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Abstract

Large amount of gene expression data has been collected for various environmental
and biological conditions. Extracting co-expression networks that are recurrent in multi-
ple co-expression networks has been shown promising in functional gene annotation and
biomarkers discovery. Frequent subgraph mining reports a large number of subnetworks.
In this work, we propose to mine approximate dense frequent subgraphs. Our proposed ap-
proach reports representative frequent subgraphs that are also dense. Our experiments on
real gene coexpression networks show that frequent subgraphs are biologically interesting
as evidenced by the large percentage of biologically enriched frequent dense subgraphs.

1 Introduction

Adavances in DNA microarray technology have enabled the collection and analysis of huge
amount of gene expression data. Gene expression datasets can be clustered by genes, samples,
or both genes and samples simultaneously. In gene-based clustering, each cluster of genes may
correspond to co-functional and/or co-regulated genes. In sample-based clustering, each cluster
may correspond to disease or cancer types. In general, only a subset of genes and a subset of
samples are related to a particular biological process [10]. Therefore, in biclustering, genes and
samples are clustered simultaneously. In this work, we focus on gene-based clustering.

1.1 Mining Single Gene Expression Dataset

Clustering coexpressed genes have proven useful in understanding gene function and gene reg-
ulation. Coexpressed genes are likely to have similar biological functions, and clustering co-
expressed genes can help predict previously unknown gene functions based on the genes with
known functions in the same cluster [3]. Coexpressed genes are also likely to be co-regulated.
Clustering coexpressed genes can help identify regulatory motifs by searching for common DNA
sequences at the promoter regions of the genes in the same cluster [2]. Various conventional
clustering methods have been employed for finding groups in gene expression data, includ-
ing k-means [6] and hierarchical [3] approaches. While these general-purpose algorithms have
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proven useful in some applications, they have not been effective in many applications [10].
Several algorithms designed specifically for gene expression data have been proposed [9, 19].
[19] proposed a graph-theoretic approach to clustering gene expression data. Dataset is first
represented as a coexpression network, which is a weighted graph where each node corresponds
to a gene and each edge corresponds to a ‘coexpression link’ (highly correlated pair of genes).
The coexpression network is split recursively based on the minimum cut. It has been shown
that these algorithms perform better than the conventional approaches on some datasets.

1.2 Integrating Multiple Gene Expression Datasets

For experimental reasons, many coexpression links are of questionable biological relevance. Due
to the complex procedure of microarray experiments, gene expression data often contains a lot
of noise, leading to a significant number of spurious coexpression links [7]. Additionally, some
coexpression may be caused by the simultaneous perturbation of multiple biological pathways
in the particular experiment, rather than biological relevance [8]. These spurious coexpression
link may lead to the discovery of false modules.

To overcome the problem of spurious links, recent studies have focused on integrating mul-
tiple gene expression datasets to discover gene clusters that appear across multiple datasets,
based on the expectation that biological modules are active across multiple datasets. Graph
theoretic approaches have been used in many of these studies. Each gene expression dataset is
modelled as a gene coexpression network, which is a graph where each node corresponds to a
gene and each edge corresponds to a coexpression link between two genes. In [13], the authors
combined frequent coexpression links in multiple coexpression networks to build a summary
graph, and applied hierarchical clustering and the MCODE [1] algorithms on the summary
graph to discover highly connected modules. It was shown that coexpression links present in
many datasets are more likely to represent known functional relevance. However, directly clus-
tering an aggregated graph may result in the discovery of false positive modules, which are not
dense in the original set of networks. The edges in these modules may be scattered across the
networks such that they are highly connected in the aggregated graph, but neither frequent nor
highly connected in the original networks [7]. Several algorithms have been proposed to address
this problem [7, 8, 17].

The CODENSE |[7] algorithm efficiently mines coherent dense subgraphs across large number
of graphs. A coherent subgraph is a subgraph whose edges show highly correlated occurrences
across the whole graph set. The algorithm first builds a summary graph and mines the dense
subgraphs in the summary graph. Then for each dense summary subgraph, it constructs the
second-order graph, which illustrates the co-occurrence of edges across the original graph set.
Finally, dense subgraphs in the second-order graph are extracted as the final results. The
algorithm is able to overcome the false positive module problem by exploiting the property
that a coherent subgraph’s second-order graph must be dense. Another notable feature of
CODENSE is its ability to mine overlapping modules. It is important because, in general, one
gene may be involved in multiple biological processes.

In the approach proposed by Huang et al. [8], the coexpression graphs are represented as a
binary edge occurrence matrix where each row corresponds to an edge, each column corresponds
to a graph, and each entry indicates the presence of the edge in the graph. Frequent itemset
mining technique is employed to mine frequent edgesets from the edge occurrence matrix. These
frequent edgesets serve as seeds for a biclustering algorithm, which uses simulated annealing to
maximize an objective function such that the discovered biclusters tend to be large and have
high density of ones. Connected components in the biclusters are returned as the final output
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modules. The discovered modules are frequent but not necessarily highly connected.

The MFMS [17] algorithm mines maximal frequent collections of k-cliques and percolated
k-cliques across many coexpression networks. The coexpression networks are first represented
as the binary edge occurrence matrix. Maximal itemset mining algorithm (GenMax [5]) is
then used on the edge occurrence matrix to mine maximal frequent edgesets. Cliques and
percolated cliques are extracted from the subgraph induced by each maximal frequent edgeset.
Mining maximal frequent edgesets is equivalent to mining exact biclusters, that is, biclusters
whose entries are all ones. This means the discovered modules cannot contain noise. This
may be too restrictive and may fail to identify biologically relevant modules that contain some
noise due to the noisy nature of gene expression data. Salem et. al. [I18, 16] proposed an
approach that constructs a weighted network whose nodes corresponds to the original edges in
the coexpression networks. The weight between two edges is calculated as a combined score
based on the topological similarity between the edges and the occurrence similarity.

In this work, we develop an algorithm to mine approximate frequent dense modules, which
are frequent dense modules that may contain some noise. First, we construct the edge oc-
currence matrix from the set of coexpression networks. Then biclusters with high density are
mined from the edge occurrence matrix. Finally, we extract dense modules from the subgraph
induced by each bicluster.

2 Methods

Gene coexpression networks have a property that each gene occurs only once in the network.
This type of network can be modelled as a relation graph, where each node has a unique label.
A relation graph set is a set of graphs that share a common set of nodes.

Relation Graph Set: A relation graph set is a set of n graphs G = {G1, Ga,...,G,} where
G; = (V,E;) and E; CV x V. A common set of nodes V is shared by all graphs.

To set a common framework for the discussion of the different methods, we represent the n
graphs as a summary graph G(V, E) and an associated binary edge occurrence matrix, 3. Each
row of the matrix is a binary vector whose entries represent the presence/absence of the edge
in the corresponding graph.

Summary Graph and Edge Occurrence Matrix: Given a relation graph set G =
n

{G1,G3,...,Gy} where G; = (V,E;), let E = {e1,e2,...,em} = |J E;. The edge occur-
i=1

rence matrix B is an m X n binary matrix where B;; = 1 if e; € Ej}; 0 otherwise. The relation

graph set can be represented as G = (V, E, B).

Edge-Induced Subgraph: Given a graph G(V, E) and an edgeset E’ C F, the edge-induced
subgraph G'(V’, E’) of G (induced by edgeset E’) is a graph whose edgeset is E’ and the node
set is V' = J V(e) for all e € E’ where V(e) denotes the endpoints of e.

Figure 1(b) shows the summary graph and the occurrence matrix of the graph set in (a). Also, in
(d) the edge-induced subgraphs for the edgesets in (c). A set of edges that induce a connected
subgraph is called a frequent connected edgeset if the edges appear in at least a minimum
number of graphs (minsup). Note that a frequent edgeset is not necessarily connected. The
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Figure 1: Steps in Mining Approximate Frequent Dense Subgraphs: (a) Graph set; (b) Summary
graph and edge occurrence matrix; (¢) Mining approximate frequent subgraphs; (d-e) Extracting
dense modules

graph induced by a frequent edgeset can have multiple connected components in each of the
supporting graphs.

In our work, however, we want to allow noise in the discovered subgraphs. Therefore,
we define approximate frequent subgraph, which is a relaxed version of frequent subgraph.
This definition allows the discovery of subgraphs that are ‘close enough’ to the exact frequent
subgraphs.

Approximate Frequent Subgraph Given a relation graph set G = {G1,G3,...,G,} and a
noise ratio r, a subgraph G'(V’, E’) is an approximate frequent subgraph if and only if there
exists a graph set D C G such that |D| > minsup and for every edge e € E’, e occurs in at
least ceiling(|D| * (1 —r)) graphs in D.

The noise ratio r is a real number between 0 and 1, and represents the maximum noise allowed.
An r value of zero means no noise is allowed. Typically we want to keep this value close to zero.
In our definition of approximate frequent subgraph, an edge e need not be present in all graphs
in D, as long as it occurs in most of them. In our work, we are interested in discovering frequent
subgraphs that are dense. Both the density and the recurrence of the subgraph increase the
likelihood that the subgraph is biologically meaningful.

Graph Density: The density of a graph G is 2m/(n(n — 1)) where m is the number of edges

and n is the number of nodes in G. G is dense if its density is greater than or equal to a
minimum density threshold.
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Our problem is formulated as follows: Given a relation graph set G = {G1, Ga,...,G,}, mini-
mum support, noise, and density thresholds, find subgraphs that are both approximate frequent
and dense. We follow a two-steps approach to mine these patterns. The first step is to extract
edgesets that have similar edges’ occurrence, and the second step is to extract dense subgraphs
from the induced subgraph of each edgeset. For the second step, we use the Dense Module Enu-
meration method [4]. We first discuss approaches to mine frequent edgesets from the binary
edge occurrence matrix.

2.1 Frequent Itemset Mining

Frequent itemset mining is one of the most commonly used techniques in pattern mining. Its
goal is to find sets of objects that frequently occur together. Frequent itemset mining has many
applications in various areas including marketing, social media, and bioinformatics, among
others. Here, we briefly explain frequent itemset mining, and then will explain how frequent
edgesets are mined. Let E' = {e1,ez,...,¢e;g} be the set of the union of all the edges in the
graphs. The graph set is represented as a set of transactions defined over the set of edges in
the graphs. Each graph is essentially a subset of edges from the entire edgesets, i.e., F; C F.
Given a minimum support threshold minsup, a set of edges E’ C E is called a frequent edge
set if it appear in at least minsup graphs in the relation graph set. Let S(E’) denote the set of
graph ids of the graphs that contain E’. The support of an edgeset E’ is |S(E")|.

Because of the anti-monotone property of the support of an edgeset, all subsets of a frequent
edgeset are frequent. The frequent edgesets would have large overlap between the patterns and
the number of these frequent patterns will be large. To overcome this problem, only the maximal
frequent patterns are mined. An edgeset is a maximal frequent edgeset if it is frequent and none
of its superset is maximal. We employ the GenMax algorithm for mining all maximal frequent
edgesets from the graphs [5]. The set of maximal frequent edgesets is defined as follow:

M:{MlaMQa"' 5M|M\}

where each M; is a maximal frequent edgeset.

2.2 Biclustering

The effectiveness of the standard clustering methods is limited because, in general, a group of
data objects may exhibit similar patterns under only a subset of attributes. The same limitation
exists when clustering based on attributes. In gene expression data, for instance, a subset of
genes is generally coexpressed under only a subset of samples. This limitation has led to the
development of biclustering algorithms. A biclustering algorithm clusters rows and columns
simultaneously, and thus is able to extract local patterns that are not discovered by the standard
clustering methods. In matrix representation, a bicluster corresponds to a submatrix with high
row (or column) similarities. Different approaches are employed for extracting biclusters from
real datasets and binary datasets. Some biclustering algorithms for real datasets are described
in [11, 20]. We will not describe these algorithms here, since we are primarily interested in
biclustering binary data in this work.

Several biclustering algorithms for binary datasets have been developed [12, 21, 15]. In [12]
and [21], biclusters are defined as submatrices with high density of ones. The common theme
of these algorithms is to define an objective function such that a bicluster with a high score
tends to be large in size and have high density of ones. In an iterative process, a bicluster that
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Algorithm 1 Modified BiBit Algorithm

Input:
B: m X nbinary matrix; m edges X n graphs
mnr: minimum number of rows
mnc: minimum number of columns
r: maximum noise
Output:
X list of final biclusters

1. for every edge pair (i,5) do

2 S(,5)=50G)NS()

3. if S(4,j) is new and |S(¢,5)| > mnc then

4. (1,5(i,5)) = ({i,3}, S(, )

5. for Every remainder edge, ¢ € E\ I do
6. it |S(q)N5(,7)|/|S(i,5)| > 1 —r. then
7. I=1Ugq

8. end if

9. end for

10. if |[I| > mnr then

11. X =XU(I,S(,7))

12. end if

13. end if

14.  end for

maximizes the objective function is found. These algorithms can only find one bicluster in each
run. Therefore, the discovered bicluster is masked from the input matrix in the subsequent
runs. As the result, these algorithms are unable to discover overlapping biclusters.

BiBit [15] is another biclustering algorithm for binary data. BiBit algorithm is capable
of discovering overlapping biclusters and is easily extended to handle noisy data. A modi-
fied version of BiBit is used in this work. The BiBit algorithm is explained in the following
subsection.

2.2.1 BiBit (Bit-Pattern Biclustering)

BiBit [15] is a biclustering algorithm for binary datasets. It is relatively efficient and robust to
density and size of input data.

Given an m x n binary matrix B in which rows correspond to edges and columns correspond
to graphs, let S(7) denote the set of column (graph) indices j such that B;; = 1, i.e., S(i) =
{j | Bij =1}, and let S(i,5) = S(¢) N S(j). The Bibit algorithm selects a pair of rows i and
j and generates the bit-pattern ({7, j},S(i,7)). A bit-pattern is a tuple of the set of rows and
its supporting columns. The bit-pattern ({4,5}, S(7,7)) is used as a seed pattern for a bicluster
and S(i,7) represents the column set for the bicluster. Each remaining row ¢ is added to the
bicluster if S(q) N S(4,5) = S(i, ), that is, if the set of columns in which object ¢ appears is a
superset of the set of columns in which both objects i and j appear. The result is a bicluster
consisting of all ones in the columns of the seed pair. This process is repeated for every pair of
rows as a seed. Only bicluster with at least mnc columns and mnr rows are returned.

While the BiBit algorithm is efficient, it is not without limits. One problem is that it may
not discover every bicluster that satisfies the given condition. This happens because when the
size of a seed pattern is much larger than mnc, it will miss rows that satisfy the mnc requirement
but do not match the seed pattern. For example, if the seed patterns appear in 90% of the
graphs, this seed can only be extended with edges that appear in the same set of graphs, and
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Figure 2: Topological Properties of Edgesets

thus limiting the number of possible extensions available for the seed pattern. This is a minor
problem if the number of columns in the input binary matrix is small, but it becomes more
apparent if the number of columns is large. Another limitation of the BiBit algorithm is that it
is only able to discover exact biclusters, which are biclusters consisting of all ones. The BiBit
algorithm can be modified to discover approximate biclusters, that is, biclusters consisting of
some noise by relaxing the condition for extending a bicluster.

2.2.2 DModified BiBit Algorithm

Our algorithm extends the the BiBit algorithm [15] to discover approximate biclusters (biclus-
ters with noise). We first explain the modified BiBit algorithm. Although the BiBit algorithm
is relatively efficient, it is only able to mine exact biclusters. We extend the algorithm to allow
the discovery of approximate biclusters, that is, biclusters that may contain noise. The main
modification is that when considering rows to add to a bicluster, we allow addition of rows that
do not necessarily match the exact pattern being considered, as long as they are ‘close enough’
to the pattern. The maximum allowed number of violating columns in each row is determined
by the input noise ratio and the size of the particular pattern. As the result, the modified BiBit
algorithm discovers biclusters whose noise to size ratio is less than or equal to 7.

Figure 1(c) shows two biclusters for a noise threshold of 0.25. The first bicluster is extended
from the seed (a-b,b-c) that appear in {G1,G2,G5,Ges}, and all the remaining edges in the
bicluster appear in at least three of these graphs.

The algorithm is illustrated in Algorithm 1. In line 1, the algorithm starts the extension
process for each pair of rows (edges) in the binary matrix. In line 3, the pattern ({4, ;}, S(i,7))
is considered visited (not new) if S(i, j) is similar (Jaccard similarity) to the column set of an
already visited pattern. In line 6, S(q) N S(,7) is considered approximately equal to S(i, j) if
it appears in ‘most’ of the columns of the seed pattern. For a maximum allowed noise r, row
q is a valid extension if [S(q) N S(4,4)|/|S(i,7)] > 1 — r. Note that because the seed pattern
({i,7},S(i,4)) must consist of all ones in the columns of the pattern, the algorithm does not
discover all biclusters of a given noise ratio. A notable feature of the algorithm is that it
requires noise to be distributed across the rows. This is a desirable feature because it prevents
the discovery of biclusters in which all noise is concentrated in few rows, which may lead to the
discovery of subgraphs with false edges.
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BiBit with 0.1 noise with 0.2 noise with 0.3 noise

a|l 0] M |[DM|V' [ M | DM |V [M | DM |V' [M'| DM [V’
0.5 [[ 30171 [ 23.5 [ 3.5 [ 2726 | 92.7 [ 3.7 [ 119 [ 406.8 [ 4.0 | 17 | 1548.1 [ 4.2
28 | 0.6 || 30171 | 26.9 | 3.0 | 2726 | 102.8 | 3.0 | 119 | 369 | 3.1 | 17 | 1105.2 | 3.2
0.7 30171 | 1.0 | 3.0 2726 | 1.1 |3.0 | 119 | 7.7 |31 | 17 | 446 |34
0.5 | 16812 | 22.3 [ 3.4 | 869 | 934 [3.7| 50 | 406.7 | 4.0 ] 5 | 1389.8 | 4.2

29 | 0.6 || 16812 | 25.7 | 3.0 | 869 | 1029 | 3.0 | 50 | 365.3 | 3.1 | 5 999.6 | 3.2
0.7 || 16812 | 1.0 | 3.0 | 869 1.2 | 3.0] 50 82 | 21| 5 40.2 | 34
0.5 8476 | 21.1 | 3.4 | 377 | 1343 | 3.8 | 20 | 5187 | 4.0 | 1 1726 | 4.2
30| 0.6 | 8476 | 24.6 | 3.0 | 377 | 145.8 | 3.0 | 20 | 4423 | 3.1 | 1 1207 | 3.2
0.7 || 8476 1.0 | 3.0 | 377 1.6 [3.0] 20 | 116 | 3.1 | 1 49 3.5

Table 1: Topological properties of the frequent dense modules

3 Experiments

To evaluate the effectiveness of the proposed approach, we mined approximate frequent dense
patterns from 35 tissue gene coexpression networks constructed by the Genetic Network Analysis
Tool [14]. The coexpression networks were inferred from Genotype-Tissue Expression (GTEx)
data '. Each coexpression network is constructed from the gene expression of non-diseased
tissue samples. On average there are 14,415 links in each network among 9,998 genes. In
total, there are 1,548,622 unique links that appear in at least one network, 4,127 edges that
appear in at least 20 networks, and on average each link appears in 3.28 networks. Figure 2
shows how the number and the average size of approximate frequent edgesets vary for different
minimum support and density thresholds. Figure 2(a) illustrates that for lower support, we get
more frequent edgesets and in (b) we get noticeably smaller frequent edgesets for smaller noise
thresholds.

The topological properties of the frequent dense modules is shown in Table 1. M’ denotes
the number of approximate frequent edgesets that have at least one dense module for the
specified density threshold, DM denotes the average number of dense modules in edge-induced
subgraph of each edgeset and V denotes the average size of the modules. As the minimum
support is increased, the number of approximate frequent edgesets decreases, and the average
number of dense modules also decreases. For larger density thresholds, the average size of the
dense modules decreases. As the noise ratio is increased we get larger dense modules. For the
topological analysis, only modules with at least three nodes were considered.

Biological enrichment analysis of the reported dense frequent modules shows that the mod-
ules are enriched with KEGG pathways and molecular functions. A dense frequent module is
enriched if it overlaps with the geneset of a known molecular signature. We used the over-
representation of genes with a specific annotation in a gene set using the hybergeometric test
(with pvalue = 0.01). For biological terms, we used the KEGG pathway database (186 sets
covering 5,241 genes ) and the GO Molecular Function Ontology (1,645 sets covering 15,599
genes). Table 2 shows the percentage of frequent dense modules that are biologically enriched.
As shown in the results, frequent dense modules with smaller noise ratios have higher enrich-
ment. Enrichment with GO molecular functions is higher than KEGG pathways since there are
much more molecular functions and they cover more genes. Table 3 shows the top biological

Thttps://www.gtexportal .org/
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Sup | Density BiBit with 0.1 noise with 0.2 noise with 0.3 noise
o 0 Emr | Expcc | Evr | Expce | Eur | Exsce | Eur | Exsca
0.5 100 53.3 100 57.0 97.9 59.1 84.9 56.1
29 0.6 100 51.2 100 51.0 100.0 47.6 93.8 38.7
0.5 100 52.9 100 58.9 97.3 60.4 81.6 55.3
30 0.6 100 51.0 100 50.9 100.0 47.2 92.2 38.5

Table 2: GO term enrichment analysis for frequent dense modules

KEGG pathway | Count | GO Molecular Function | Count |
RIBOSOME 21256 | CONSTITUENT OF RIBOSOME | 21256
OXIDATIVE PHOSPHORYLATION 5760 ANTIGEN BINDING 8790
HUNTINGTONS DISEASE 5743 IMMUNOGLOBULIN BINDING 6798
ALZHEIMERS DISEASE 5741 ELECTRON TRANSFER 5447
PARKINSONS DISEASE 5741 OXIDOREDUCTASE 5006
PRION DISEASES 4028 NADH DEHYDROGENASE 5006

Table 3: Top enriched biological signatures: bibit with 0.1 noise, minsup 29, density 0.6

signatures that were enriched the most in the reported patterns for sup = 29, noise = 0.1, and
density = 0.6.

4 Conclusion

Mining frequent dense modules from multiple gene coexpression networks has applications in
functional gene annotation and biomarker discovery. We have proposed a biclustering-based
approach for mining such modules. We first mine biclusters with high density, and dense
modules are then extracted from the edgesets of these biclusters. A key feature of the proposed
approach is that it reports representative patterns from the set of frequent patterns that has
a high overlap and very computationally intensive to mine. Since the proposed approach only
explore a small part of the frequent patterns search space, the running time is extremely fast
and takes about a minute for support 24 and four seconds for support 30. Experiments on
real gene coexpression networks show that the reported frequent dense modules are biologically
enriched with known KEGG pathways and molecular functions.
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