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1.1 Introduction

Data Mining is the process of automatic discovery of valid, novel, useful, and understandable
patterns, associations, changes, anomalies, and statistically significant structures from large
amounts of data. It is an interdisciplinary field merging ideas from statistics, machine
learning, database systems and data-warehousing, high-performance computing, as well as
visualization and human-computer interaction. It has been engendered by the phenomenal
growth of data in all spheres of human endeavor, and the economic and scientific need to
extract useful information from the collected data.

Bioinformatics is the science of storing, extracting, analyzing, interpreting, and utiliz-
ing information from biological data such as sequences, molecules, pathways, etc. Genome
sequencing projects have contributed to an exponential growth in complete and partial se-
quence databases. The structural genomics initiative aims to catalog the structure-function
information for proteins. Advances in technology such as microarrays have launched the
subfields of genomics and proteomics to study the genes, proteins, and the regulatory gene
expression circuitry inside the cell. What characterizes the state of the field is the flood of
data that exists today or that is anticipated in the future; data that needs to be mined to
help unlock the secrets of the cell. Data mining will play a fundamental role in understanding
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these rapidly expanding sources of biological data. New data mining techniques are needed
to analyze, manage and discover sequence, structure and functional patterns/models from
large sequence and structural databases, as well as for structure prediction, gene finding,
gene expression analysis, biochemical pathway mining, biomedical literature mining, drug
design and other emerging problems in genomics and proteomics.

The goal of this chapter is to provide a brief introduction to some data mining tech-
niques, and to look at how data mining has been used in some representative applications
in bioinformatics, namely three-dimensional (3D) or structural motif mining in proteins
and the analysis of microarray gene expression data. We also look at some issues in data
preparation, namely data cleaning and feature selection via the study of how to find nor-
mal variation in gene expression datasets. We first begin with a short introduction to the
data mining process, namely the typical mining tasks and the various steps required for
successful mining.

1.2 Data Mining Process

Typically data mining has the two high-level goals of prediction and description. The former
answers the question “what”, while the latter the question “why”. That is, for prediction the
key criteria is that of accuracy of the model in making future predictions; how the prediction
decision is arrived at may not be important. For description, the key criteria is that of clarity
and simplicity of the model describing the data, in human-understandable terms. There is
sometimes a dichotomy between these two aspects of data mining in the sense that the most
accurate prediction model for a problem may not be easily understandable, and the most
easily understandable model may not be highly accurate in its predictions. It is crucial that
the patterns, rules, and models that are discovered are valid not only in the data samples
already examined, but are generalizable and remain valid in future new data samples. Only
then can the rules and models obtained be considered meaningful. The discovered patterns
should also be novel, and not already known to experts; otherwise, they would yield very
little new understanding. Finally, the discoveries should be useful as well as understandable.

1.2.1 Data Mining Tasks

In verification-driven data analysis the user postulates a hypothesis, and the system tries
to validate it. The common verification-driven operations include querying and reporting,
multidimensional analysis, and statistical analysis. Data mining, on the other hand, is
discovery-driven, i.e., it automatically extracts new hypotheses from data. The typical data
mining tasks include:

• Association Rules: Given a database of transactions, where each transaction con-
sists of a set of items, association discovery finds all the item sets that frequently
occur together, and also the rules among them. For example, a rule could be as
follows: 90% of the samples that have high expression levels for genes {g1, g5, g7}
have high expression levels for genes {g2, g3}, and further 30% of all samples
support this rule.

• Sequence Mining: The sequence mining task is to discover sequences of events
that commonly occur together. For example, 70% of the DNA sequences from
a family have the subsequence TATA followed by ACG after a gap of, say, 50
bases.
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• Similarity Search: An example is the problem where we are given a database of
objects and a “query” object, and we are then required to find those objects in the
database that are similar to the query object. Another example is the problem
where we are given a database of objects, and we are then required to find all
pairs of objects in the databases that are within some distance of each other. For
example, given a query 3D structure, find all highly structurally similar proteins.

• Deviation Detection: Given a database of objects, find those objects that are the
most different from the other objects in the database, i.e., the outliers. These
objects may be thrown away as noise, or they may be the “interesting” ones,
depending on the specific application scenario. For example, given microarray
data, we might be able to find a tissue sample that is unlike any other seen, or
we might be able to identify genes with expression levels very different from the
rest of the genes.

• Classification and Regression: This is also called supervised learning. In the
case of classification, we are given a database of objects that are labeled with
predefined categories or classes. We are required to learn from these objects a
model that separates them into the predefined categories or classes. Then, given
a new object, we apply the learned model to assign this new object to one of
the classes. In the more general situation of regression, instead of predicting
classes, we have to predict real-valued fields. For example, given microarray
gene expression data, with tissues from cancerous and non-cancerous patients, a
classification model might be able to predict for a new tissue sample, whether it
is cancerous or not.

• Clustering: This is also called unsupervised learning. Here, we are given a
database of objects that are usually without any predefined categories or classes.
We are required to partition the objects into subsets or groups such that elements
of a group share a common set of properties. Moreover the partition should be
such that the similarity between members of the same group is high and the
similarity between members of different groups is low. For example, given a set
of protein sequences, clustering can group them into similar (potentially homol-
ogous) families.

1.2.2 Steps in Data Mining

Data mining refers to the overall process of discovering new patterns and building models
from a given dataset. There are many steps involved in the mining enterprise such as data
selection, data cleaning and preprocessing, data transformation and reduction, data mining
task and algorithm selection, and finally post-processing and interpretation of discovered
knowledge:

• Collect, clean and transform the target dataset: Data mining relies on the avail-
ability of suitable data that reflects the underlying diversity, order, and structure
of the problem being analyzed. Therefore, the collection of a dataset that cap-
tures all the possible situations that are relevant to the problem being analyzed is
crucial. Raw data contain many errors and inconsistencies, such as noise, outliers,
and missing values. An important element of this process is to remove duplicate
records to produce a non-redundant dataset. Another important element of this
process is the normalization of data records to deal with the kind of pollution
caused by the lack of domain consistency.
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• Select features, reduce dimensions: Even after the data have been cleaned up in
terms of eliminating duplicates, inconsistencies, missing values, and so on, there
may still be noise that is irrelevant to the problem being analyzed. These noise
attributes may confuse subsequent data mining steps, produce irrelevant rules
and associations, and increase computational cost. It is therefore wise to perform
a dimension reduction or feature selection step to separate those attributes that
are pertinent from those that are irrelevant.

• Apply mining algorithms and interpret results: After performing the pre-processing
steps apply appropriate data mining algorithms—association rule discovery, se-
quence mining, classification tree induction, clustering, and so on—to analyze
the data. After the algorithms have produced their output, it is still necessary
to examine the output in order to interpret and evaluate the extracted patterns,
rules, and models. It is only by this interpretation and evaluation process that
we can derive new insights on the problem being analyzed.

1.3 Mining 3D Protein Data

Protein structure data has been mined to extract structural motifs [29, 22, 31], analyze
protein-protein interactions [55], protein folding [65, 39], protein thermodynamic stabil-
ity [5, 38], and many other problems. Mining structurally conserved motifs in proteins is
extremely important, as it reveals important information about protein structure and func-
tion. Common structural fragments of various sizes have fixed 3D arrangements of residues
that may correspond to active sites or other functionally relevant features, such as Prosite
patterns. Identifying such spatial motifs in an automated and efficient way, may have a
great impact on protein classification [13, 3], protein function prediction [20] and protein
folding [39]. We first describe in detail a graph-based method for mining structural motifs,
and then review other approaches.

1.3.1 Modeling Protein Data as a Graph

An undirected graph G(V,E) is a structure that consists of a set of vertices V = {v1, · · · , vn}
and a set of edges E ⊆ V ×V , given as E = {ei = (vi, vj)|vi, vj ∈ V }, i.e., each edge ei is an
unordered pair of vertices. A weighted graph is a graph with an associated weight function
W : E → <+ for the edge set. For each edge e ∈ E, W (e) is called the weight of the edge e.
Protein data is generally modeled as a connected weighted graph where each vertex in the
graph may correspond to either a secondary structure element (SSE) (such as α-helix or
β-strand) [22, 66], or an amino acid [29], or even an individual atom [31]. The granularity
presents a trade-off between computation time and complexity of patterns mined; a coarse
graph affords a smaller problem computationally, but runs the risk of oversimplifying the
analysis. An edge may be drawn between nodes/vertices indicating proximity, based on
several criteria, such as:

• Contact Distance (CD) [29, 66]: Given two amino acids ai and aj along with the
3D co-ordinates of their α-Carbon atoms (or alternately β-Carbon), (xi, yi, zi)
and (xj , yj , zj), resp., define the Euclidean distance between them as follows:

δ(ai, aj) =
√

(xi − xj)2 + (yi − yj)2 + (zi − zj)2

We say that ai and aj are in contact, if δ(ai, aj) ≤ δmax, where δmax is some
maximum allowed distance threshold (a common value is δmax = 7Å). We can
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add an edge between two amino acids if there are in contact. If the vertices are
SSEs then the weight on an edge can denote the number of contacts between the
two corresponding SSEs.

• Delaunay Tessellation (DT)[29, 54, 62]: the Voronoi cell of x ∈ V (G) is given by

V(x) = {y ∈ <3|d(x, y) ≤ d(x′, y) ∀x′ ∈ V (G)\{x}}
An edge connects two vertices if their Voronoi cells share a common face.

• Almost Delaunay (AD) [29]: to accommodate for errors in the co-ordinate values
of the points in the protein structure data, we say that a pair of points vi, vj ∈
V (G) are joined by an almost-Delaunay edge with parameter ε, or AD(ε), if by
perturbing all points by at most ε, vi, vj could be made to have Voronoi cells
sharing a face.

1.3.2 Graph-based Structural Motif Mining

(a) 2IGD Structure (b) 2IGD Graph

FIGURE 1.1: (a) 3D structure for protein G (PDB file 2IGD, Length 61). (b) Graph for 2IGD:
graph input format (left) and graph representation (right). The input format lists
the vertices (’v’) followed by the edges (’u’). A vertex is a tuple (v n l), where
v denotes a vertex, n gives the vertex number and l its label. An edge is a tuple
(u n1 n2 l), where u denotes an edge, n1, n2 are the two vertices making the edge,
and l is the edge label.

We now describe our graph-based structural motif mining approach. We represent each
protein as an undirected graph; the vertices correspond to the secondary structures, α-
helix or β-strands. The vertex numbers increase in the sequence order from N-terminus to
C-terminus. The edges correspond to the contacts between two structures. If two SSEs
have no contacts between them, there is no edge between them. Each one of the vertices
and edges has a label associated with it. The labels on the vertices correspond to the
type of secondary structure, and the labels on the edges correspond to the contact types
which are defined by the number of contacts between the two SSEs. We use four types of
edges E1, E2, E3 and E4 depending on the number of contacts between two structures:
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E1 ∈ [1, 5), E2 ∈ [5, 10), E3 ∈ [10, 15), E4 ∈ [15, +∞). The graph representation of the
protein 2IGD with contact cutoff 7Å is shown in Figure 1.1. There are 5 secondary structures
in 2igd: β0, β1, α2, β3, β4 and 7 edges between β1−β0, α2−β0, α2−β1, β3−β1, β3−β2,
β4− β2, and β4− β3.

Discovering Frequent Subgraphs

To mine the frequent structural motifs from the database of proteins represented as graphs
we used the FSG algorithm for frequent subgraph discovery[44]. The input is a database
D of protein graphs and a minimum support threshold σ. The output is the set of all
connected subgraphs that occur in at least σ% of the proteins.

There are three considerations when FSG are applied to the database of protein struc-
tures. Firstly, we are interested in subgraphs that are composed of all secondary structures
in contact, whether or not they are consecutive. A protein sequence or subsequence is
naturally connected from N -terminal to C-terminal, thus any two successive structures
are connected with each other. Contacts between two non-successive structures can form
tertiary structure as well. Secondly, we used labeled graphs, where different graphs can
contain vertices and edges with the same label. We classified edges in four types according
to the range of contacts. We chose this classification range heuristically to allow us to find
patterns containing multiple occurrences of the same structures and contact ranges. A finer
classification of edge types will decrease the frequency of common patterns and make the
running time extremely slow. Thirdly, we are interested in the subgraphs with at least σ%
frequency in the database. This makes sure that the generated subgraphs are the dominant
motifs.

FSG uses a level-by-level approach to mine the connected subgraphs. It starts with the
single edges and counts their frequency. Those that meet the support threshold are extended
by another frequent edge to obtain a set of candidate edge pairs. The counting proceeds
by extending a frequent edge-set by one more edge. The process stops when no frequent
extension is possible. For a detailed description of FSG see [44].

We ran the FSG algorithm on a dataset of 757 protein graphs obtained from the non-
redundant proteins in PDBselect database [27]. The results with different frequency thresh-
olds ranging from 10% to 40%, and with contact cutoff 7Å are shown in Table 1.2. Figure 1.3
shows some mined subgraphs with different number of edges using support 10%.

We mapped the mined graph patterns back to the PDB structure to visualize the mined
results. Two such frequent tertiary motifs are shown in Figure 1.4. The top one has 6
edges, and frequency 157. This motif shows four alpha helices and three beta strands.
Two proteins where this pattern occurs are also shown: PDB files 1AD2 and 1KUH. The
bottom motif has 8 edges and frequency 153. It is an all alpha motif. Two occurrences in
PDB files 1BG8 and 1ARV are shown. The results obtained from graph mining are quite
encouraging. We found that most of the highest scoring patterns match part of the whole
protein structures, and we were able to find remote interactions as well.

Comparison with SCOP Database

The SCOP protein database[50], categorizes proteins into all-α, all-β, α and β (inter-
spersed), α plus β (isolated), and multi-domain according to their structure and functional
similarity. We applied the graph-mining method to protein families classified in SCOP
database. In order to find out whether our method matches with SCOP in mining and
categorizing common domains, several protein families were chosen randomly from SCOP
and represented as graphs. Within one protein family, we used 100% support to find the
largest frequent patterns that appear in every protein in that family.
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10% 20% 30% 40%
1-edge graphs 12 10 8 4
2-edges graphs 34 23 8 6
3-edges graphs 144 42 17 6
4-edges graphs 420 72 22 2
5-edges graphs 1198 142 23 0
6-edges graphs 2920 289 4 0
7-edges graphs 6816 32 0 0
8-edges graphs 14935 114 0 0

FIGURE 1.2: Frequent subgraphs

FIGURE 1.3: Highest Frequency Tertiary Motifs:Edge Size 1 to 8. The notation “t #1, 523” in
the graph input format denotes edge size = 1, support = 523.

FIGURE 1.4: Top: Alpha-Beta Motif and its Occurrence in PDB files: 1ad2, 1kuh. Bottom: All
Alpha Motif and its Occurrence in PDB files: 1bg8, 1arv
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FIGURE 1.5: Largest pattern in 100% of DNA polymerase processivity factor proteins

(a) 1PLQ (b) 1CE8 (c) 1CZD

FIGURE 1.6: Some occurrences of the pattern in PDB files: 1PLQ, 1CE8, 1CZD

To test retrieval rate, we can create a mixed database from several families within the same
superfamily. Mining this database, frequent patterns, could only be found with less than
100% support. If we add to the database some other proteins outside of the superfamily,
the maximum size pattern was only found at very small support and it is not frequent
any more. This demonstrates that our graph mining method could be used to classify
proteins into families based on their shared motifs. For example, consider the DNA clamp
superfamily, which is made up of two families: DNA polymerase III, beta subunit and DNA
polymerase processivity factor. DNA polymerase III beta subunit family has three E. coli
proteins: 2POL, 1JQL and 1JQJ. The DNA polymerase processivity factors family has eight
proteins: Bacteriophage RB69 (1B77, 1B8H) and Bacteriophage T4 (1CZD), human herpes
virus type 1 (1DML), proliferating cell nuclear antigens (1PLQ, 1PLR, 1AXC, 1GE8). The
following pattern, shown in Figure 1.5 and its corresponding occurrences in PDB files,
shown in Figure 1.6, appears in every protein of DNA polymerase processivity factors. The
graph-based method has the potential to become a powerful tool in structure analysis. It
is a rapid, intuitive method to identify and find proteins that display structure similarities
at the level of residues and secondary structure elements.

1.3.3 Alternate Approaches for Structural Motif Mining

Another graph based approach to motif discovery was proposed in [29], where they search
for frequent subgraphs in proteins belonging to the same structural and functional family
in the SCOP database; they propose these subgraphs as family-specific amino acid residue
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signatures of the underlying family. They represent the protein structures as graphs, using
CD, DT and AD representations (see section 1.3.1). They represent each protein graph by
an adjacency matrix in which each entry is either a 0 (if there is no edge), a vertex label
(if it is a diagonal element), or an edge label (if an edge exists). They define the code of
this adjacency matrix as the sequence of the entries in the lower triangular matrix read
going left to right and then top to bottom. They use the lexicographic order to impose an
ordering on the codes obtained by rearranging the rows of the matrix. Using a novel graph
representation such as this, they construct a rooted, ordered tree for each graph and then
search for frequent graphs. They then discard those which have a low mutual information
score. They conclude that in order to achieve the highest accuracy in finding protein
family specific signatures, AD graphs present the best choice both due to their relative
computational efficiency and their robustness in taking into account possible experimental
errors in determining protein atomic coordinates.

In a different approach, Jonassen et al. [35] represent the neighborhood of each residue r
as a neighbor string NSr of which r is called the anchor. NSr encodes all residues within a
d angstrom radius of r. Each residue is encoded by its amino acid type, secondary structure
type and a coordinate set (x, y, z) calculated as the mean of the r’s side chain atoms. The
order of residues in NSr is governed by their order along the protein’s backbone. They then
define a packing pattern against which the neighbor strings are matched. A packing pattern
consists of a list of elements where each element defines a match set (a set of allowed amino
acids), a set of allowed SSE types and one set of coordinates. NSr = r1, . . . , rk, . . . , rl,
where rk is the anchor residue, is said to match packing pattern P = p1, . . . , pl, . . . , pn if
NSr contains a subsequence ri1, . . . , rin, such that residues have amino acids and SSE types
included in the match sets of the corresponding pattern elements and the anchors of the
neighbor string and pattern string are aligned. Also, NSr is said to structurally match P
within φ, if it is possible to superimpose the coordinates of NSr onto those of P with a
root mean square deviation of maximum φ. A neighbor string that structurally matches
a packing pattern with a threshold φ describes an occurrence of the pattern. A pattern
having occurrences in k structures is said to have support k. Thus, they seek packing
patterns having support k in a dataset of N structures. For each of the N structures, a
packing pattern is generated for the generalization of each neighbor string. There may exist
many generalizations of the match sets and hence pruning based on geometrical constraints
is used to constrain the length of the neighbor strings. The packing pattern inherits its
coordinates and SSE types from the neighbor string. Further, neighbor strings with fewer
than 4 elements are discarded. Using depth-first search, they search for all generalizations
of a neighbor string having support k moving from simple (short generalizations) to complex
(long ones) as the depth of the search increases. For every pattern thus found, they compute
a score measuring the pattern’s information content divided by its maximum root mean
square deviation.

The 3D conformation of a protein may be compactly represented in a symmetrical, square,
boolean matrix of pairwise, inter-residue contacts, or “contact map”. The contact map
provides a host of useful information about the protein’s structure. In [28] Hu et al. describe
how data mining can be used to extract valuable information from contact maps. For
example, clusters of contacts represent certain secondary structures, and also capture non-
local interactions, giving clues to the tertiary structure. They focus on two main tasks: 1)
Given the database of protein sequences, discover an extensive set of non-local (frequent)
dense patterns in their contact maps, and compile a library of such non-local interactions.
2) Cluster these patterns based on their similarities and evaluate the clustering quality. To
enumerate all the frequent dense patterns they scan the database of contact maps with a
2D sliding window of a user specified size W × W . Across all proteins in the database,



1-10

any sub-matrix under the window that has a minimum “density” (the number of contacts)
is captured. The main complexity of the method stems from the fact that there can be a
huge number of candidate windows. Of these windows only relatively few will be dense,
since the number of contacts is a lot less than the number of non-contacts. They propose a
fast hash-based approach to counting the frequency of all dense patterns. Finally they use
agglomerative clustering to group the mined dense patterns to find the dominant non-local
interactions.

Several methods for secondary level motif finding have also been proposed. SPASM
can find the motifs consisting of arbitrary main-chain and/or side-chains in a protein
database[40]. An algorithm based on subgraph isomorphism was proposed in[49]; it searches
for an exact match of a specific pattern in a database. Search for distantly related proteins
using a graph to represent the helices and strands was proposed in[42]. An approach based
on maximally common substructures between two proteins was proposed in[23]; it also high-
lights areas of structural overlap between proteins. SUBDUE [15] is an approach based on
Minimum Description Length and inexact graph matching for finding patterns in proteins.
Another graph based method for structure discovery, based on geometric hashing, was pre-
sented in [61]. Most of these methods either focus on identifying predefined patterns in a
group of proteins, or find approximate/inexact matches.

1.3.4 Finding Sites of Non-bonded Interaction

Sites of non-bonded interaction are extremely important to find, as they cannot be deter-
mined from primary structure and give clues about the higher-order structure of the protein.
Side chain clusters in proteins aid in protein folding and in stabilizing the three-dimensional
structure of proteins [25]. Also, these sites may be occurring in structurally similar proteins
with very low sequence homology [37]. Spectral methods have been gaining favor in finding
clusters of non-bonded interaction as they use global information of non-bonded interactions
in the protein molecule to identify clusters.

In [11], Brinda et al. construct a graph, where each vertex is a residue and they connect
vertices if they are in contact (using cut-off 4.5Å). They represent the protein graph in
terms of an adjacency matrix A, where ap,q = 1/dp,q, if p, q ∈ V (G) are connected and
1/100, otherwise, dp,q = distance between p and q. The degree matrix, D, is a diagonal
matrix obtained by summing up the elements of each column. Then, the Laplacian matrix,
L = D − A, is of dimension |V | × |V |. Using eigen decomposition on L, they get the
eigenvalues and the eigenvectors. The Fiedler eigenvector, corresponding to the second
lowest eigenvalue, gives the clustering information [24]. The centers of the clusters can
be identified from the eigenvectors of the top eigenvalues. The cluster centers identified
correspond to the nodes with the highest connectivity (degree) in the cluster, which generally
correspond to the geometric center of the cluster. They consider clusters with at least three
residues. The residues with the same vector component in the second lowest eigenvalue
form a cluster. The residue with the highest magnitude of a vector component in the
corresponding top eigenvalue is the center of the cluster.

The α/β barrel proteins are known to adopt the same fold in spite of very low sequence
similarity. This could be possible only if the specific stabilizing interactions important in
maintaining the fold are conserved in topologically equivalent positions. Such stabilization
centers are usually identified by determining the extent of long-range contacts made by the
residue in the native structure. In [36], Kannan et al. use a data set of 36 (α/β) barrel
proteins having average pair-wise sequence identity less than 10%. They represent each
protein by a connected graph using contact distance approach to connect vertices/residues
with δ = 6.5Å. The representation chosen causes high connectivity among the vertices of
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the graph and hence operating on the Laplacian of the graph is ineffective. Hence they
operate on the adjacency matrix corresponding to the proteins. On eigen decomposition,
they get a set of eigenvalue-eigenvector pairs. They sort this set based on the eigenvalues.
They consider the set of largest eigenvalue-eigenvector pairs. Those residues having a large
vector component magnitude in the direction of any of these eigenvectors are believed to
belong to the cluster corresponding to that eigenvector. Thus, they cluster the residues.
In each cluster, the residue having largest vector component magnitude in the direction of
the corresponding eigenvector is the center of that cluster. Using eigenvalue analysis, they
infer the degree of each vertex. The residues with the largest degree (typically the cluster
centers) correspond to the stabilization centers. They found that most of the residues
grouped in clusters corresponding to the higher eigenvalues, typically occur in the strand
regions forming the β barrel and were found to be topologically conserved in all 36 proteins
studied.

1.4 Mining Microarray Gene Expression Data

High-throughput gene expression has become an important tool to study transcriptional
activity in a variety of biological samples. To interpret experimental data, the extent and
diversity of gene expression for the system under study should be well characterized. A
microarray [59] is a small chip (made of chemically coated glass, nylon membrane or silicon),
containing a (usually rectangular) grid into which tens of thousands of DNA molecules
(probes) are attached. Each cell of the grid relates to a fragment of DNA sequence.

Typically, two mRNA samples (a test sample and a control sample) are reverse-transcribed
into cDNA (targets) and labeled using either fluorescent dyes or radioactive isotopes. They
are then hybridized by base-pairing, with the probes on the surface of the chip. The chip
is then scanned to read the signal intensity that is emitted from the labeled and hybridized
targets. The ratio of the signal intensity emitted from the test target to that emitted from
the control target is a measure of the gene expressivity of the test target with respect to
the control target.

Typically, each row in the microarray grid corresponds to a single gene and each column,
to either an experiment the gene is subjected to, or a patient the gene is taken from. The
corresponding gene expression values can be represented as a matrix of real values where the
entry (i, j) corresponds to the gene expression value for gene i under experiment j or from
patient j. Formally, the dataset is represented as Y = {y(i, j) ∈ <+|1 ≤ i ≤ n, 1 ≤ j ≤ m}
where n,m are the number of rows(genes) and columns(experiments) and <+ is the set of
positive real numbers. We represent the vector of expression values corresponding to gene i
by y(i, · ) and that corresponding to experiment/patient j by y(· , j). A microarray dataset
is typically tens of thousands of rows (genes) long and as many as one hundred columns
(experiments/patients) wide. It is also possible to think of microarray data as the transpose
of Y, i.e., where the rows are experiments and the columns are genes.

The typical objectives of a microarray experiment is to:

1. Identify candidate genes or pathological pathways: We can conduct a microarray
experiment, where the control sample is from a normal tissue while the test
sample is from a disease tissue. The over-expressed or under-expressed genes
identified in such an experiment may be relevant to the disease. Alternatively, a
gene A, whose function is unknown, may be similarly expressed with respect to
another gene B, whose function is known. This may indicate A has a function
similar to that of B.
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2. Discovery and prediction of disease classes: We can conduct a microarray exper-
iment using genes from patients known to be afflicted with a particular disease
and cluster their corresponding gene expression data to discover previously un-
known classes or stages of the disease. This can aid in disease detection and
treatment.

1.4.1 Challenges of Mining Microarray Data

One of the main challenges of mining microarray data is the high dimensionality of the
dataset. This is due to the inherent sparsity of high-dimensional space. It has been proven
[8], that under certain reasonable assumptions on the data distribution and for a variety of
distance functions, the ratio of the distances of the nearest and farthest points to a given
point in a high-dimensional dataset, is almost 1. The process of finding the nearest point
to a given point is instrumental in the success of algorithms, used to achieve the objectives
mentioned above. For example, in clustering, it is imperative that there is an acceptable
contrast in distances between points within the same cluster and distances between points
in different clusters.

Another difficulty in mining microarray data arises from the fact that there are often
missing or corrupted values in the microarray matrix, due to problems in hybridization or
in reading the expression values. Finally, microarray data is very noisy. A large number of
the genes or experiments may not contribute any interesting information, but their presence
in the dataset makes detection of subtle clusters and patterns harder and increases the
motivation for highly scalable algorithms.

1.4.2 Association Rule Mining

In order to achieve the objective of discovery of candidate genes in pathological pathways,
there has been an attempt to use association rules [2]. Association rules can describe how
the expression of one gene may be associated with the expression of a set of genes. Given
that such an association exists, one might easily infer that the genes involved participate in
some type of gene network.

In order to apply association mining, it is necessary that the data be nominal. In
[16], Creighton et al. first discretize the microarray data, so that each y(a, b) is set to
{high, low, moderate} depending on whether it is up-regulated, down-regulated and nei-
ther considerably up nor down regulated, respectively. Then, the data corresponding to
each experiment, i.e., (y(· , a)) can be thought of as a transaction from the market-basket
viewpoint. They then apply the standard Apriori algorithm to find the association rules
between the different genes and their expression levels. This yields rules of the form
g1(↑) ∧ g3(↓) ⇒ g2(↑), which means that if gene g1 is highly expressed and g3 is under-
expressed, then g2 is over-expressed. Such expression rules can provide useful insight into
the expression networks.

1.4.3 Clustering Algorithms

In order to achieve the objective of discovery of disease classes, there are three types of
clustering algorithms:

1. Gene-based clustering: the dataset is partitioned into groups of genes having
similar expression values across all the patients/experiments.
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2. Experiment-based clustering: the dataset is partitioned into groups of experi-
ments having similar expression values across all the genes.

3. Subspace clustering: the dataset is partitioned into groups of genes and experi-
ments having similar expression values.

If the algorithm searches for clusters, which have elements which are similar across all
dimensions, it can be called a “full dimensional” one.

Similarity Measures

Before delving into the specific clustering algorithms used, we must discuss the measures
used to express similarity between the expression values. Although, formulae mentioned
in this section describe similarity between rows of the gene expression matrix, they can,
without loss of generality be applied, to describe similarity between the columns of the gene
expression matrix as well.

One of the most used classes of distance metrics is the Lp distance where

||y(a, · )− y(b, · )||p∈<+ =

(
m∑

t=1

|y(a, t)− y(b, t)|p
)1/p

In this family, the L1, L2 and L∞ metrics, also called the Manhattan, Euclidean and Cheby-
shev distance metrics, respectively, are the most studied; the Euclidean distance metric is
the most commonly used [21, 47, 12]. However, these measures do not perform too well
in high-dimensional spaces. Note that this class of metrics treats all dimensions equally,
irrespective of their distribution. This is remedied to some extent, by standardizing the
data, i.e. normalizing the data in each row to the range [0,1] having mean 0 and standard
deviation 1 [17, 58]. Note that standardization assumes the underlying data is multivariate
normal.

Alternatively, researchers [18, 19, 12, 63] have used Pearson’s correlation coefficient as a
similarity measure, where

r(y(a, · ), y(b, · )) =
∑m

t=1(y(a, t)− µ(y(a, · )))(y(b, t)− µ(y(b, · )))√
(
∑m

t=1(y(a, t)− µ(y(a, · )))2)(∑m
t=1(y(b, t)− µ(y(b, · )))2)

where µ(y(a, · )) =
∑m

t=1
y(a,t)

N and µ(y(b, · )) =
∑m

t=1
y(b,t)

N .
Note that r assumes the two vectors are approximately normally distributed and jointly

bivariate normal. In this case there is a strong relationship between r and standardized
Euclidean distance, since if y(a, · ) and y(b, · ) are standardized,

||y(a, · )− y(b, · )||2 =
√

2m(1− r(y(a, · ), y(b, · )))

If µ(y(a, · )) = µ(y(b, · )) = 0, i.e. the vectors are translated so their mean is 0, then
r is identical to the cosine similarity between the vectors, which is a similarity measure
known to be highly effective in high-dimensional spaces. Other distance measures tested in
microarray data analysis include Kullback-Leibler distance or mutual information [47].

Gene-based Clustering

A number of traditional clustering algorithms like k-means [58] and hierarchical clustering
[19] have been used to find full-dimensional clusters in microarray data.
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K-means(Y,sim,k)
1. select k points(genes) from Y randomly as cluster centers
2. repeat until convergence
3. for s=1 to n
4. assign y(s, · ) to the cluster whose center is most similar to it using sim
5. for j=1 to k
6. recalculate center of cluster cj as mean of all rows(genes) assigned to it

The k-means algorithm, shown above, is a partitional, iterative clustering algorithm. It
takes as input the n×m dataset Y, the similarity measure sim, and the number of clusters
to mine k. K-means runs very quickly in O(nmt) time (t is the number of iterations, and
k is a small constant), but suffers from the disadvantage that it requires a parameter k to
be supplied, indicating the number of clusters to be found. This parameter is hard to set.
Also, k-means is highly sensitive to noise and outliers, because it assigns every point in the
dataset to some cluster. K-means converges to a local optima and theoretical guarantees of
its accuracy are yet to be proven. The practical accuracy of k-means is noted to improve
considerably, if the initial assignment of points to clusters is not so arbitrary [10].

A Self-Organizing Map (SOM)[43] is based on a single-layered neural network which maps
vectors(rows/genes) in the microarray data to a two-dimensional grid of output nodes. Each
input node is a row from the microarray dataset and each output node corresponds to a
vector in the high-dimensional space.

SOM(Y,sim, k, g, r)
1. select k vectors(genes) from Y randomly as output nodes
2. repeat until convergence
3. For s=1 to n
4. find output node most similar to y(s, · ) using sim
5. update all nodes in the r-neighborhood of that output node

As shown above, a SOM trains on the input microarray dataset to adjust its output
nodes (line 5), so that they move toward the denser regions of the high-dimensional feature
space. The algorithm uses a number of user-specified parameters like the learning rate (g)
and the neighborhood size(r). Also, SOM converges slower than k-means but is far more
robust than k-means. SOM [56] and related algorithms [26] have been used for gene-based
clustering.

Hierarchical clustering has two flavors: agglomerative (bottom-up) and divisive (top-
bottom). In agglomerative gene-based clustering (shown below), each gene is initially
assigned to its own cluster (line 1). In each iteration the two clusters with the highest
inter-cluster similarity (line 3) are merged to form a single one (line 4), until some con-
vergence criterion is satisfied e.g., the desired number of clusters remain, only one cluster
remains, etc. The inter-cluster similarity may be computed by a number of methods such
as:

• single linkage, where Sim(a,b) = maxi∈a,j∈b sim(i, j).
• complete linkage, where Sim(a,b) = mini∈a,j∈b sim(i, j).

• average linkage, where Sim(a,b) =
∑

i∈a,j∈b
sim(i,j)

|a||b| .

• average group linkage, where Sim(a,b) =
∑

i∈a∪b,j∈a∪b
sim(i,j)

|a∪b|2 .
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Here Sim is the inter-cluster similarity of clusters a and b, each having |a| and |b| genes
assigned to them respectively and sim is the similarity measure between two genes. This
merging of clusters gives rise to a tree called a dendrogram. This algorithm is greedy and
susceptible to noise. Also, it has time complexity O(n2 log n) [32] implying it converges
slower than K-means.

Agglomerative(Y,Sim)
1. Assign each y(1, · ), i ∈ [1, n] to its own cluster to form set of clusters C
2. repeat until convergence
3. {a∗,b∗} = argmin(a,b)∈C×CSim(a,b)
4. a∗ = a∗ ∪ b∗,C = C\b∗

In divisive clustering, all the genes are initially assigned to the same cluster. Then itera-
tively, one of the clusters is selected from those existing, and is split into two clusters based
on some splitting criterion. This continues, until some convergence criterion is achieved
e.g., each gene has its own cluster, desired number of clusters remain, etc.

Experiment-based Clustering

For experiment-based clustering, the dimensionality (i.e. the number of genes) of the space
is extremely high. Solutions proposed to remedy the failure of distance metrics in such
high-dimensional spaces include, designing new distance metrics [1] and dimensionality re-
duction [4, 52]. Dimension reduction techniques, such as the Karhunen-Loeve tranformation
(KLT), and singular value decomposition (SVD) [4, 52] are applied as a preprocessing step
to reduce the number of dimensions prior to the application of a clustering algorithm. In
such dimension reduction techniques, the entire database is projected onto a smaller set of
new dimensions, called the principal components, which account for a large portion of the
variance in the dataset. These new dimensions are mutually uncorrelated and orthogonal.
Each of them is a linear combination of the underlying dimensions. Once the data has been
projected to a lower-dimensional space, any of the clustering algorithms can be applied.

Subspace Clustering

The strategy of dimension reduction using KLT may be inappropriate as the clusters in-
volving the transformed dimensions may be hard to interpret for the user. Also, data is
only clustered in a single subspace. [2] cites an example, in which KLT does not reduce the
dimensionality without trading off considerable information, as the dataset contains sub-
sets of points which lie in different and sometimes overlapping lower dimensional subspaces.
Hence, the focus of much recent microarray data analysis focuses on subspace clustering
[6, 14, 21, 45, 57, 60, 63].

Ben-Dor et al.[6], seek to identify large order-preserving submatrices (OPSMs) in Y. A
submatrix is order-preserving if there is a permutation of its columns under which the
sequence of values in every row is strictly increasing. They prove that the problem is NP-
hard. In that paper, they discuss two methods to discover clusters: a complete model and
a partial model. The complete model is simply to enumerate every combination, which is
unacceptable in reality. The partial model is a stochastic model.

Getz et al.[21] alternate between gene-based and experiment-based clustering. They
cluster using super-paramagnetic clustering (SPC), a divisive hierarchical clustering based
on the analogy to the physics of inhomogeneous ferromagnets [9], which is robust against
noise and searches for “natural” stable clusters. They partition the microarray dataset into
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gene-based and experiment-based clusters. The gene(experiment)-based clusters specify the
group of genes(experiment) which are similar. They then cluster the set of genes reported by
each gene-based clustering over the set of experiments specified by each experiment-based
cluster. This continues until SPC clustering produces no new robust clusters.

Cheng et al.[14] proposed the biclustering algorithm which seeks to group subsets of
microarray data rows and columns having a high similarity score. They use the mean
squared residue score as a similarity measure for a cluster. If O ⊆ [1, n], C ⊆ [1,m], the
mean square residue of (O,C) is defined as :

H(O,C) =
1

|O||C|
∑

i∈O,j∈C

(y(i, j)− µC(y(i, · ))− µO(y(· , j)) + µO,C(y(· , · )))

where, µC(y(i, · )) = 1
|C|

∑
j∈C y(i, j), µO(y(· , j) = 1

|O|
∑

i∈O y(i, j), µO,C(y(· , · )) =
1

|O||C|
∑

i∈O,j∈C y(i, j). If H(O, C) ≤ δ, a user-specified threshold, the cluster (O,C) is
retained. This definition imposes a constraint on the variation of gene expression values in
the genes in O across the experiments in C. Their algorithm aims to greedily find multiple
δ-biclusters, one in each iteration. After discovering a cluster, the values in that cluster are
replaced by random data, so that partially overlapping biclusters may be found. However,
if clusters naturally overlap, such random data may obstruct the detection of the overlap
[60].

The p-clustering algorithm [60] is designed to solve this problem. Unlike biclustering, it is
a deterministic algorithm. It defines a pScore of a 2×2 matrix X =

(
a b
c d

)
as: pScore(X) =

|(a− b)− (c−d)|. A sub-matrix (O, C) is a δ-pCluster iff ∀X2×2 ∈ (O,C) pScore(X) ≤ δ, a
predefined threshold. The intuition is that δ constrains the variation in the gene expression
values ((a − b), (c − d)), across the conditions (columns in X) over which the genes (rows
in X) cluster. They use the implicit recursivity in the definition of a δ-pCluster to design
a depth-first algorithm that searches for maximal δ-pClusters. The pCluster algorithm can
discover every δ-pCluster in a data set, no matter whether the clusters are overlapping or
not. It has time complexity O(nm2log(n) + mn2log(m)).

1.5 Determining Normal Variation in Gene Expression Data

Having looked at the application of data mining to the problems of motif discovery and
microarray gene expression analysis, we now highlight some issues in data pre-processing.
We illustrate this with the problem of finding normal variation in gene expression data.

An ubiquitous and under-appreciated problem in microarray analysis is the incidence of
microarrays reporting non-equivalent levels of an mRNA or the expression of a gene for a
system under replicate experimental conditions. In ideal conditions, the gene expression
values for each gene should be the same across all array experiments. But due to the
technical limitations the data contains lot of inherent noise, which could also be due to
normal variation in expression of the genes across the genetically identical male mice. Our
goal is to extract those genes which are contributing to the noise due to their biological
variance. This kind of analysis should be done prior to mining, since otherwise, we might
come to a wrong conclusion about co-expressed genes or genes that correlate well with a
pathological condition.

We try to capture the genes which show variance among the identical mice by trying to
eliminate the variations which come in due to experimental errors and fluctuations. We use
a very robust method to exclude genes, which would eliminate any considerable variance in
the replicates. Our approach is based on the following steps: 1) Calculation of fold-change
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ratio and discretization of expression levels for each gene, 2) Elimination of experimental
noise, 3) Constructing an expression profile for each gene, and 4) Calculating and raking
by gene variability via entropy calculation. We describe the steps in more detail below.

1.5.1 Fold-Change Ratio

We assume that we have n genes, in m mice, with r replicates for each mice, for a given
tissue. We denote gene i as gi. Let Si

t denote the expression level for gene gi in the test
sample and Si

r the expression of gi in the reference microarray samples. We define fold-
change ratio as the log-odds ratio of the expression intensities of the test sample over the
reference sample, given as log2(

Si
t

Si
r
). To analyze the variability, we discretize the fold-change

into k bins ranging from very low expression levels to very high expression levels. The data
is normalized in such a way that the median of the deviation from the median was set to
the same value for the distribution of all the log-ratios on each array [51]. Similar analysis
was done for the Affymetrix data. The raw data containing the intensities was median
centered and scaled by the standard deviation. This normalization technique was chosen
after experimenting with other methods like linear regression and mean centering. Though
none of these methods yielded a normal distribution for the histogram plot of the gene
expression values of all clones in a sample, the median centered normalization technique
performed the best and also provided a uniform distribution for our binning method.

Rep1 Rep2 Rep3 Rep4

Mouse1 {g1
V H , g2

V L, g3
V H , g4

L} {g1
V H , g2

V L, g3
V H , g4

N} {g1
V H , g2

V L, g3
V H , g4

N} {g1
V H , g2

V L, g3
V H , g4

N}
Mouse2 {g1

V H , g2
V L, g3

L, g4
N} {g1

V H , g2
V L, g3

L, g4
N} {g1

V H , g2
V L, g3

L, g4
N} {g1

V H , g2
V L, g3

H , g4
N}

Mouse3 {g1
V H , g2

N , g3
V H , g4

N} {g1
V H , g2

N , g3
V H , g4

N} {g1
V H , g2

N , g3
V H , g4

N} {g1
V H , g2

N , g3
V H , g4

L}
Mouse4 {g1

V H , g2
N , g3

V L, g4
L} {g1

V H , g2
N , g3

V L, g4
N} {g1

V H , g2
N , g3

V L, g4
N} {g1

V H , g2
N , g3

V L, g4
N}

Mouse5 {g1
V H , g2

H , g3
L, g4

L} {g1
V H , g2

H , g3
L, g4

L} {g1
V H , g2

H , g3
L, g4

L} {g1
V H , g2

H , g3
L, g4

L}
Mouse6 {g1

V H , g2
H , g3

V H , g4
L} {g1

V H , g2
H , g3

V H , g4
L} {g1

V H , g2
H , g3

V H , g4
N} {g1

V H , g2
H , g3

V H , g4
N}

If the number of bins for expression level discretization is too small or too high, then it
leads to problems in analysis. In coarse binning, the information about the values is ignored,
and in a very fine binning, the patterns are lost. We tried several values of k and found that
k = 5 works well. The bin intervals are determined using the uniform frequency binning
method. Other popular methods like discriminant discretization, boolean reasoning based
and entropy based discretization can be considered [48]. In frequency binning method we
discretized the relative expression (fold-change) into 5 levels depending on their expression
value. The values of -1.5, -0.5, 0, 0.5, and 1.5 for the fold change ratio were taken as
thresholds for very low (VL), low (L), normal (N), high (H), and very high (VH) expression,
respectively. That is, V L ∈ (−∞,−1.5], V ∈ (−1.5,−0.5], N ∈ (−0.5, 0.5), H ∈ [0.5, 1.5),
and V H ∈ [1.5, +∞). We use the notation gi

e to denote the expression level for gene gi

in a given replicate, where e ∈ {V L, L, N, H, V H}. Table 1.1 shows an example of the
expression of 4 genes in six mice with 4 array replicates for each mouse.

1.5.2 Elimination of Experimental Noise

In order to eliminate the noise due to experimental fluctuations, we process the data taking
one mouse at a time. For each mouse the genetic expression signature is obtained and com-
pared across all r replicates. Only those genes which show consistent expression signature in
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all r replicates are chosen and the ones which show even a slight deviation in any of the repli-
cates are eliminated. This methodology takes a very stringent approach toward eliminating
even the slightest errors due to technical noise. One shortcoming of this approach is that it
would not eliminate any genes which show high fluctuations in the range (−0.5, 0.5). In our
study of normal variance to identify genes which have been falsely reported as differentially
expressed, the genes which we might fail to eliminate do not contribute to the databank
anyway, because they lie in the normal expression range. So, our approach would eliminate
most of the noise which comes due to technical/experimental issues. This operation is done
on all m mice, as a result of which we have gene expression signatures in all the mice with
minimal experimental noise.

Gene Expression

Mouse1 (F1) {g1
V H , g2

V L, g3
V H}

Mouse2 (F2) {g1
V H , g2

V L, g4
N}

Mouse3 (F3) {g1
V H , g2

N , g3
V H}

Mouse4 (F4) {g1
V H , g2

N , g3
V L}

Mouse5 (F5) {g1
V H , g2

H , g3
L, g4

L}
Mouse6 (F6) {g1

V H , g2
H , g3

V H}

Table 1.2, illustrates this process on our example data. For example consider Mouse1.
Since gene g4 is differentially expressed as L in replicate 1, but as N in the other three
replicates, we eliminate g4 from further consideration. The resulting expression signatures
for Mouse1 and other mice from our example are shown in Table 1.2.

1.5.3 Gene Expression Profile

Let Fj represent the gene expressions of the j-th mice after the elimination of experimental
noise. The Fj ’s contain the expression level (very high, high, normal, low, very low) infor-
mation of each gene in each of the m mice in our example. Some values could be missing
due to elimination in the first stage. The Fj values, for our example of six mice, are shown
in Table 1.2.

From the Fj values we construct a frequency table, which contains the number of occur-
rences of each gene for each discretized expression level (VH, H, N, L, VL). The frequency
of every distinct (gene gi, expression level e) pair across all Fj , is used to populate the fre-
quency table. The frequency for gene gi and expression level e is given as f i

e =
∑m

j=1 δi
e(j),

where m is the number of mice, and δi
e(j) is a characteristic function that notes the pres-

ence/absence of gene gi at level e in mouse j, defined as: δi
e(j) = 1, if gi

e ∈ Fj , and δi
e(j) = 0,

if gi
e 6∈ Fj . The frequency table obtained for our example is shown in Table 1.3. As an

example, g2, has expression level V L in mice 1 and 2, level N in mice 3 and 4, and level H
in mice 5 and 6. Thus the expression profile for g2 is given by the vector (0, 2, 2, 0, 2), as
shown in the table.

fi
V H fi

H fi
N fi

L fi
V L

Gene g1 6 0 0 0 0
Gene g2 0 2 2 0 2
Gene g3 3 0 0 1 1
Gene g4 0 0 1 1 0
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1.5.4 Entropy-based Variability Ranking

The genes that show presence in more than one discrete level are of interest to us. The
frequency table is analyzed further to identify those genes which show considerable variance
by their presence in more than one state. To capture the variance in a gene’s expression
level, the entropy measure was used. Entropy gives us the amount of disorder in the
expression values of a gene, and thus is a measure of the normal variance, since the noise
due to experimental variation is eliminated prior to this step. The entropy measure for a
gene gi is given as follows, E(gi) = −∑k

e=1 pi
e log2(pi

e), where k is the number of discrete
expression levels, and pi

e is the probability of gene gi having expression level e, which is
given as pi

e = fi
e∑k

j=1
fi

j

.

By definition of entropy, if a gene has only one expression level (say j), then pi
j = 1

and E(gi) = 0. On the other hand, if a gene has the most variance (i.e., equal occur-
rence at each expression level), then P i

j = 1/k for all expression levels j, and E(gi) =
−∑k

j=1 1/k log2(1/k) = − log2(1/k) = log2(k). In our approach genes with entropy 0, i.e.,
those having no variance in expression across the mice, are discarded, and the remaining
genes are ranked in descending order of their entropy (and thus variance). The entropy
ranking for the four genes (along with the probability of each expression level) in our ex-
ample are shown in Table 1.4. Gene g2 and g3 are of most interest to us because they show
variation in expression states across the six mice. On the other hand gene g1 is always high
in all six mice, showing no variance.

pi
V H pi

H pi
N pi

L pi
V L Entropy

Gene g2 0 0.33 0.33 0 0.33 1.59
Gene g3 0.6 0 0 0.2 0.2 1.37
Gene g4 0 0 0.5 0.5 0 1
Gene g1 1.0 0 0 0 0 0

1.5.5 Weighted Expression Profiles

In our approach to experimental noise elimination, any gene with varying expression level
among the replicates is considered experimental noise, and eliminated. Instead of such a
stringent approach, we can choose to retain a gene provided it has the same expression level
in a given fraction of the replicates. For instance, gene g4 has expression level N in three
out of the four replicates for Mouse1. If we set our threshold to 75%, then we would retain
g4

N in the gene expression for Mouse1 in Table 1.2.
Another approach is to construct a weighted expression signature, as follows: For every

gene we record the fraction of the replicates in which it takes a particular value. For
instance, for Mouse1, gene g1 always takes the value V H, so its weighted expression is
g1

V H(1.0). On the other hand, gene g4 is N in three and L in one out of the four replicates;
we record its weighted expression as g4

N(0.75),L(0.25). We denote by wi
e(j) the weight of gene

gi at expression level e in Mouse j. Table 1.5 shows the weighted expression signatures for
all the six mice (note: if the weight is 1.0 we omit the weight; we write g1

V H instead of
g1

V H(1.0)).
From the weighted gene expressions, we can construct a weighted profile using the ap-

proach in Section 1.5.3. The weighted frequency for gene gi and expression level e is given
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Gene Expression

Mouse1 (F1) {g1
V H , g2

V L, g3
V H , g4

N(0.75),L(0.25)}
Mouse2 (F2) {g1

V H , g2
V L, g3

H(0.25),L(0.75), g4
N}

Mouse3 (F3) {g1
V H , g2

N , g3
V H , g4

N(0.25),L(0.75)}
Mouse4 (F4) {g1

V H , g2
N , g3

V L, g4
N(0.75),L(0.25)}

Mouse5 (F5) {g1
V H , g2

H , g3
L, g4

L}
Mouse6 (F6) {g1

V H , g2
H , g3

V H , g4
N(0.5),L(0.5)}

as f i
e =

∑m
j=1 wi

e(j), where m is the number of mice. The weighted frequency table obtained
for our example is shown in Table 1.6. As an example, g4, has expression levels N(0.75) in
Mouse1, N(1.0) in Mouse2, N(0.75) in Mouse3 and Mouse4, and N(0.5) in Mouse6. Thus
f4

N = 0.75 + 1.0 + 2 × 0.75 + 0.5 = 3.75, and similarly f4
L = 2.25. Thus the weighted

expression profile for g4 is given by the vector (0, 0, 3.75, 2.25, 0), as shown in the table.

fi
V H fi

H fi
N fi

L fi
V L

Gene g1 6 0 0 0 0
Gene g2 0 2 2 0 2
Gene g3 3 0.25 0 1.75 1
Gene g4 0 0 3.75 2.25 0

From the weighted expression profile, we can derive the entropy-based variability ranking
for each gene as shown in Table 1.7. Comparing with Table 1.4, we find that g3 is ranked
higher in terms of variability than g2, but the overall trend is similar.

pi
V H pi

H pi
N pi

L pi
V L Entropy

Gene g3 0.5 0.04 0 0.29 0.17 1.64
Gene g2 0 0.33 0.33 0 0.33 1.59
Gene g4 0 0 0.62 0.38 0 0.95
Gene g1 1.0 0 0 0 0 0

1.5.6 Application Study

We applied our entropy-based method to detect normal variance in gene expression for
the two datasets taken from [51] and [46]. We used three datasets of kidney, liver and
testis provided by [51]. Six genetically identical male C57BL6 mice were used to compare
the expression values of 5,406 unique mouse genes. Four separate microarray assays were
conducted for each organ from each animal, for a total of 24 arrays per organ. Also the
dataset of [46] was used which contained the expression values for three mice across the
four organs of liver, heart, lung and brain. Each experiment was replicated three times.
Affymetrix oligo-chips were used in these experiments.

Using our entropy-based approach, in kidney tissue around 3.5% of the 3088 genes showed
considerable variance across the six mice. As reported by [51] we found several immune
modulated and stress responsive genes. In liver tissue, 23 out of 2513 genes show significant
variation in their expression levels among the six mice. Out of the 3252 genes analyzed in
the testis tissue, 63 showed differential expression levels across the six mice. Importantly,
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many of the genes that we found to vary normally have been reported previously to be
differentially expressed because of a pathological process or experimental intervention. One
recent study used microarrays to investigate the differential gene expression patterns during
pre-implantation mouse development [41]. Rpl12 was reported to be differentially expressed
while we found it to be normally varying in the testis tissue. PUFA (polyunsaturated fatty
acids) feeding can influence Protein Kinase C (PKC) activity [7]. Itrp1 is another gene which
has been reported as differentially expressed [30] in papillary thyroid carcinoma, while we
found this gene to be normally varying in kidney tissues. Another study investigated the
effects of acetaminophen on gene expression in the mouse liver [53]. Eight of the genes
reported to differ in response to acetaminophen, including CisH2, and Hsp40, were genes
we found to vary normally.

Principal Component Analysis (PCA) [34] is a classical technique to reduce the dimen-
sionality of the data set by transforming to a new set of variables (the principal components).
It has been used in the analysis of gene expression studies. Principal components (PC’s)
are uncorrelated and ordered such that the k-th PC has the k-th largest variance among
all PC’s. The k-th PC can be interpreted as the direction that maximizes the variation of
the projections of the data points such that it is orthogonal to the first k − 1 PC’s. PCA
is sometimes applied to reduce the dimensionality of the data set prior to clustering. Using
PCA prior to cluster analysis may aid better extraction of the cluster structure in the data
set. Since PC’s are uncorrelated and ordered, the first few PC’s, which contain most of
the variations in the data, are usually used in cluster analysis. Unless external information
is available, [64] recommend cautious interpretation of any cluster structure observed in
the reduced dimensional subspace of the PC’s. They observe no clear trend between the
number of principal components chosen and the cluster quality. [33] use PCA analysis for
extracting tissue specific signatures.

We used PCA to analyze how well the genes we have extracted capture the normal vari-
ance between the mice, eliminating the variance due to any other sources to the maximum
possible extent. Projection on to a 3-dimension space (the top three PCs) allows for better
visualization of the entire data set. Figure 1.7 shows the arrangement of the samples by
plotting them on the principal components derived from: 1) PCA analysis of all the genes
in the dataset, and 2) PCA analysis of only those genes which were found to have normal
variance across mice. These plots are shown for all the three tissues under study. Kidney
and testis show non-random arrangement of the assay points while liver has less discernible
patterns. In the case of the kidney tissue for genes with normal variance, the assays arrange
into two clusters. One of the clusters has assays which include the replicates from four mice
(M1, M2, M5, M6), while the other cluster has mice M3 and M4. This indicates that there
is a high similarity among these mice in kidney tissue. In the testis, the first two mice are
systematically different from the last four mice. No pattern was observed in liver. PCA can
be additionally used as a platform to compare the performance of different methodologies
to determine normal variance. The performance can be judged visually on the basis how
well the replicates cluster together or measure the goodness of the clusters. We observe
that 1) the experimental replicates belonging to any single mice cluster close to each other,
and 2) the mice (biological replicates) are also grouped into visible clusters. Pathologically
similar mice are clustered together.

1.6 Summary

The goal of this chapter was to provide a brief introduction to some data mining tech-
niques, and to look at how data mining has been used in some representative applications
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FIGURE 1.7: Principal component analysis of all genes (left column) and genes with normal vari-
ance (right column). Three tissues were studied: Kidney (top row), Testis (middle
row), and Liver (bottom row). Results for all 6 mice and 4 replicates are shown

in bioinformatics, namely three-dimensional (3D) or structural motif mining in proteins
and the analysis of microarray gene expression data. We also looked at some issues in data
preparation, namely data cleaning and feature selection via the study of how to find normal
variation in gene expression datasets.

It is clear that data mining is playing a fundamental role in understanding the rapidly
expanding sources of biological data. It is equally clear that new data mining techniques are
needed to analyze, manage and discover sequence, structure and functional patterns/models
from large sequence and structural databases, as well as for structure prediction, gene
finding, gene expression analysis, biochemical pathway mining, biomedical literature mining,
drug design and other emerging problems in genomics and proteomics.
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