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Abstract

Large collections of gene signatures play a pivotal role in interpreting results of omics data
analysis but suffer from redundancy, compositional (large overlap) and functional (redundant
read-outs), and many gene signatures rarely pop-up in statistical tests. Based on pan-cancer
data analysis, here we define and select a restricted set of 962 so called informative signatures
and demonstrate that they have much more chances to appear at the top of the enrichment
lists in cancer biology studies. We show that the majority of informative signatures conserve
their eigengenes from one cancer type to another. We construct InfoSigMap, an interactive
online map showing the structure of compositional and functional redundancies between
informative signatures and charting the territories of biological functions accessible through
transcriptomic studies. InfoSigMap can be used to visualize in one insightful picture the results
of comparative omics data analyses and suggests reconsidering existing annotations of
certain
reference
gene
set
groups.
InfoSigMap
is available
online
at
https://navicell.curie.fr/pages/maps_avcorrmodulenet.html.

Introduction
The majority of the studies exploring gene expression data result in one or more gene
signatures, i.e. list of genes sharing a common pattern of expression that can be employed to
classify an independent dataset. Together with such “data-derived” signatures, “a priori
knowledge-based” gene signatures are produced from the available gene ontologies or
pathway databases. In recent years, data-derived and a priori-knowledge-based reference
gene signatures have been widely employed to interpret the results of gene expression data
analyses (e.g. differential expression, clustering).
Gene set redundancy can be of two types: compositional or functional. Compositionally
redundant signatures are characterized by a large intersection in terms of the composing
genes. On the opposite, two signatures will be here called functionally redundant when they
represent two different (sometimes, with zero overlap) transcriptional read-outs of the same
biological process. The presence of multiple functionally redundant signatures affects the
enrichment analyses by highly scoring multiple gene sets belonging to analogous or related
biological processes hiding other potentially relevant hits. Of note, any estimation of the
functional redundancy is conditioned on the context (e.g., certain cancer type) and, therefore,
depend on the data corpus which defines functional (e.g., correlation-based) relations
between the individual genes.

We suggest a new approach to prioritize and classify gene signatures. Our method is based
on the concept of “an informative signature”, which is capable to define a robust ranking of
samples independently on sample labeling.
Starting from a vast collection of signature compendia, composed of more than 10000 a prioriknowledge and data-derived signatures, we defined a restricted collection of 962 informative
signatures, which is made available to the users for further applications. The collection was
defined by exploiting a large pan-cancer TCGA collection of transcriptomic profiles (32 cancer
types) and it is thus cancer biology-oriented. The informative gene sets were found much more
frequently significant than the others having a significant enrichment score in typical scenario
of comparative transcriptomics data analyses.
The structure of functional redundancies between gene signatures was recapitulated in an
interactive tool InfoSigMap (Figure 1), based on Google Maps API, via NaviCell web service
[2]. InfoSigMap can be used for insightfull visualization of the results of comparative studies
in cancer biology.

Results
In order to systematically search for informative signatures, a large pan-cancer TCGA
compendium of gene expression data derived from 32 solid cancer types was employed. A
vast collection composed of both data-derived and a priori-knowledge-based signatures was
considered as input for our analysis. The signature collections: Molecular Signature Database
(MsigDB) [6], Atlas of Cancer Signaling Network (ACSN) [3], the top-contributing genes of the
components identified by Biton et al. [1] and the Signaling Pathway Enrichment using
Experimental Data sets (SPEED) [5] have been downloaded and organized, obtaining a
starting collection of 12096 gene signatures.
To detect which of the starting 12096 signatures were informative, the tool Representation
and quantification Of Module Activity (ROMA) was used [4]. The activity of each signature was
thus evaluated in all the 32 expression datasets separately and only those signatures that are
over-dispered and over-coordinated in at least two tumor datasets were prioritized. As a result,
the initial 12096 signatures were restricted to 962 gene signatures being “most informative”
for cancer data analysis. Of the 962 identified informative signatures the majority were dataderived (231 knowledge-based, 706 data-derived, 15 MSigDB Hallmark and 10 MSigDB C1),
showing that for cancer-oriented applications data-derived signatures tend to be more
informative than knowledge-based ones.
We confirmed the value of signature selection in several typical scenario of comparative
cancer data analysis (KRAS mutated vs. wild type colorectal cancer; metastatic vs. primary
colon cancer and normal tissue vs. tumor in 4 tissues (Lung, Gastric, Colon, Cervix)). We
show that the amount of informative signatures obtained in the output of the GSEA analysis is
significantly higher than what could be expected at random.
In each particular cancer type an informative gene signature can be characterized by its
eigengene which can be used to robustly rank tumoral samples. For each informative
signature, the pair-wise correlation between eigengenes obtained in the 32 cancer types were
computed and a conservation score was obtained as the geometric mean of the corresponding
Pearson correlation p-values. We define as conserved a gene set having the score lower than
10-6. 703 over the 962 informative signatures (73%) were found to be conserved, showing that
the signatures selected with our approach have higher chances to maintain the same
quantitative definition across different cancer types.
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Figure 1. A) Screenshot of InfoSigMap Google Maps-based interface showing the top-level
view
of
the
map
of
informative
gene
signatures
and
their compositional and functional redundancies. The map is available from
https://navicell.curie.fr/pages/maps_avcorrmodulenet.html. In the screenshot, a search for
TP53 gene was performed, and all gene signatures containing TP53 are indicated by a
marker. B) Using InfoSigMap for visualizing the results of comparative enrichment analysis
between metastatic vs. primary colon tumors. Here green areas show downregulated and red
areas show upregulated gene signatures in metastatic tumors.

We systematically compared the compositional redundancy between informative gene
signatures measured as the Jaccard index of their intersection and their functional
redundancies measured as the average correlation coefficient between metasamples defined
by the signatures in each cancer type. We showed that the functional redundancy is a much
more abundant phenomenon compared to the compositional redundancy, and that two
signatures are frequently functionally redundant having close to zero overlap in terms of the
composing genes.
InfoSigMap is a map of functional and compositional redundancies between informative gene
signatures, constructed using NaviCell web service, exploiting Google Maps API. The map
can be used in order to visualize the results of comparative studies between two groups of
biological samples (such as comparison between metastatic and primary colon tumors, as
shown in Figure 1B).

Methods
ROMA method was applied in order to prioritize informative signatures [4]. The inputs required
for the application of ROMA are a .gmt file containing the signatures that the user wants to
test and an expression dataset on which the signatures activity needs to be evaluated. For
each module under analysis, the algorithm applies a modification of Principal Component
Analysis to the sub-matrix composed of the expression values of the signature genes across
samples. ROMA computes the module overdispersion evaluating if the amount of variance
explained by the first principal component (PC1) of the expression sub-matrix (L1 value in
ROMA) is significantly larger than that of a random set of genes of the same size. The

coordination of the module (L1/L2 value in ROMA) is also evaluated verifying if the spectral
gap between the first and second eigenvalues of the co-variance matrix, restricted to the
module genes, is significantly larger than that of a random set of genes of the same size.
InfoSigMap is constructed from the signature redundancy graph, defining its layout and
representing the graph as an interactive online map using NaviCell [2], powered by Google
Maps API. The redundancy graph is defined by computing the average correlation coefficients
between metasamples defined by ROMA, for each pair of informative signatures in each
cancer type. Those pairs of gene signatues having average correlations between
metasamples higher than 0.7 were denoted as functionally redundant.
Conclusions
We suggest a methodology for assessing the value of a gene set which is based on the notion
of informative signature, i.e. a gene set able to robustly rank tumor samples in many
independent datasets. A restricted collection of 962 informative gene sets is suggested for
transcriptomic data analysis in cancer biology. The robustness of the information content
enclosed in our compendium is proven showing that an informative gene set has much higher
chances to be selected (enriched) in a typical scenario of transcriptomic data analyses, even
in the ones using supervised methods. We show that the eigengenes of the majority of the
informative signatures are conserved across cancer types. The redundancy of the informative
collection is investigated, showing that the functional redundancy is a frequent phenomenon
not captured by the notion of compositional redundancy. In order to exploit the collection of
signatures, we developed InfoSigMap, a user-friendly interface designed for insightful data
visualization. InfoSigMap use was demonstrated in some typical scenarios of cancer data
analysis.
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