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Abstract

Motivation: Analysis of focal copy number variations (CNVs) is highly relevant for cancer research, as they pinpoint
driver genes. More specifically, due to selective pressure oncogenes and tumor suppressor genes are more often
affected by these events than neighboring passengers. In cases where multiple candidates co-reside in a genomic
locus, careful comparison is required to either identify multigenic minimally deleted regions of synergistic co-
mutations, or the true single driver gene. The study of focal CNVs in large cancer genome cohorts requires special-
ized visualization and statistical analysis.

Results: We developed the GenomeTornadoPlot R-package which generates gene-centric visualizations of CNV
types, locations and lengths from cohortwise NGS data. Furthermore, the software enables the pairwise comparison
of proximate genes to identify co-mutation patterns or driver-passenger hierarchies. The visual examination pro-
vided by GenomeTornadoPlot is further supported by adaptable local and global focality scoring. Integrated into the
GenomeTornadoPlot R-Package is the comprehensive PCAWG database of CNVs, comprising 2976 cancer genome
entities from 46 cohorts of the Pan-cancer Analysis of Whole Genomes project. The GenomeTornadoPlot R-package
can be used to perform exploratory or hypothesis-driven analyses on the basis of the PCAWG data or in combination
with data provided by the user.

Availability and implementation: GenomeTornadoPlot is written in R script and released via github: <https://github.
com/chenhong-dkfz/GenomeTornadoPlot/>. The package is under the license of GPL-3.0.

Contact: l.feuerbach@dkfz-heidelberg.de

1 Background

Copy number variations (CNVs) play a central role in the etiology
of many cancer types (Zhang et al., 2016). They can lead to amplifi-
cations, loss of heterozygosity or complete loss of genetic informa-
tion, and thus, enact gain-of-expression in oncogenes, as well as,
loss-of-function mutation in tumor suppressors.

In the analysis of CNVs, the notion of focality has become an
important criterion to distinguish actual tumor driving lesions
from functionally irrelevant alterations (Zhang et al., 2016). The
current working definition defines focal CNVs as events which
are below 1 or 3 Mb in length (Bierkens et al., 2013; Bignell
et al., 2010). These events have for instance been described for
lung- (Bierkens et al., 2013), colon- and breast cancer (Bierkens
et al., 2013; Garnis et al., 2006), in which well-established can-
cer driver genes like PTEN, CDKN2A and RB1 are observed to
be linked to recurrent focal CNVs (Garnis et al., 2006; Leary
et al., 2008).

Cooperative cancer genome sequencing projects, such as TCGA
and ICGC, provide massive cohortwise genomic datasets (Tate
et al., 2019; The ICGC/TCGA Pan-Cancer Analysis of Whole
Genomes Consortium, 2020). These datasets provide an unprece-
dented statistical power for basepair-resolution in silico CNV ana-
lysis. Here, we provide a user-friendly software package
implemented in R for the visualization and quantitative analysis of
focal CNVs in large pan-cancer genome cohorts.

2 Implementation

2.1 Data input
CNV information is provided in an extended BED format that
includes chromosome identifier, start position, end position, a score
that indicates the CNV ploidy as well as additional information on
the cohorts-of-origin and patient ID. Data can be either provided ex-
clusively for the gene or gene-pair of interest, or as a combination of
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a genome-wide dataset and a gene model. In the second case, the
gene model is used to generate a database of gene-specific CNVs.

We also provided preprocessed CNV data from 2976 whole-
genome cancer genomes of the 46 cancer cohorts from the
PCAWG project (Harrow et al., 2012; The ICGC/TCGA Pan-

Cancer Analysis of Whole Genomes Consortium, 2020), which is
divided in one RData file per chromosome for direct import to R.

The data can be downloaded here: <https://github.com/chenhong-
dkfz/GenomeTornadoPlot-files>.

2.2 Visualization
GenomeTornadoPlot provides multiple visualization modes, which

can display the CNVs of any single gene or gene pair in one chromo-
some as a specialized ideogram. For any single gene of interest, the
corresponding chromosome is displayed as an ideogram, and vari-

ation events will be aligned beside it in regard to the regions they
span. By default, CNVs are ordered by length in ascending order,
creating in case of focally affected genes a characteristic tornado

shape. Users can also sort CNVs by variation type, ploidy or cohort
by setting the appropriate parameters. For the genes whose func-

tions are complex in different cancer types, GenomeTornadoPlot
allows to display the loss-of-function and gain-of-function varia-
tions at each side of the chromosome ideogram. For the convenience

of reading, our package allows users to zoom and rotate the plots
through parameter settings.

In case of gene pairs, GenomeTornadoPlot will automatically
generate a ‘twin plot’ for both genes. CNV events of each gene

are sorted on each side of the chromosome ideogram.
Meanwhile, a ‘mixed plot’ will be generated in which common
CNVs are displayed differently, to discriminate co-mutation pat-

terns from passenger effects. Moreover, the focality scores and
distribution entropy are annotated beside the tornado plot. All

plots can be exported as vector-graphics files or stored as R
objects.

2.3 Focality score and entropy
Driver genes show distinct patterns for which either focal copy
number gains or losses are enriched. Capturing this feature math-

ematically in the form of a focality score allows to screen and
compare a large number of genes, and only generate

GenomicTornadoPlots for the most promising candidates. The
default focality score is defined as:

S ¼
Xm

i¼1

ðlogðLmax � LiÞÞ (1)

where m is the total number of focal variation events and the cap-

ping value Lmax is the length of the longest CNV event that still is
counted as focal and used to exclude large events such as chromo-
somal arm losses. Besides this default score, our package supports

further scoring methods including user-defined schemas. A detailed
discussion of all provided focality scores can be found at the reposi-

tory page.
To discriminate pan-cancer driver genes from cancer-subtype

specific events, the package computes the Shannon-entropy using
the cohorts-of-origin as individual clusters. To improve the inter-
pretability of the entropy score, users may consider grouping cohorts

into meaningful metacohorts that, for instance, contain all cases
belonging to a certain cancer-subtype.

2.4 ShinyApp
GenomeTornadoPlot package provides a shiny app, which can be

launched from the R console. With this interface users can input
their CNV files and modify the parameters. The tornado plots will
be displayed in the window and can also be exported as image files.

3 Applications

The following four examples were generated with the PCAWG dataset

and demonstrate the core functionality of the GenomeTornadoPlot
package (Fig. 1).

In addition to using the comprehensive PCAWG dataset, it is
possible to use self-produced data to create GenomicTornadoPlots.

These smaller datasets can either be integrated with the PCAWG
database or visualized independently.

4 Conclusion

We developed an R-package called GenomeTornadoPlot for vis-
ualizing and performing statistical analysis of focal CNVs for
multiple large cancer cohorts. The integrated PCAWG database

allows users to perform exploratory or hypothesis-driven analy-
ses without additional data or to integrate self-produced small

datasets to address biologically relevant questions in silico. For
easy application, the GenomeTornadoPlot has an implemented
ShinyApp. GenomeTornadoPlot is a helpful tool to identify can-

cer-related genes and explore the selection-driven accumulation
of focal CNVs in cancer.

Fig. 1. Examples of broadly acknowledged cancer-related CNVs illustrated via

TornadoPlots with the provided PCAWG dataset. (A, B) CNVs of PTEN through-

out cohorts—PTEN plays important roles as a tumor suppressor gene in many can-

cer entities (Chu and Tarnawski, 2004). (A) The characteristic tornado shape

illustrates the enrichment of focal deletions events of the PTEN locus. Coloration

by cohorts-of-origin and the respective pie chart, support the pan-cancer nature of

this event, but also illustrate an enrichment of focal events in prostate cancer. (B)

Comparison of different levels of deletions (blue shades, left side) and amplifications

(red shades, right side) verifies the abundance of focal, bi-allelic deletions as a typ-

ical tumor-suppressor signature. (C) Example of zoomed-in mixed plot—detection

of minimally deleted co-mutation patterns in ERG and TMPRSS2: ERG is known

as a proto-oncogene and its overexpression is related to cancer development. The

promoter of TMPRSS2 and the gene body of ERG are both located on chromosome

21 and frequently form a fusion gene in prostate cancer by genomic deletion (Liu

et al., 2001; Weischenfeldt et al., 2013). This results in the oncogenic upregulation

of ERG. In the mixed plot, co-mutation patterns dominate over single-locus events,

implying a synergistic effect rather than two individual driver genes. CNV deletions

occurring in ERG and TMPRSS2 with nearly equal length further suggest positive

selection pressure on a gain-of-function event. (D) CNVs of LRP1B throughout co-

hort—the zoomed-in and vertical arranged tornado shape plots shows the intragenic

deletions and amplifications in LRP1B. LRP1B is a putative tumor suppressor. It is

functionally related to clearance of extracellular ligands and signal transduction

(Liu et al., 2001). In the magnified tornado plot dashed lines illustrate the gene

boundaries. Remarkably, many intragenic deletions can be observed which only af-

fect particular regions in the gene (blue shades, bottom). Furthermore, also several

amplifications and amplification breakpoints are intragenic, and thus, potentially

truncate the gene
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