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Abstract

Over the last decade, a large number of glia transcriptome studies has been 
published. New technologies and platforms have been developed to allow access 
and interrogation of the published data. The increase in large transcriptomic data 
sets allows for innovative in silico analyses to address biological questions. 
Here we present BRAIN-SAT, the follow-up of our previous database GOAD, with 
several new features available on an interactive platform that enables access to 
recent, high quality bulk and single cell RNA-Seq data. The combination of several 
functions including gene searches, differential and quantitative expression 
analysis and a single cell expression analysis feature enables the exploration of 
published data sets at different levels. These different functionalities can be used 
for	 researchers	 and	 research	 companies	 in	 the	neuroscience	field	 to	 evaluate	
and visualize gene expression levels in a set of relevant publications. Here, we 
present a new platform with easy access to published gene expression studies 
for data exploration and gene of interest searches.
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Introduction

Due to the large number of transcriptomic studies over the last few years and the 
generation of single-cell RNA sequencing data, a vast amount of transcriptome 
data has become available in various repositories. However, the available 
datasets are processed with a variety of sequencing techniques and materials, 
which	results	in	different	technological	batches	that	are	difficult	to	compare	and	
combine. Another complexity is caused by the often unprecise or even incomplete 
dataset descriptions that make it challenging to compare transcriptomic datasets 
and to perform meta-analyses. Using the guidelines for data management and 
storage as outlined in the FAIR concept (Wilkinson et al., 2016; Manzoni et al., 
2018) might lead to improved open accessibility of datasets, enabling re-usage 
of data.
 For the re-use of data, we previously created the glia open access 
database (GOAD) (Holtman, Noback, et al., 2015) to provide and harmonize 
previously published high-quality glia transcriptome datasets. GOAD contains a 
collection of selected studies where researchers can evaluate the differences 
in	gene	expression	by	selecting	predefined	comparisons.	To	improve	GOAD	and	
implement novel functionalities, we developed the BRAin INteractive Sequencing 
Analysis Tool (BRAIN-SAT) to introduce a user-friendly, interactive application 
to re-analyze published data. This application analyzes raw transcriptome data 
(bulk and single-cell) from available dataset (studies are represented in Table 
1). For proper harmonization, all datasets in BRAIN-SAT were preprocessed and 
stored in the same format. These harmonized data sets can then be used for 
different visualizations to interpret the data (Figure 1). 
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Table 1: Available studies in BRAIN-SAT: This table consists of all the current available studies that 
are	present	in	BRAIN-SAT.	Information	regarding	first	author,	publication	year,	species,	PubMed	id	and	
GEO number are annotated.

First author Year Species Pubmed ID GEO Nr

Butovsky 2015 Hs 25381879 GSE52946

Carbajosa 2018 Mm 29906661 GSE104381

Chiu 2013 Mm 23850290 GSE43366

Galatro 2017 Hs 28671693 GSE99074

Gosselin 2014 Mm 25480297 GSE62826

Hanamsagar 2017 Mm 28618077 GSE99622

Keren-Shaul 2017 Mm 28602351 GSE98971

Matcovitch-Natan 2016 Mm 27338705 GSE79818

Spitzer 2019 Mm 30654924 GSE121083

Srinivasan 2016 Mm 27097852 GSE75246

Tay 2018 Mm 30185219 GSE90975

Thion 2018 Mm 29275859 GSE108045

Vainchtein 2018 Mm 29420261 GSE109354

Voet 2018 Mm 29789522 GSE97536

Wendeln 2018 Mm 29643512 GSE104630

Xu 2018 Hs 30320555 GSE101913

Xu 2018 Mm 30320555 GSE101915

Xu 2018 Rn 30320555 GSE101917

Zhang 2014 Mm 25186741 GSE52564

Zhang 2015 Hs 26687838 GSE73721

BRAIN-SAT, as a successor of GOAD, contains more interactive functionalities for 
transcriptome analysis. BRAIN-SAT is built on the database structure of MOLecular 
GENetics Information Systems (MOLGENIS) (Swertz et al., 2010). Where BRAIN-
SAT utilizes the integrated database and R application programming interface 
(API) from MOLGENIS, to perform bulk and single-cell data analyses.
 The differential and quantitative expression analysis functions are, 
like	 in	GOAD,	 still	 available	but	modified	 into	a	more	user-friendly	 format.	The	
fast-interactive function is particularly noticeable in the differential expression 
analysis (DEA) utility, where the comparisons rely on raw counts, which are 
stored in the database. This setup enables us to add new studies faster, since 
now	they	only	need	to	be	aligned	and	quantified	before	 the	studies	are	stored	
in the database. A second interactive part of BRAIN-SAT are the images, which 
facilitate the outcome of the different analyses, additional information regarding 
the data can be observed when hovering over the visualization.
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 An improved feature of BRAIN-SAT is the gene search function. This 
functionality consists of data values of several studies (cross-study) and 
organisms in one analysis. The log2(counts per million) of the average expression 
values per condition were used as data values for this purpose. 
 In addition, BRAIN-SAT has a new feature i.e. a single-cell sequencing 
analysis function. Several single-cell glia studies have been selected to visualize 
single-cell expression data in interactive t-distributed stochastic neighbor 
embedding (tSNE) (van der Maarten and Hinton, 2008) plots where the quantitative 
expression values of genes are displayed.

QE
analysis

Search 
utility

DE
analysis

scRNA-Seq
analysis

Figure 1: Overview BRAIN-SAT: Raw data of published transcriptome data sets is used as input 
for	BRAIN-SAT	where	 the	alignment	and	quantification	are	done	 to	obtain	 the	gene	counts	of	 the	
various studies. BRAIN-SAT uses this information of different studies, to process this data with 
different analysis pipelines to visualize the outcome. The search utility enables the visualization of 
gene expression levels in different cell types among all available studies. Quantitative expression 
analysis	enables	 the	quantification	of	gene-expression	 levels.	Differential	expression	analysis	can	
be performed to determine changes in gene expression between two conditions. The scRNA-Seq 
analysis offers visualizations in the form of a tSNE plot to depict gene expression differences in the 
scRNA-Seq studies.
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Materials and Methods

MOLGENIS
MOLGENIS (Swertz et al., 2010) is a toolkit that consists of several bioinformatics 
structures and user interfaces that can be used for managing and processing 
scientific	data.	For	BRAIN-SAT,	several	MOLGENIS	components	were	used:	 the	
front end, data tables, and available scripting tools. The front end represents the 
BRAIN-SAT layout and is the starting point of various analyses. The MOLGENIS 
data tables store aligned reads that are used throughout the rest of BRAIN-SAT 
and can be accessed with the use of the representational state transfer (REST) 
API. The R API facilitates the interactive analyses for transcriptome data and the 
JavaScript	module	enables	features	that	are	specific	for	BRAIN-SAT.

Alignment pipeline
Raw	fastq	files	of	bulk	RNA-Seq	are	processed	through	a	standardized	pipeline,	
where	fastq	files	are	obtained	through	the	gene	expression	omnibus	(GEO)	(Edgar,	
Domrachev and Lash, 2002) or the European Nucleotide Archive (ENA) (EMBL-
EBI, 2019). Low-quality base pairs in the sequence are trimmed. Alignment is 
performed with the use of HiSat2 (Kim, Langmead and Salzberg, 2015). Sequences 
are aligned with the following genomes: human (GRCh38), mice (GRCm38), and 
rat (Rnor6.0). Samtools (H. Li et al., 2009)supporting short and long reads (up to 
128 Mbp and Picard (Broadinstitute, 2016) are used after the alignment, different 
functions and additional parameters used which are explained in Table 2. After 
the aforementioned steps listed in Table 2, HTSeq (Anders, Pyl and Huber, 2015) 
is	 used	 to	 quantify	 the	 reads	 into	 count	 files	 (with	 the	 function	 htseq-counts)	
which are used in R algorithms for further analysis. Currently, single-cell studies 
in	BRAIN-SAT	are	processed	from	the	raw	count	files	that	are	provided	by	GEO.
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Table 2: Explanation additional functions: The various steps and functions used in this paper are 
explained in	this	table,	where	the	additional	parameters	are	defined.	

Step Function Additional parameter(s)

1 samtools view

2 picard SortSam SO=coordinate
CREATE_INDEX=true

3 picard AddOrReplaceReadGroups SORT_ORDER=coordinate
CREATE_INDEX=true

4 picard MergeSamFiles SORT_ORDER=coordinate
CREATE_INDEX=true 
USE_THREADING=true

5 picard MarkDuplicates CREATE_INDEX=true

Bulk RNA-Seq analysis
After	 the	 alignment	 step,	 raw	 reads	 are	 filtered	 with	 the	 data-adaptive	 flag	
method for RNA-Seq data (DAFS) (George and Chang, 2014). This method uses 
a combination of the Kolmogorov-Smirnov statistics and multivariate adaptive 
regression splines to determine an optimal threshold value per sample to 
separate	high	and	low	expressed	genes.	The	outcome	of	this	filtering	was	stored	
in the MOLGENIS database. 
 The differential expression analysis function required two selected 
conditions, and is followed by procedures that are provided by the edgeR package 
(Robinson, McCarthy and Smyth, 2010), this analysis uses two selected conditions. 
The conditions are alphabetically ordered and based on this arrangement, the 
first	occurring	element	is	then	used	as	a	baseline	during	the	analysis.	This	first	
occurring element consists of a list of genes with a negative log fold change 
(FC). Whereas a positive log FC indicates an increase in gene expression for the 
other condition. Differentially expressed genes are represented in an interactive 
scatterplot, that is generated with Plotly (Plotly Technologies Inc., 2015), and is 
accompanied by a data table that consists of the gene symbol, log FC, and false 
discovery	rate	(FDR).	The	data	table	can	be	used	to	find	the	logFC	and	FDR	of	the	
gene of interest, and the interactive scatterplot displays the overall differences 
between the two conditions. These differences can be examined in more detail 
with the use of the zoom and hovering function that is available in the scatterplot.
 The quantitative expression analysis uses transcript per million (TPM) (B. 
Li et al., 2009) to transform the data for the bar graph visualization (D3js (Bostock, 
Ogievetsky and Heer, 2011)). TPM values show the number of transcription 
copies of a gene in a condition of interest in the selected studies.
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Single cell RNA analysis
Downloaded	 single-cell	 transcriptome	data	 sets	were	 exposed	 to	 two	 filtering	
steps.	First,	cells	with	less	than	500	expressed	genes	were	identified	as	empty	
cells and removed from the dataset. Second, quantiles were calculated based on 
the	gene	expression,	where	genes	in	the	first	quantile	range	(0-25th	percentile)	
were used for further analysis. From these genes, only the 100 most abundant 
genes	per	condition	were	obtained,	filtering	out	low	expressed	genes.	This	number	
is	altered	when	a	study	contains	more	than	five	different	conditions.	Ultimately,	
one matrix, with 500 columns and 10,000 rows, was created that could be used 
for downstream analysis  
 A SingleCellExperiment (Lun and Risso, 2019) object was created, from 
the count per million (CPM) values, and used for the rest of the process. The 
tSNE (van der Maarten and Hinton, 2008) is calculated with the highest possible 
perplexity; this value is dependent on the dataset. Values of the tSNE proceed to 
a Vue component (You, 2013) that calls on Plotly to generate an interactive plot. 
Searching a gene leads to the communication between the Vue component and 
the database. The counts are collected and passed to the Vue component, which 
uses this information to calculate the opacity for each dot (representing a cell).
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Results

Basic features
BRAIN-SAT is a platform that facilitates interactive analyses of published RNA-
Seq data from brain cells. By collecting various types of input data, we were able 
to create various visualizations that correspond with the belonging analysis. 
The homepage of BRAIN-SAT (Figure 2) contains the following elements: (5) the 
search engine, that visualizes a gene of interest in several datasets and (6) the 
publications tab, where the (meta)data of processed studies are located. The 
publication tab allows the performance of the DEA or QEA after selecting the 
study of interest in the available studies. The homepage contains three buttons 
(see	the	top	left	of	the	blue	bar).	The	“home”	button	(1)	is	used	to	return	to	the	
home screen. An important section of this application is the tutorial page, which 
can	be	accessed	when	the	“education	hat”	icon	is	clicked	(2).	The	“gear”	button	(3)	
redirects the user to the materials and methods page, which briefly explains the 
application that was used to create BRAIN-SAT and the workflow of the different 
analyses. The last button (the envelope) (4) leads to the contact information of 
the individuals that were most involved in the generation of BRAIN-SAT.

Figure 2: BRAIN-SAT homepage: Other pages can be accessed by using the available buttons: (1) 
homepage, (2) tutorial, (3) material and methods and (4) contact pages. The homepage of BRAIN-SAT 
contains two major functions: (5) the gene search bar and (6) the publications tab, which shows the 
available studies in BRAIN-SAT. 

Gene search
The BRAIN-SAT search engine on the homepage is used to illustrate the level 
of gene expression (log2(CPM)) based on different studies (cross-studies). An 
example of a search is represented in Figure 3, where the gene AXL was used. 
The dot plot visualizes the median (or mean when only two replicates were 
available) expression of the control conditions from each study. Where each 
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different color is an indication for a unique study and each shape (dot, square, or 
diamond) represents a different species. The dot plot in Figure 3 shows the gene 
expression levels in several cell types, indicated on the x-axis. Hovering over a 
shape	in	the	plot	activates	a	text	box	that	consists	of	more	information;	the	first	
line contains the actual log2(CPM) value, and the second line shows the name 
of	the	first	author	and	belonging	publication	year.	The	third	line	consists	of	other	
information, like the region of origin and/or strain.

Figure 3: Cross-laboratory search of AXL: The x-axis depicts different cell types, both glia and 
neuronal subtypes. The y-axis shows the abundance (log2(CPM)) of AXL, which is indicated by the 
median (or mean) value that that is observed in the conditional samples. The color of the dot plots 
represents different studies (indicated by the author and year) and the shape of the data points (dot, 
square or diamond) represent the different organism.

Quantitative expression analysis
The quantitative expression analysis (QEA) functionality is accessible through 
the publication section, which consists of a collection of different studies. This 
analysis is done for each study separately, were different percentile ranges are 
used to describe the expression. The percentile description is ranked from not 
expressed to very high expressed (percentile range 0-5). For demonstration 
purposes, the gene Aldh1l1, astrocytes marker, was searched in the dataset 
from Zhang and coworkers (Zhang et al., 2014). In Figure 4, a moderately high 
expression (percentile range 10-20) can be observed for the Aldh1l1 gene in 
astrocytes. The error bar indicates the highest and lowest TPM values concerning 
the median (or mean) of all samples. Indicating that the expression level of 
Aldh1l1 was very consistent between the different samples.
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Figure 4: Aldh1l1 search (Zhang et al., 2014): The x-axis represents different conditions that are 
present in the study. The y-axis shows the gene expression (TPM). The colors of the bar plots can 
be used to indicate the expression level of the gene in a condition. A description of the percentile is 
shown when hovering over the bar plot.

Differential expression analysis
The DEA functionality enables an interactive pairwise comparison between two 
conditions to reveal changes in gene expression. Figure 5 shows the DEA between 
newly formed oligodendrocytes (NFO) and myelinating oligodendrocytes (MO). 
The volcano plot can be separated into two parts. The left side of the plot shows 
genes that are more abundant in the MO condition (logFC < -1). Whereas, the right 
side of the plot shows genes that are more abundant in NFO cells (logFC > 1). The 
data table next to the plot depicts the -log10(FDR) and logFC of a gene of interest. 
A	 gene	 is	 only	 available	 in	 the	 table	 if	 the	 gene	 is	 significantly	 differentially	
expressed (FDR < 0.05 and an absolute logFC > 1). 
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Figure 5: DEA NFO vs MO (Zhang et al., 2014): The left side of the page represents a volcano 
plot where the x-axis represents the logFC values and the y-axis the -log10(FDR) values. Each dot 
represents a differentially expressed gene, where the top-most right (NFO) or top left (MO) corners 
represent	the	most	changed	and	significant	differences	between	the	conditions.	The	right	side	of	the	
page contains a data table with genes that were found to be differentially expressed with their logFC 
and -log10(FDR) values.

Single cell analysis
The newest feature is the analysis of single-cell data, which enables the 
visualization of the gene expression abundance in the cells with the highest 
expression level. The study of Matcovitch-Natan and coworkers is used to explain 
the features of the interactive tSNE (Figure 6a). Each dot represents a cell, and 
the color of the dot indicates a different condition. The x- and y-axes represent 
the two dimensions. The gene expression of Irf8 can be observed in Figure 6b 
with the use of three different visualizations, to indicate the gene expression. 
The	first	visualization	is	an	adaptation	to	the	tSNE.	The	transparency	of	the	dot	
is	dependent	on	the	gene	expression	in	the	cell.	A	more	“solid”	dot	indicates	high	
gene expression, whereas a transparent dot indicates low/no gene expression. 
Specific	differences	in	gene	expression,	based	on	the	condition,	can	be	seen	in	
the boxplot and pie chart. The boxplot shows that the highest expression of Irf8 
can	be	observed	in	the	condition	“brain	microglia	E12.5”.	The	pie	chart	indicates	
that half of the detected Irf8 expression was derived from the “brain microglia 
E12.5”	samples.
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Figure 6: Single cell feature (Matcovitch-Natan et al., 2016): The output of the single cell analysis 
feature,	which	 is	 divided	 into	 two	 parts.	 (A)	The	 tSNE	 is	 generated	 first,	where	 the	 x-	 and	 y-axes	
represent	 the	 first	 and	 second	 dimension.	 Each	 dot	 represents	 a	 cell	 and	 the	 colors	 are	 used	 to	
distinguish the conditions. (B) The dot transparency in the tSNE are altered after searching “Irf8”	in	
the data of Matcovitch-Natan et al. (2016). The boxplot (top right) and the pie chart (bottom right) are 
used to indicate the expression per condition for “Irf8”	in	more	detail.	
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Comparison of BRAIN-SAT with other web applications
To date, several online available applications can be used to perform a quantitative 
expression analysis. The most recent applications are: GOAD (Holtman, Noback, 
et al., 2015), the Brain RNA-Seq application from Barres’s lab (Barres Lab, no 
date), Neuroexpresso (Mancarci et al., 2017) and the microglia single-cell 
atlas (Hammond et al., 2019). These applications will be discussed below and 
summarized in Table 3.

Table 3: Functionalities applications: This table consists of a summary of various functions that are 
included	in	well-known	applications	in	the	current	research	field.

GOAD Brain RNA-Seq NeuroExpresso Microglia 
single cell

BRAIN-SAT

Gene search x x x x x

QEA x x x

DEA x x x

Single cell analysis x x

Multiple organism x x x

Cross library x x

Processing pipeline ? x x

Interactive figures x x x

Interactive analyses x

Fast platform x x x x

GOAD aimed to generate an accessible platform for glia biologists without the 
requirement of bioinformatics expertise. On this website, various studies were 
available that consisted of several glia subtypes in different neurodegenerative 
diseases.	 This	 information	 was	 obtained,	 aligned,	 quantified,	 saved	 into	 a	
database, and used for visualization purposes. Brain RNA-Seq (Barres Lab, no 
date) generated by Barres’s lab enables open access to the lab’s mouse and 
human data. The interface of the web application is easy to use. Besides, it 
is possible to access the quantitative expression of several datasets that are 
publicly available on the website. Neuroexpresso (Mancarci et al., 2017) is a cross-
laboratory database that combines data from GPL339 and GPL1261 micro-array 
chips with a single cell RNA-Seq dataset (Tasic et al., 2016). With this application, 
it is possible to identify novel genetic markers from homeostatic conditions of 
various cell types. The microglia single-cell atlas by the lab of Stevens, contains 
single-cell RNA-Seq data of microglia samples isolated at several ages across 
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the lifespan from both female and male mice. Furthermore, the data includes 
microglia from saline and lysolecithin injected white brain matter. A visualization 
aspect is available through the results from the search engine of the website.
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Discussion

The generation of BRAIN-SAT enabled the open accessibility of the data available 
from published studies. The FAIR principle was introduced to improve the 
available infrastructures and to encourage data reusage (Wilkinson et al., 2016). 
We aimed to create an application that followed these principles when feasible. 
BRAIN-SAT consists of (meta)data that are globally unique, the data is open 
access and contains author and study information. In addition, data is shared 
and could be further used for knowledge representation. Implementation of other 
principles might improve our application, where more (high quality) information 
concerning samples and (meta)data can be provided.
 Since the release of GOAD, several other applications became 
available for public use (Table 3). These applications offer a range of different 
functionalities to explore the available single-cell and bulk RNA-Seq data. BRAIN-
SAT was created to facilitate interactive transcriptome analyses, adding additional 
features such as performing the DEA and single-cell RNA-Seq data. To gather 
datasets	in	the	neuroscience	field,	we	introduce	a	platform	that	researchers	can	
use on open access data. The layout of BRAIN-SAT focuses on gene searches 
and enables open access to the available data sets. Furthermore, we can update 
the application much faster, generating a more up to date application. The future 
perspectives for this application are as follows.
 Fast incorporation of new studies in BRAIN-SAT, since data sets only 
need	 alignment	 and	 quantification.	 By	 limiting	 the	 number	 of	 studies,	we	 can	
create a collection of studies that showed major contributions within the glia 
field. Adaptations of the website can be made based on new developments 
in	 the	field,	an	example	of	 this	 is	 the	 inclusion	of	 the	single-cell	analysis.	With	
the implementations of the above-mentioned perspectives, we aim to generate 
an interactive platform that enables researchers to access published data and 
analyze it without extensive bioinformatics expertise. 
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