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Abstract. Gene set enrichment analysis allows to extract speciﬁc biological functions relative to a group of genes. To this aim, we propose
here a novel approach for mining biological data, using the Gene Ontology (GO) as main source of genes annotation terms. Firstly, we will use
our new semantic similarity measure (IntelliGO) in a clustering process,
for grouping genes sharing similar biological functions described in GO.
Secondly, the clustering results are evaluated using the F-score method
and public genes reference sets. After that, an overlap analysis is presented as a method for exploiting the matching between clusters and
reference sets. This method is then applied to a list of genes found dysregulated in cancer samples. In this case, the reference sets are replaced
by gene expression proﬁles. Consequently, overlap analysis between these
proﬁles and functional clusters obtained with the IntelliGO-based clustering, leads to characterize subsets of enriched biological functions of
genes displaying consistent functions and similar expression proﬁles.

1

Introduction

In the last decade, DNA microarrays were used for measuring the expression levels of thousands of genes under various biological conditions [11, 8]. Thus, gene
expression data analysis proceeds in two steps: Firstly, expression proﬁles are
produced by grouping genes displaying similar expression levels under a given
set of situations [13]. Secondly, a functional analysis, based on functional annotations, is applied on genes sharing the same expression proﬁle, in order to identify
their relevant biological functions [6, 16, 18, 19]. In fact, one important purpose
of this functional analysis is to identify and characterize genes that can serve as
diagnostic signatures or prognostic markers for diﬀerent stages of a disease. One
of the most interesting ontology in the biological domain is the Gene Ontology
(GO), which is one of the most commonly used source of functional annotations

of genes [5, 1, 2].
This ontology of about 30,000 terms is organized as a controlled vocabulary
describing the biological process (BP), molecular function (MF), and cellular
component (CC) aspects of gene annotation, also called GO aspects [17]. The
GO vocabulary is structured as a rooted Directed Acyclic Graph (rDAG) in
which GO terms (concepts) are the nodes connected by diﬀerent hierarchical
relations (mostly is a and part of relations). The is-a relation describes the fact
that a given child term is a specialization of a parent term, while the part-of
relation denotes the fact that a child term is a component of a parent term. By
deﬁnition, each rDAG has a unique root node, relationships between nodes are
oriented, and there are no cycles, i.e. no path starts and ends at the same node.
The GO Consortium regularly updates a GO Annotation (GOA) Database [2] in
which appropriate GO terms are assigned to genes or gene products from public
databases.
GO is widely used in several complex biological data mining problems. Authors
in [20, 7] used GO for gene functional analysis in order to interpret DNA microarrays experiments, by exploiting the commonly accepted assumption that
genes having similar expression proﬁle should share similar biological functions.
In such analysis, an enrichment study based on statistical P-value calculation
are applied to genes sharing the same expression proﬁle [10]. The results usually
consist in sets of GO terms characterizing the biological function predominantly
represented in a list of genes, thereby suggesting which function or process is
aﬀected when the behavior of this group of genes varies. However, the main limitation of these kinds of methods is that they consider the input list of genes
in the enrichment analysis, as functionally homogeneous. Nonetheless in practice, genes present in the same expression proﬁle could be involved in multiple
biological processes. Thus the statistical tests for extracting speciﬁc GO terms
could be biased. Moreover, the already proposed methods for gene functional
enrichment analysis do not consider exclusively the three aspects of GO, that is
not important for the biologists. To overcome this problem, we proposed here
a new approach for analyzing gene expression data, by reﬁning and creating
subgroups of functionally homogeneous genes. The enrichment analysis could be
then applied on each subgroup of genes, thus assuring the extraction of speciﬁc
biological functions (GO terms) for those genes. The creation of subgroups of
genes is performed using a clustering method based on our recently described
semantic similarity measure called IntelliGO [4], that applies functional comparison between genes annotated by GO terms.
This paper is organized as follows. The next section, outlines the utilization of
IntelliGO in a functional clustering approach and presents the evaluation results, using the F-score method and collections of reference sets. In second stage
(Section III), we present and overlap analysis method that exploits the matching
between functional clusters and reference sets. This method is then applied to a
list of genes found dysregulated in cancer samples by replacing the reference sets
by gene expression proﬁles. An enrichment analysis is then applied on overlapping genes, and leads to characterize subsets of enriched biological functions of
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genes displaying consistent functions and similar expression proﬁles. Finally in
the last section the relevance of the obtained results of the proposed algorithms
are are discussed.

2

The IntelliGO-based gene functional classiﬁcation

2.1

Presentation of the datasets

Gene functional clustering aims to regroup genes sharing common biological
functions. We used four datasets for evaluating functional classiﬁcation of genes,
already presented in our past study[4]. In each dataset we prepared a collection
of reference sets. Each reference set represents a group of genes grouped by an
expert due to their shared biological functions. We selected a total of 13 KEGG
pathways from the KEGG database [15] for the Biological Process aspect of GO
for human (total of 280 genes) and yeast (total of 185 genes) species. For the
Molecular Function aspect of GO we chose 10 Pfam clans from the Sanger Pfam
database [12] for both species(100 genes for human and 118 for yeast species).
2.2

Calculating similarity matrices and clustering

For performing a gene functional clustering for a given list of genes, the ﬁrst step
is to compute a matrix representing the semantic similarity values between all
genes in the input list. This similarity matrix will be then used as parameter of a
clustering algorithm. In our case we used both hierarchical and fuzzy clustering.
The ﬁrst method allows to have a global overview of the distribution of genes on
diﬀerent clusters, while the second method allows to a gene to belong to multiple
clusters at one time. In fact, one gene could be involved in multiple biological
process simultaneously. These two algorithms are available in R-Bioconductor
package1 .
Pairwise similarity matrices were calculated for all genes present in the four
datasets using our recently proposed similarity measure (IntelliGO) [4]. This
measure is represented in an innovative vector space model (VSM), and takes
into account both information content of annotation terms and their positions
in the ontology rDAG [4]. With IntelliGO VSM, each gene is represented as a
vector g in a k-dimensional space where the basis vectors ei correspond to the
k annotation terms. To measure the semantic relationships between terms, we
deﬁned a term similarity product as:
ei .ej =

2 ∗ Depth(LCA)
.
M inSP L(ti , tj ) + 2 ∗ Depth(LCA)

(1)

Moreover, we included in the IntelliGO VSM a novel weighting scheme in which
a coeﬃcient
αi is assigned to each ei so that the gene representation becomes:

g =
i αi .ei . The coeﬃcients (αi ) combine a weight w(g, ti ) which depends
1

www.bioconductor.org
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on the evidence code tracking the annotation of gene g with a GO term ti and
on the Inverse Annotation Frequency (IAF (ti )) which is an estimation of the
information content IC of the term ti . Thus, the similarity between g1 and g2
is given by the following generalized cosine formula:
g1 .g2
IntelliGO(g1 , g2 ) = √
,
√
g1 .g1 g2 .g2

(2)


with: g1 .g2 = i,j α1i α2j ei .ej .
Remark that IntelliGO is a pair-wise measure involving both node-based and
edge-based similarities. The measure, the clustering algorithms and the used
datasets are available at http://intelligo.loria.fr.

2.3

Evaluation of the clustering using the F-score method

When reference sets are available, the best method for optimizing the number of classes produced by unsupervised classiﬁcation approaches is the F-score
method [22]. This method relies on pairing each reference set with the bestmatched cluster and provides a quantitative estimation of the pairing eﬃciency
(precision and recall). We decided to extend the F-score method in order to
further investigate the pairing between reference sets and clusters in a so-called
overlap analysis. Our approach is outlined in the following algorithms. Algorithm
1 describes unsupervised clustering optimization with reference sets and global
F-score measure. We applied fuzzy C-means clustering on the gene-gene pairwise
Algorithm 1 Clustering optimization with reference sets and F-score measure.
Require: Σ={R1 , R2 , .., Rp }: a collection of reference sets, (n1 ,n2 ) such that
n1 <p<n2 . The pairwise similarity matrix of all elements of Σ.
 Global

Ensure: The optimal number of generated clusters K,
F − score(K).
1: for each K in [n1 ,n2 ] do

2:
Generate K clusters Φ={C1 , C2 , ..., CK }, using all elements in Ri
3:
for each reference set Ri ∈ Σ do
4:
for each cluster Cj ∈ Φ do
5:
Precision(Ri ,Cj )=|Ri ∩Cj |/|Cj |
6:
Recall(Ri ,Cj )= |Ri ∩Cj |/|Ri |
2∗P recision(Ri ,Cj )∗Recall(Ri ,Cj )
7:
F − score(Ri , Cj )= P recision(Ri ,C
j )+Recall(Ri ,Cj )
8:
end for
9:
F
− score(Ri ) = M ax∀Cj ∈Φ (F − score(Ri , Cj ))
10:
end for
p

(|R |∗F −score(R
i ))
11:
Global F − score(K) = i=1 i p |R |
i
i=1
12: end for
 = M ax∀K Global F − score(K)
13: Global
F − score(K)
 Global

14: return K,
F − score(K).

similarity matrices calculated with IntelliGO for the four datasets. We used this
Proceedings ICWIT 2012

154

clustering algorithm since some genes can be involved in multiple biological processes or molecular functions. The same evaluation procedure was performed on
a tool representing the state of the art for gene classiﬁcation methods (DAVID:
Database for Annotation, Visualization, and Integrated Discovery classiﬁcation
tool) [9, 14]. Each clustering result together with the corresponding collection of
reference sets served as input to Algorithm 1 for determining global F-scores.
Concerning the IntelliGO-based fuzzy clustering of Datasets 1 and 2, we varied
the number of generated clusters, K, between 11 and 17 in steps of 1 since these
datasets are composed of 13 pathways for human and yeast species. For Datasets
3 and 4, the values of K were taken between 8 and 14 with a step of 1, since
these two datasets are composed of 10 Pfam clans for both species. For each K,
the global F-score(K) value was calculated. Concerning the DAVID functional
classiﬁcation of the same datasets, we varied the Kappa similarity threshold between 0.3 to 0.7 with a step of 0.1 in order to obtain diﬀerent numbers of clusters,
since DAVID does not allow the number of clusters to be speciﬁed a priori. As
in the previous case, the K clusters were matched with the input reference sets,
and the Global F − score(K) value was calculated. The results are presented in
Table 1.

Regarding the results obtained with Dataset 1 (13 human KEGG pathways)
using our similarity measure, it can be seen that all global F-Score values are
greater than 0.5, with a maximum value of 0.62 for K = 14. This means that the
genes of the 13 human pathways considered in Dataset 1 are best grouped with
our measure into 14 functional clusters. This result can reﬂect the fact that one
pathway of the KEGG database encompasses two biological processes and/or
that the clustering process has grouped together genes from various pathways
sharing common BP annotations.
With DAVID (Table 1), the maximum global F-score (0.67) is reached when
Kappa = 0.3, giving 10 functional clusters. At higher threshold, the number of
genes excluded from the clustering increases, revealing one limit of the DAVID
tool. Similar results are obtained with Datasets 2, 3 and 4 and are detailed in
Table 1.
In summary these results indicate that IntelliGO-based clustering appears as
a valuable alternative to DAVID classiﬁcation tool. It is noteworthy that with
DAVID classiﬁcation tool all maximum values of global F-score are obtained for
the minimal Kappa similarity threshold (0.3) which corresponds, according to
DAVID, to the poorest quality of clustering. Moreover, the calculation of the
global F-score is somewhat biased with DAVID as a certain number of genes are
excluded from the classiﬁcation results.
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A. IntelliGO
Dataset
K Global F-score Kappa Thr.
1
11
0.59
0.3
(13 reference sets, total of genes =280) 12
0.61
0.4
13
0.61
0.5
14
0.62
0.6
15
0.56
0.7
16
0.55
17
0.54
2
11
0.59
0.3
(13 reference sets, total of genes =185) 12
0.62
0.4
13
0.64
0.5
14
0.67
0.6
15
0.66
0.7
16
0.62
17
0.62
8
0.70
0.3
3
9
0.64
0.4
(10 reference sets, total of genes =100) 10
0.68
0.5
11
0.75
0.6
12
0.66
0.7
13
0.66
14
0.64
8
0.79
0.3
4
9
0.77
0.4
(10 reference sets, total of genes =118) 10
0.78
0.5
11
0.82
0.6
12
0.78
0.7
13
0.78
14
0.71

B. DAVID tool
K Global F-score % excl.
10
0.67
20.7
11
0.63
31.4
14
0.66
38.2
11
0.41
75.9
8
0.31
68.2

9
8
9
6
7

0.68
0.65
0.55
0.39
0.20

17.8
31.4
43.2.
56.8
69.2

11
11
8
3
2

0.64
0.51
0.31
0.09
0.01

27.0
52.0
66.0
93.0
96.0

10
9
9
5
3

0.70
0.47
0.39
0.28
0.21

40.7
61.0
69.5
84.7
91.5

Table 1. Variation of the global F-score values when (A) varying the number of generated fuzzy clusters K with the fuzzy C-Means algorithm using IntelliGO similarity
measure and (B) varying the Kappa threshold (Kappa thr.) with DAVID functional
classiﬁcation tool. In B the percentage of genes that are excluded from the classiﬁcation
is indicated (% excl.). Results are shown for the four datasets used in this study (total
number of genes between parentheses). The optimal K value and the corresponding
maximal global F-score value are in bold.

3
3.1

Overlap analysis between functional clusters and
reference sets
Overlap analysis algorithm

In order to reﬁne our comparison, we decided to look at the matching between
the reference sets and the clusters obtained with the optimal K value. We used
Algorithm 2 to extract the top-ranked cluster from each list of clusters assigned
to each reference set. This algorithm explains how clusters (C) are assigned to
reference sets (R) according to the F-score values, allowing the identiﬁcation of
best-matching pairs (R ∩ C).
The intersection R ∩ C is expected to display a highly homogeneous content
composed of genes known as members of a reference set and found most similar
by clustering. Alternatively, the two set-theoretic diﬀerences C\R and R\C can
be considered in order to discover missing information. In our study, we are
interested by genes present in R ∩ C. Indeed, we apply an enrichment analysis
on genes present in such intersection, in order to extract speciﬁc functions.
3.2

Application to cancer expression data

In this section, we present an application of the IntelliGO-based clustering and
overlap analysis approach using a list composed of 128 genes relating to human
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Algorithm 2 Assignment of clusters to reference sets according to the F −score
values.
Require: Σ={R1 , R2 , .., Rp }: a collection of reference sets, ΦK ={C1 , C2 , ..., CK }: a
collection of clusters, ∀(i, j) | 1≤i≤p, 1≤j≤K, F − score(Ri , Cj ) (see Algorithm 1).
Ensure: A ranked list of clusters, ordered by decreasing F − score, assigned to each
reference set.
1: for each reference set Ri ∈ Σ do
2:
Listi ←−(Cj ,F −score(Ri ,Cj )) : A list of clusters Cj ordered by decreasing values
of F-score(Ri ,Cj )
3:
print Listi .
4: end for

colorectal cancers. The idea here is to confront the IntelliGO functional clusters of the 128 genes, and to consider as reference sets the fuzzy Diﬀerential
Expression Proﬁles (fuzzy DEP) obtained from the same list of genes [3]. Here,
each DEP represents a group of genes having similar expression proﬁle. We believe that overlap analysis may lead to discover hidden relationships between
gene expression and biological function. Fuzzy DEPs are considered here as a
collection of reference sets for overlap analysis. More precisely, 8 fuzzy DEPs
containing genes with GO annotation are retained from our previous study [3].
The pair-wise similarity matrix was generated for the 128 genes, and the number
of clusters, k, was optimized with the Algorithm 1 using the 8 fuzzy DEPs as
reference sets (Σ={DEPi }, i = 1..8). The optimal number of cluster was obtained for k = 3 with and F-score value equals to 0.4.
After that, Algorithm 2 was used to extract lists of genes present in C∩DEP , i.e.
displaying both functional similarity (C) and present in one of the eight fuzzy
DEPs (R). The enrichment analysis could be then applied on these signature
genes, to discover among theme statistically signiﬁcant GO terms displaying low
P Value. In our case, the P value is calculated for genes present in C∩DEP
versus a background list (here all human genes) displaying GO annotation in
the NCBI repository ﬁle2 , using the hyper geometric test [10].
Preliminary results have shown that very speciﬁc biological functions with inferior P Values (≤10E-04) were extracted for genes present in C∩DEP . For
example, genes in Cluster 1 ∩ P ED3 have ”regulation of transcription DNAdependent” and “NADH oxidation”, as very speciﬁc functions (non exhaustive).
Genes of Cluster 2 ∩ P ED2 have the following functions: ”cell diﬀerentiation”,
”multicellular organismal development”, ”insulin secretion”. Genes of Cluster 3
∩ P ED14 have the ”Water transport” as speciﬁc function. The ”Transport”
processes are very important in the physiology of the digestive system. This
function was found for the AQP8 (Aquaporine 8) human gene, which is found
in the literature under expressed in the tumoral tissues. This gene belongs to
P ED14 which regroups genes under expressed in cancer versus normal tissue [3].
This observation could be considered as a positive witness of our strategy. Other
similar results were obtained for the remaining PED, are not reported here.
2

ftp://ftp.ncbi.nih.gov/gene/DATA/gene2go.gz
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4

Conclusion and perspectives

In this paper, we have presented a gene set enrichment analysis based on functional clustering with the IntelliGO semantic similarity measure. In a ﬁrst step,
we proposed an algorithm for evaluation the clustering approach using reference
sets and the F-score method. Very encourageous results were obtained with IntelliGO when compared with a well known classiﬁcation method (DAVID tool).
Beyond clustering per se, we have presented an overlap analysis method which
leads to a pairing of clusters and reference sets and may be used for set-diﬀerence
analysis. Applied to a list of genes from a transcriptomic cancer study, our
method leads to identify subsets of genes displaying consistent expression and
functional proﬁles. Promising results have been obtained using a simple GO term
enrichment procedure. More sophisticated tools such as GSEA [21] could be used
to improve the biological interpretation of these subsets of genes.
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