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Abstract
Clustered heatmaps are the most frequently used graphics for
visualization of molecular proﬁling data in biology. However,
they are generally rendered as static, or only modestly interactive,
images. We have now used recent advances in web technologies
to produce interactive "next-generation" clustered heatmaps
(NG-CHM) that enable extreme zooming and navigation without
loss of resolution. NG-CHMs also provide link-outs to additional

information sources and include other features that facilitate deep
exploration of the biology behind the image. Here, we describe an
implementation of the NG-CHM system in the Galaxy bioinformatics platform. We illustrate the algorithm and available computational tool using RNA-seq data from The Cancer Genome Atlas
program's Kidney Clear Cell Carcinoma project. Cancer Res; 77(21);

Introduction

What we wanted, in contrast, was a dynamically interactive
CHM environment. Accordingly, we invoked a tiling technology
to produce "next-generation" clustered heatmaps (NG-CHM)
with the following interactive capabilities, among many others:

A heatmap is a two-dimensional visual representation of data
in which numerical values of points are represented by a range of
colors. Heatmaps have been used in a variety of ﬁelds from
environmental science to ﬁnancial analysis to geology. In the
early 1990s, we introduced clustered heatmaps (CHM) into
"omic" biology, initially for pharmacogenomic analysis (1), then
for integrated visualization of genomic, transcriptomic, proteomic, pharmacologic, and functional data (2). They have since
become the ubiquitous way to visualize patterns in molecular
proﬁling data, for example, from microarrays and sequencing
technologies (3–9). The essence of the graphic is that clustering
both rows and columns brings like together with like to produce
patches of color that correspond to patterns in the data. Algorithms other than clustering (e.g., rank ordering of rows and/or
columns) can also be used. CHMs have appeared in many
thousands of publications, but in the context of biology, they
have been presented as static images or images with only modest
interactive character (9).
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Extreme zooming without loss of resolution for drill-down
into large data matrices.
Fluent navigation.
Link-outs from labels or pixels to a variety of pertinent
annotation resources, including GeneCards, PubMed, the
Gene Ontology, Google, and cBioPortal.
Annotation with pathway data.
Flexible real-time recoloring.
Capture of all metadata necessary to reproduce any chosen
state of the map, even months or years later.
High-resolution graphics that meet the requirements of all
major journals.

Galaxy (10) is a widely used open-source bioinformatics platform with a web interface that enables researchers to perform
many data analyses without programming. It provides an extensive collection of computational tools from many scientiﬁc
domains.

Results
We have created NG-CHM builder and visualization tools for
the Galaxy platform. Supplementary Video S1 demonstrates the
key interactive capabilities of NG-CHMs, and Supplementary
Video S2 demonstrates NG-CHMs within Galaxy. See http://
bioinformatics.mdanderson.org/main/NG-CHM-V2:Overview
for detailed information about the NG-CHM system, as well as
download instructions, additional videos, and a detailed user
guide. We have made the NG-CHM tool available as both (i) a
standalone Docker image running Galaxy with the NG-CHM
tool preloaded; and (ii) a separate tool that can be installed in
one's own instance of Galaxy.
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Figure 1.
Screenshots of the NG-CHM viewer. A, Screenshot of the viewer showing RNA-seq data from the TCGA project. Left, overview of the entire heatmap; right, zoomed
view of the highlighted region. The location of the zoomed view is indicated on the left by a green rectangle. The bar at the top contains interactive control
elements, including controls for zooming, changing zoom mode, searching, generating a PDF, saving a local copy, and changing map options. B, Context-speciﬁc menus,
which are displayed when the user right-clicks on a label. Top, link-outs for TCGA sample identiﬁers; bottom, link-outs for gene symbols. C, Dialog for recoloring on the ﬂy.
The user can create a color map manually or choose a predeﬁned color palette. The user can also choose the colors used for grid lines and the selection.

This section introduces the NG-CHM Viewer through an
illustrative application to mRNA expression [RNA sequencing
(RNA-seq)] data from The Cancer Genome Atlas (TCGA) Kidney
Clear Cell Cancer (KIRC) project (11). Our aim is not to describe
all available features or to provide a user guide (which can be
found at the website), but rather to indicate the range of capabilities for exploratory research.
Figure 1A shows an NG-CHM for TCGA level 3 RNA-seq data
(log-transformed) for 3,538 highly variable and/or cancer-interesting genes (rows) across 534 KIRC samples (columns). The lefthand panel shows the entire dataset. Immediately above the data
matrix are a number of "covariate" bars (several for genes frequently mutated in KIRC and one each for pathologic subtype,
pathologic stage, and mRNA cluster to which the sample was
assigned). In general, a large number of discrete- and/or continuous-valued covariate bars can be included. Dendrograms produced by any hierarchical clustering method can be displayed or
the data can be ordered in any user-deﬁned way.
For this NG-CHM, we divided the samples into ﬁve clusters
(bottom covariate bar) based on the dendrogram. The second
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(green) cluster shows strong enrichment for samples with
chromophobe-like pathology. The chromophobes (deﬁned histologically by tumor cells with well-deﬁned borders, voluminous
cytoplasm, and ﬁnely reticular, low-grade nuclei) constitute
approximately 5% of kidney cancers.
Analogous NG-CHMs can be generated for many other types of
data including miRNA expression, protein expression, DNA
methylation, DNA copy number change, and mutational status.
The objective is to illuminate patterns of similarity and difference
in the data, then to drill down to explore the biology behind those
patterns.
Overall patterns can be identiﬁed in the global view to
the left in Fig. 1A. In this example, a prominent feature is the
patch of highly overexpressed (red) genes that deﬁne the
small (green) chromophobe cluster in molecular terms.
However, individual pixels and labels are too small to be
distinguished, hence the need for the zoomed-in view
shown in the right-hand panel of Fig. 1A. A green rectangle
in the left-hand panel shows the current position of the
zoomed view.
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The NG-CHM system provides a rich assortment of view controls to set the zoomed view easily and rapidly to the desired focus.
Of note, Ribbon View mode enables one axis to zoom, while the
other shows all rows or columns.
NG-CHMs can have multiple layers, each with its own color
map, and the user can toggle rapidly among the layers. The
example NG-CHM includes layers for different data normalization methods.
NG-CHMs provide context-dependent menus for selected
row(s), column(s), or matrix element(s). Some menu entries
(e.g., "copy to clipboard") are standard across all heatmaps; others
are speciﬁc to the type of data in the map. The row labels in Fig. 1A
are gene symbols, so the speciﬁc row menu entries (Fig. 1B)
include links to gene-speciﬁc resources, such as GeneCards. The
column labels are TCGA sample identiﬁers, so the column menu
includes the speciﬁc entry View in cBioPortal (12). NG-CHMs
based on different row or column types have different menu
entries, for instance, miRNA identiﬁers link to miRBase.
Menu entries can also operate on groups of rows or columns.
For instance, the gene-speciﬁc View Ideogram menu entry displays
the locations of all selected genes on an interactive ideogram view
of the genome.
For quickly locating a speciﬁc label, the search box can be used
to select and highlight any matching rows and/or columns. The
adjacent arrow buttons enable zooming to the search results.
The Color Scheme dialog (Fig. 1C, bottom right) enables the
user to choose a predeﬁned color scheme or create a new one on
the ﬂy.
The NG-CHM system enables the user to generate a highresolution PDF suitable for publication in any of the major
journals. The PDF can include the global view, current zoomed
view, or both, as well as legends for the covariate bars.
The user can save a copy of the NG-CHM to his/her computer.
Any changes made, for instance, changes to the color scheme, will
be included in the saved copy. Fully interactive copies can be
viewed in a standalone version of the NG-CHM Viewer and easily
shared with colleagues.
In our Docker image, the Galaxy NG-CHM Builder is available
in the Heat Map collection on the left of the Galaxy window
(Supplementary Fig. S1). Once selected, the Builder displays an
input form in which to specify the name, description, dataset(s),
clustering options, and covariates to be included in the heatmap.
After that information has been supplied, clicking the Execute
button submits a Galaxy job to build the map, and a job summary
is displayed. When the job has completed, clicking on the Visualize icon at the bottom of the job summary displays the NGCHM in the Galaxy window. Clicking on the Download icon saves
a copy to one's computer.

Discussion
NG-CHMs enable the user to visualize and explore patterns in
large data matrices by ﬂuent zooming and navigation. Contextdependent menu entries enable the user to address a wide range of
questions about the data or information behind the data. We have
illustrated how the NG-CHM system can be used to explore the
results of a molecular proﬁling experiment using as an example a
gene versus sample NG-CHM for KIRC gene expression data from
TCGA. In the process, we explored a cluster of overexpressed genes
in a small group of chromophobe-like samples.
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The NG-CHM system provides a unique, ﬂuently navigable
visual environment tightly coupled to an extensive and extensible
collection of context-dependent link-outs to external resources.
We demonstrated the NG-CHM system using a "standard" gene
versus sample CHM. However, the system fully supports data
from other domains, as well as many other forms of heatmap, for
example, gene versus gene and sample versus sample NG-CHMs,
maps that correlate data from different platforms, Gene Ontology
maps, and maps in which one axis consists of clinical or histopathologic image features. NG-CHMs provide a wide range of
interactive capabilities, including the ability to produce publication-quality images.
We have also developed a variety of tools for building and
viewing NG-CHMs outside of Galaxy. For instance, we have a
standalone version of the NG-CHM Viewer and an R package for
building NG-CHMs.
Future enhancements to the Galaxy NG-CHM system will
include a tool for modifying an existing NG-CHM. We also plan
to make the content-speciﬁc menu entries easier to customize, and
we plan to port additional NG-CHM features to the Galaxy
environment.
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