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Abstract

Background: Heatmaps are an indispensible visualization tool for examining large-scale snapshots of genomic
activity across various types of next-generation sequencing datasets. However, traditional heatmap software do not
typically offer multi-scale insight across multiple layers of genomic analysis (e.g., differential expression analysis,
principal component analysis, gene ontology analysis, and network analysis) or multiple types of next-generation
sequencing datasets (e.g., ChIP-seq and RNA-seq). As such, it is natural to want to interact with a heatmap’s contents
using an extensive set of integrated analysis tools applicable to a broad array of genomic data types.

Results: We propose a user-friendly ChiP-seq and RNA-seq software suite for the interactive visualization and analysis
of genomic data, including integrated features to support differential expression analysis, interactive heatmap
production, principal component analysis, gene ontology analysis, and dynamic network analysis.

Conclusions: MicroScope is hosted online as an R Shiny web application based on the D3 JavaScript library: http://
microscopebioinformatics.org/. The methods are implemented in R, and are available as part of the MicroScope
project at: https://github.com/Bohdan-Khomtchouk/Microscope.

Background
Most currently existing heatmap software produce static
heatmaps [21, 25, 26, 29, 32, 35, 36, 44], without fea-
tures that would allow the user to dynamically interact
with, explore, and analyze the landscape of a heatmap via
integrated tools supporting user-friendly analyses in dif-
ferential expression, principal components, gene ontolo-
gies, and networks. Such features would allow the user to
engage the heatmap data in a visual and analytical manner
while in real-time, thereby allowing for a deeper, quicker,
and more comprehensive data exploration experience.
An interactive, albeit non-reproducible heatmap tool
was previously employed in the study of the transcriptome
of the Xenopus tropicalis genome [41]. Likewise, manual
clustering of dot plots depicting RNA expression is an
integral part of the Caleydo data exploration environment
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[42]. Chemoinformatic-driven clustering can also be tog-
gled in the user interface of Molecular Property Explorer
[27]. Furthermore, an interactive heatmap software suite
was previously developed with a focus on cancer genomics
analysis and data import from external bioinformatics
resources [31]. Most recently, a general-purpose heatmap
software providing support for transcriptomic, proteomic
and metabolomic experiments was developed using the R
Shiny framework [1].

Moreover, an interactive cluster heatmap library, InCH-
lib, was previously proposed for cluster heatmap explo-
ration [39], but did not provide built-in support for gene
ontology, principal component, or network analysis. How-
ever, InCHIib concentrates primarily in chemoinformatic
and biochemical data clustering analysis, including the
visualization of microarray and protein data. On the con-
trary, MicroScope is designed specifically for ChIP-seq
and RNA-seq data visualization and analysis in the dif-
ferential expression, principal component, gene ontology,
and network analysis domains. In general, prior software
has concentrated primarily in hierarchical clustering,
searching gene texts for substrings, and serial analysis of
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genomic data, with no integrated features to support the
aforementioned built-in features [3, 37, 46].

As of yet, no free, open-source heatmap software has
been proposed to explore heatmaps at such multiple levels
of genomic analysis and interactive visualization capac-
ity. Here we propose a user-friendly genome software
suite designed to handle dynamic, on-the-fly JavaScript
visualizations of gene expression heatmaps as well as
their respective differential expression analysis, principal
component analysis, gene ontology analysis, and network
analysis of genes.

Implementation
MicroScope is hosted online as an R Shiny web server
application. MicroScope may also be run locally from
within R Studio, as shown here: https://github.com/
Bohdan-Khomtchouk/Microscope. MicroScope leverages
the cumulative utility of R’s d3heatmap [20], shiny
[19], stats [33], htmlwidgets [43], RColorBrewer [30],
dplyr [45], data.table [23], goseq [47], GO.db [4], and
networkD3 [24] libraries to create an integrative web
browser-based software experience requiring absolutely
no programming or statistical experience from the user, or
even the need to download R on a local computer.
MicroScope employs the Bioconductor package
edgeR [34] to create a one-click, built-in, user-friendly
differential expression analysis feature that provides
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differential expression analysis of gene expression data
based on the quantile-adjusted conditional maximum
likelihood (qCML) procedure and the Benjamini &
Hochberg correction. edgeR is a count-based statistical
method that expects input data in the form of a matrix
of integer values. The value in the i-th row and the j-th
column of the matrix tells how many reads (or fragments,
for paired-end RNA-seq) have been unambiguously
assigned to gene i in sample j [28]. Analogously, for other
types of assays, the rows of the matrix might correspond
e.g., to binding regions (with ChIP-seq), species of bac-
teria (with metagenomic datasets), or peptide sequences
(with quantitative mass spectrometry). In general, the
values in the matrix must be raw counts of sequencing
reads/fragments. This is important for the statistical
model to hold, as only the raw counts allow assessing the
measurement precision correctly. It is important to never
provide counts that were pre-normalized for sequenc-
ing depth/library size, as the statistical model is most
powerful when applied to raw counts, and is designed to
account for library size differences internally via a series
of built-in normalization procedures.

The edgeR results supply the user with rank-based infor-
mation about nominal p-value, false discovery rate, fold
change, and counts per million in order to establish which
specific genes in the data are differentially expressed with
a high degree of statistical significance. This information,
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MicroScope

Instructions DE Analysis

& Download Sample Input File

0) You can easily make a .csv file by simply saving your Microsoft Excel workbook as a .csv through ‘Save As'. Before saving as a .csv, your Excel file should look something

Choose File to Upload: like:

Choose File o file selected

microscopebioinformatics.org

Heatmap

[E2
Q
[}

PCA  GeneOntology  Network Analysis

- A B | C D | E
1 |Gene_Name Control1 Control 2 Experimental 1 Experimental 2
To perform statistical analysis, please select a file for input T Mrpl15 1974 1744 2085 2593
Run Statistics & Download Stats Table *37 Lyplal 1652 1442 1528 2197
4 |Tceal 4690 3858 5330 6625
5 |Rgs20 7 9 17
6 |Atp6vih 2093 1807 3504 4307

Please note that all cell values must be positive (.e., corresponding to raw gene expression values, i.e., read counts per gene per sample) from a ChiP-seq or RNA-seq
experiment. A sample .csv file is provided under the 'Download Sample Input File' button. Press that button, save the file to your computer, then click the ‘Choose File' button
to upload it. In offbeat cases where the input file is a combination of various standard (or non-standard) delimiters, simply use the ‘Text to Columns' feature in Microsoft Excel
under the 'Data’ tab to parse the file before using MicroScope.

1) After uploading a .csv file, navigate to the DE analysis tab, and specify 'Non-Control Samples' in the box below the button. By default, all remaining samples will be
designated as control samples. After pressing the 'Run Statistics' button, your statistical table will appear in the DE Analysis panel. Positive values of log2(FC) (i.e., fold

change) indicate in

expression analysis.

2) To draw a heatmap of these differential expression resuits, choose whether you want to use either the FDR cutoff or the P-value cutoff or both, by using the selection inputs
(this will only impact the heatmap itself). After clicking the ‘Draw Heatmap' button, navigate to the Heatmap panel to see the resultant heatmap. After you see a heatmap, click
and drag anywhere in the heatmap to zoom in. Click once to zoom out. Note that this click-drag:
you may get unexpectedly disconnected from the R Shiny servers this
login/re-upload/wait, or pre-filter your input dataset down to a set of genes of specific interest. You may also log-transform your data (and the resultant heatmap)
automatically, change color schemes, perform hierarchical clustering, etc..

3) To perform principal component analysis on your heatmap, specify your matrix type (i.e., covariance or correlation matrix) in the sidebar panel marked ‘Choose PCA
Option'. After pressing the ‘Run PGA' button, your PCA results will appear in the PCA panel. You may download both the biplot and screeplot to your computer using the
buttons provided. See the MicroScope publication for more details on the principal component analysis suite.

4) Feel free to download either the heatmap, PCA graphs, and/or differential expression analysis table to your computer using the buttons provided.

5) You may now navigate to the Gene Ontology panel for detailed instructions about performing GO analysis on the differentially expressed genes. You may then download the
gene ontology results to your computer.

6) After performing GO analysis, navigate to the Network Analysis panel for information about performing network analysis on the differentially expressed genes. You may
interact with the resultant network by clicking, zooming, and dragging any element of the network. You may also download the network analysis results to your computer.

7) For more information about this software, please visit the Mi To run Mi

window.

Fig. 1 MicroScope user interface. MicroScope Ul shown at login, showcasing the Instructions tab and differential expression analysis feature, as well
as features such as: sample file download, input file upload, ‘Run Statistics’ widget, and ‘Download Stats Table’ widget. Additional Ul features are
sequentially unlocked as the user progresses through the MicroScope software suite

samples (ie.,
in experimental samples (i.e., control samples have higher

samples have higher expression values relative to controls). Negative values indicate downregulation
ion values relative to experi See the Mi for more details on the differential

action is not for large input datasets (>= 5000 genes), as
intensive J: t-based task. In cases like this, it is best to either re-

on a new dataset, simply refresh the page or open a new browser
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in turn, is used to investigate the top gene ontology cat-
egories of differentially expressed genes, which can then
be conveniently visualized as interactive network graph-
ics. Finally, MicroScope provides user-friendly support for
principal component analysis via the generation of biplots,
screeplots, and summary tables. PCA is supported for
both covariance and correlation matrices via R’s prcomp()
function in the stats package.

Results and discussion

Figure 1 shows the MicroScope user interface (UI) upon
login. After a user inputs an RNA-seq/ChIP-seq data
file containing read counts per gene per sample, the
user is guided through the differential expression analysis
(Fig. 2) which, in turn, leads to the heatmap visualization
stage of differentially expressed genes at user-specified
statistical cutoff parameters (Fig. 3). Heatmaps visual-
izing statistically significant genes, as determined by
the differential expression analysis, can be customized
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in a variety of ways, through user-friendly methods
such as:

e Statistical parameters visualization cutoff widget
(p-value and/or FDR)

log, data transformation widget

Multiple heatmap color schemes widget
Hierarchical clustering widget

Row/column dendrogram branch coloring
widget

e Row/column font size widget

e Heatmap download widget

MicroScope allows the user to magnify any portion of
a heatmap by a simple click-and-drag feature to zoom
in, and a click-once feature to zoom out. MicroScope is
designed with large gene expression heatmaps in mind,
where individual gene labels overlap and render the text
unreadable. However, MicroScope allows the user to

Instructions DE Analysis Heatmap
logFC logCPM

Cflar 1.493E+00 1.288E+01
Illrll -1.113E+00 1.403E+01
Illrl -1.207E+00 1.188E+01
Nbeall 1.125E+00 1.234E+01
Plekhb2 9.879E-01 1.257E+01
Tmeff2 2.190E+00 9.711E+00
Dst 7.942E-01 1.475E+01
Aff3 -1.391E+00 1.036E+01
Nrp2 7.766E-01 1.325E+01
Rdh10 -1.265E+00 1.081E+01
Khdrbs2 9.304E+00 7.258E+00
Acadl 8.194E-01 1.227E+01
Aoxl 1.724E+00 9.086E+00
Plekhm3 9.041E-01 1.102E+01
Lactb2 9.583E-01 1.091E+01
Slc39al0 -5.774E-01 1.300E+01
Pil5 -1.039E+00 1.050E+01
Raphl 9.515E-01 1.113E+01
Fzd5 1.059E+00 1.087E+01
Hspel -4.644E-01 1.461E+01
Tmem70 -5.677E-01 1.245E+01
Faml50a -2.977E+00 6.626E+00
Pcmtdl 6.533E-01 1.163E+01

PCA Gene Ontology Network Analysis
PValue FDR
4.758E-133 1.675E-130

8.501E-89 1.496E-86

6.040E-76 7.087E-74
8.232E-68 7.244E-66
2.238E-62 1.576E-60
1.073E-59 6.292E-58
4.694E-58 2.360E-56
1.234E-50 5.431E-49
9.032E-48 3.533E-46
1.706E-44 6.004E-43
3.342E-41 1.069E-39
1.359E-38 3.987E-37
1.279E-31 3.463E-30
1.024E-29 2.424E-28
1.033E-29 2.424E-28
1.498E-27 3.296E-26
1.235E-26 2.557E-25
1.092E-25 2.136E-24
1.003E-24 1.858E-23
1.145E-22 2.015E-21
1.331E-21 2.231E-20
1.394E-21 2.231E-20
2.254E-20 3.450E-19

Fig. 2 Differential expression analysis tabulated results. Once the input data is uploaded, a quantile-adjusted conditional maximum likelihood
(qCML) procedure and the Benjamini-Hochberg correction are used to supply the user with information about the nominal p-value, false discovery
rate, fold change, and counts per million calculations for differentially expressed genes. The edgeR package is used
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MicroScope

Instructions DE Analysis

& Download Sample Input File
Choose File to Upload:
Choose File genes_file.csv

Specify Non-Control Samples:

Experimental.1 Experimental.2

Run Statistics & Download Stats Table
Choose Heatmap Statistical Criterion:

Pvalue v

Choose Cutoff for Pvalues in Heatmap

[ A (Tt P o e L e

0.001 {0.05]
log2 Transform Heatmap
Choose Color Scheme: 4
YIOrRd hd
Apply Clustering:
both 4
Color Row Branches: o
40 e
Color Column Branches: G,
%%,
4
Choose X Font Size:
03 [0.74] 2

row/column font size, and heatmap download button

Heatmap PCA Gene Ontology Network Analysis

Fig. 3 Interactive heatmap visualization. MicroScope heatmap options showcasing the magnification feature as well as features such as: statistical
parameter settings, log, data transformation, multiple heatmap color schemes, hierarchical clustering, row/column dendrogram branch coloring,

repeatedly zoom in to any sector of the heatmap to inves-
tigate a region, cluster, or even a single gene. MicroScope
also allows the user to hover the mouse pointer over
any specific gene to show gene name, expression level,
and column ID. It should be noted that specifying the
heatmap statistical parameters impacts the contents of the
heatmap visualization itself, as stringent cutoffs will nat-
urally result in less genes displayed. However, the down-
stream PCA or gene ontology or network analysis is not
impacted by these heatmap visualizations. In other words,
all downstream analyses are performed on the entire input
dataset. It should also be noted that prior to visualizing
heatmaps in MicroScope, experiment-specific data nor-
malization procedures are left to the discretion of the user
[2, 22, 38, 40], depending on whether the user wants to
visualize differences in magnitude among genes or see
differences among samples.

One of the user-friendly features within MicroScope
is that it is responsive to the demands asked of it by
the user. For example, gene ontology analysis buttons
are not provided in the UI until a user runs differential
expression analysis, which constitutes a prerequisite step
required prior to conducting a successful gene ontology
analysis. In other words, MicroScope is user-responsive
in the sense that it automatically unlocks new features

only as they become needed when the user progresses
through successive stages in the software. Furthermore,
MicroScope automatically provides short and convenient
written guidelines directly in the Ul to guide the user to
the next steps in the usage of the software. As such, com-
plex analytical operations can be performed by the user
in a friendly, step-by-step fashion, each time facilitated by
the help of the MicroScope software suite, which adjusts
to the needs of the user and provides written guide-
lines on the next steps to pursue. It should be noted that
the differential expression analysis in MicroScope (qCML
and Benjamini & Hochberg correction) is designed to be
broadly applicable to be run on any ChIP-seq or RNA-seq
data inputted by the user.

Following the successful completion of the differen-
tial expression analysis and interactive heatmap visual-
ization, a user is automatically supplied a suite of UI
widgets to perform principal component analysis. The
user is given the choice to specify the matrix type (i.e.,
covariance or correlation matrix) in the sidebar panel
marked ‘Choose PCA Option’ After the PCA is com-
pleted, the user is supplied with a biplot and screeplot
to visualize the results, as well as tabulated informa-
tion showing the relative importance of each principal
component.
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MicroScope

Instructions ~ DEAnalysis ~ Heatmap =~ PCA  GeneOntology  Network Analysis

& Download Sample Input File

Choose File to Upload: Inportance of components:
Choose Fil genes file.csv PC1 PC2 pC3 pca

Standard deviation 3552.8743 484.37760 64.83898 56.29837
Proportion of Variance  0.9812 0.01824 0,00033 0.00025

Cumulative Proportion  0.9812  ©.99943 ©.99975 1.00000
Specify Non-Control Samples:

Experimental.1 Experimental.2 Screeplot

Run Statistics | & Download Stats Table
Choose Heatmap Statistical Criterion:

120007

Pvalue -

800406

Choose Cutoff for Palues in Heatmap

0001 (005

Variances

400406

log2 Transform Heatmap

Choose Color Scheme:

0.0e400

YiorRd -

Apply Clustering:
both - Biplot
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Color Row Branches:
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Fig. 4 Principal component analysis. Tabulated summary table of importance of principal components, as well as biplot and screeplot graphics

visualizations, are produced to investigate variation and patterns in gene expression

15000 20000

Instructions DE Analysis Heatmap PCA Gene Ontology Network Analysis

GOID: G0:0043231

Term: intracellular membrane-bounded organelle

Ontology: CC

Definition: Organized structure of distinctive morphology and function,
bounded by a single or double lipid bilayer membrane and occurring
within the cell. Includes the nucleus, mitochondria, plastids,
vacuoles, and vesicles. Excludes the plasma membrane.

Synonym: intracellular membrane-enclosed organelle

GOID: G0:0043227

Term: membrane-bounded organelle

Ontology: CC

Definition: Organized structure of distinctive morphology and function,
bounded by a single or double lipid bilayer membrane. Includes the
nucleus, mitochondria, plastids, vacuoles, and vesicles. Excludes
the plasma membrane.

Synonym: membrane-enclosed organelle

GOID: G0:0032403

Term: protein complex binding

Ontology: MF

Definition: Interacting selectively and non-covalently with any protein
complex (a complex of two or more proteins that may include other
nonprotein molecules).

GOID: GO:0044444

Term: cytoplasmic part

Ontology: CC

Definition: Any constituent part of the cytoplasm, all of the contents
of a cell excluding the plasma membrane and nucleus, but including
other subcellular structures

Synonym: cytoplasm component

GOID: G0:0071840

Term: cellular component organization or biogenesis

Ontology: BP

Definition: A process that results in the biosynthesis of constituent
macromolecules, assembly, arrangement of constituent parts, or
disassembly of a cellular component.

Synonym: cellular component organisation or biogenesis

Synonym: cellular component organisation or biogenesis at cellular

Fig. 5 Gene ontology analysis tabulated results. Top gene ontology categories are automatically calculated and returned as a ranked list in the Ul
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Following the successful completion of the PCA (Fig. 4),
the user is prompted with more UI widgets to proceed
to the gene ontology analysis. Specifying values for these
features and clicking the Do Gene Ontology Analysis
button returns a list of the top gene ontology (GO) cat-
egories according to these exact specifications set by the
user (Fig. 5). To perform the gene enrichment analysis,
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MicroScope uses the Wallenius non-central hypergeomet-
ric distribution to retrieve p-values for each GO cate-
gory analyzed. Specifically, the goseq package implements
a default option to use the Wallenius distribution to
approximate the true null distribution, without any sig-
nificant loss in accuracy [47]. After a null distribution
is established, each GO category is then tested for over

Instructions ~ DE Analysis ~ Heatmap ~ PCA  Gene Ontology

Instructions PCA Gene Ontology

DE Analysis

Heatmap

gene_ontology interconnectivity and network architecture

Network Analysis

Network Analysis

e reiulation of molecular function
~

Fig. 6 Network graphics visualizations of top gene ontology categories. Differentially expressed genes belonging to the respective gene ontology
categories are automatically displayed during the network analysis of the data. Top ten gene ontologies (and their respective genes) are shown
here. Networks are zoomable and dynamically interactive, allowing the user to manually drag nodes across the screen to explore gene_name-—
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and under-representation amongst the set of differentially
expressed genes, and the null is used to calculate a p-value
for over and under-representation. Supported organisms
for GO category analysis include: human [5], mouse [6],
rat [7], zebrafish [8], worm [9], chimpanzee [10], fly [11],
yeast [12], bovine [13], canine [14], mosquito [15], rhesus
monkey [16], frog [17], and chicken [18].

The successful completion of this step can be fol-
lowed up by running a network analysis on the top
GO categories, thereby generating network graphics
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corresponding to the number of top gene ontology cat-
egories previously requested by the user (Fig. 6). Nodes
represent either gene names or gene ontology identifiers,
and links represent direct associations between the two
entities. In addition to serving as a visualization tool,
this network analysis automatically identifies differentially
expressed genes that are present within each top gene
ontology, which is a level of detail not readily available
by running gene ontology analysis alone. By immediately
extracting the respective gene names from each top gene

Instructions

DE Analysis

Heatmap ~ PCA

Instructions DE Analysis Heatmap PCA

with the GO category “intracellular membrane-bounded organelle”

Gene Ontology

Gene Ontology

Network Analysis

Network Analysis

Fig. 7 Network analysis visualizations of first ranked gene ontology vs. top-two ranked gene ontologies. Comparison of dynamically interactive
network graphics at various user-specified gene ontology settings (e.g., ‘Choose How Many Top Gene Ontologies to Display’ button in the Ul).
Clearly, the GO category “membrane-bounded organelle” contains two unique genes, while the rest are (perhaps unsurprisingly) shared in common
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ontology category, MicroScope’s network analysis features
serve to aid the biologist in identifying the top differen-
tially expressed genes in the top respective gene ontology
categories. Figure 7 compares interactive network visual-
izations of the top two gene ontologies, thereby demon-
strating the immediate responsiveness of MicroScope’s
network graphics to user-specified settings (e.g., number
of top gene ontologies to display widget).

Conclusion

We provide access to a user-friendly web application
designed to visualize and analyze dynamically interac-
tive heatmaps within the R programming environment,
without any prerequisite programming skills required of
the user. Our software tool aims to enrich the genomic
data exploration experience by providing a variety of
complex visualization and analysis features to investigate
gene expression datasets. Coupled with a built-in analytics
platform to pinpoint statistically significant differentially
expressed genes, an interactive heatmap production plat-
form to visualize them, a principal component analysis
platform to investigate variation and patterns in gene
expression, a gene ontology platform to categorize the
top gene ontology categories, and a network analysis plat-
form to dynamically visualize gene ontology categories at
the gene-specific level, MicroScope presents a significant
advance in heatmap technology over currently available
software.

Availability and requirements

® Project name: MicroScope

e Project home page:
http://microscopebioinformatics.org
Operating system(s): Platform-independent
Programming language: R, Shiny
Other requirements: Internet connectivity
License: GNU General Public License version 3.0
(GPL-3.0)
® Any restrictions to use by non-academics: No

Abbreviations

DE: Differential expression; FDR: False discovery rate; GO: Gene ontology; PCA:
Principal component analysis; gCML: Quantile-adjusted conditional maximum
likelihood; Ul: User interface
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