Th, Dat, Lmx1b, En1 and Ret but not of Gap43 observed in SNpc 

from C57BL/6 mice treated with MPTP (s.c.) for 14 days. Each dot represents an 

individual on the graphs. Comparisons between the groups were done using unpaired 

Student’s t test. n = 5-8; data has been presented as mean  SEM. * indicates p<0.05 

Fig.6 LMX1B-GFP overexpression rescues SH-SY5Y from MPP+ toxicity. (A) String 

analysis of significantly perturbed midbrain dopaminergic neuron development, 

differentiation and maintenance genes. (B) Summary of role of genes involved in 

development and maintenance of SNpc dopaminergic neurons that were differentially 

expressed in human PD as derived from literature. (C) Immunoblot analysis of LMX1B-

GFP in SH-SY5Y cells after transfection with LMX1B-GFP overexpression (LMX1B in 

pEGFP-N1) plasmid. (D) Quantification of TUNEL positive cells per field n = 28–30 
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images, 8–10 images taken per coverslip taken over three independent coverslips. (E) 

Representative images of SH-SY5Y neurons depicting the presence of GFP or LMX1B-

GFP (green), TUNEL positive cells (red) and DAPI positive cells (blue) after 

overexpression of pEGFP-N1 (control plasmid) or LMX1B in pEGFP-N1 and treatment 

with 1 mM MPP+. Comparison between the groups was done using unpaired Student’s t 

test. Data represented as mean  SEM. One-way ANOVA with Tukey’s test for multiple 

comparison was performed to compare the different groups. * represents p<0.05. Scale 

bar represents 50 m. Protein-protein associations that may result from co-differential 

expression of genes shown in panel A were drawn using the String database. Panel B 

was created originally using Adobe Illustrator. 
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Figure. 1 
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Figure. 2 
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Figure. 3 
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Figure. 4 
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Figure. 5
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Figure. 6 
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Supplementary data 

 

Figure S1: Overlap of cell-type specific markers in differentially expressed 

genes. 

(A) Analysis of cell-type specific markers (Mancarci et al., 2017) expressed 

among the differentially expressed genes 24 hours after a single dose of MPTP, (B) 

after 14 days of MPTP treatment, and (C) in human PD autopsy tissue. 
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Figure S2: Projected network analysis of significantly differentially 

expressed genes in PD autopsy tissue.  

Representation of complete network of genes perturbed in PD. A weight cut-off of 

0.3 was placed which resulted in the network. The size of the node in the network refers 

to the degree of the node, i.e. number of connections the node has with other nodes. 

The degree of the node is also represented on a scale of red to blue, warmer colour 

referring to higher degree. Similarly, thickness of edge represents the weight of the 
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interaction which is also represented by the colour of the edge, warmer colours 

indicating higher weight of correlation. This figure was generated using Cytoscape. 

 

Figure S3: Lack of differential gene expression of -actin and GAPDH in 

human PD. mRNA expression of -actin does not change in PD human autopsy tissue 

as investigated through qRT-PCR when normalized to either 18S rRNA (A) or to RPL13 

(B). The expression of GAPDH also does not alter in PD upon normalization to 18S 

rRNA (C) and RPL13 (D). Each point represents an individual sample. For controls n=3, 

for human PD samples, n=4. Unpaired, two-tailed Student’ t test has been performed on 
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each control versus PD comparison. 

been presented as mean  Data has 

SEM. 
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Fig. S4. Full unedited immunoblots used for representation of Figure 6C. 

Immunoblot analysis of pEGFP-N1 or LMX1B in pEGFP-N1 over expression 

in SH-SY5Y cells. Lysates were prepared from SH-SY5Y cells after 48 hrs of transient 

transfection with pEGFP-N1 or LMX1B in pEGFP-N1 and subjected to SDS-PAGE 

followed by immunoblotting for anti-GFP antibody. Later, this blot was stripped and 

reprobed for β-actin as a loading control. 
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Fig. S5. Flowchart of methods and summary of main findings. (A) The 

flowchart gives an overview of the main steps in the analysis of the transcriptomics 

data. (B) The Venn diagram gives a summary and comparison of the important 

pathways that were found to be dysregulated in the MPTP mouse SNpc after a single 

dose and after 14 days of exposure and those that were dysregulated in the SNpc from 

human PD patients. 

 


