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Elucidation of transcription regulatory mechanisms and networks through the development and application of computational,
statistical and experimental methods

Background and significance

ldentification and annotation of all the functional elements in
genomes, including genes and regulatory elements, is a
fundamental challenge in this current era of biomedical research in
which the complete genomic sequences of a number of prokaryotes
and eukaryotes are available. Less than a third of the mammalian
genome that is estimated to be under evolutionary selection
pressure is coding (Chiaromonte et al, 2003; Waterston et al, 2002);
the remaining is suggested to belong to untranslated regions, non-
coding genes, chromosomal structural elements, and regulatory
elements which control a variety of biological processes including
gene expression, franslation, chromosomal replication and
condensation. However, in contrast to the advances made in the
identification of protein coding sequences, identification of regulatory
elements remains an unsolved problem in genome annotation.
Whereas the number of genes in many of the sequenced
prokaryotes and eukaryotes can now be reasonably estimated, there
is no clear estimate of the number of functional regulatory elements
in these genomes, especially in higher eukaryotes. The number of
coding genes in eukaryotes, ranging from flies or worms to
mammals, are not dramatically different (between ~14,000 to
~29,000), and it is now thought that organismal complexity may be
aftributed to phenomena like alternative splicing, DNA
rearrangement, and increased number of transcription regulatory
elements as well as transcription factors which regulate gene
expression (Levine and Tjian, 2003). The identification of cis-
regulatory elements controling gene expression and the
transcription factors (TFs), which bind to these elements, thus lie not
only at the very heart of elucidating the network of gene interactions
at the cellular level but also explaining the origins of organismal
complexity and development. Only a small fraction of the eukaryotic
transcription factors, DNA binding sites and regulated genes are
currently known (TRANSFAC database, Matys et al, 2003).
Therefore, identifying the transcription factors (TFs) and deciphering
the function of the regulatory elements is likely to be an important
research area in genomics and computational biology for years to
come.

Identification and annotation of the regulatory elements in
eukaryotes is a difficult problem. In higher eukaryotes and
mammalian genomes the regulatory elements could be spread over
a large area of sequence around the genes, sometimes over 100 Kb
(Loots et al, 2000). Comparative sequence analysis is a promising
approach that has been used successfully to identify regulatory
elements and regions of conserved regulatory function (Cooper and
Sidow, 2003). Despite the utility of comparative genomics, the
identification and modeling of the individual cis-regulatory elements
remains a challenging problem because transcription factor binding
sites (TFBS) are usually short (~6 to 25 nucleotide) and degenerate
sequences that are difficult to detect and align.

Computational and high-throughput experimental (e.g.
ChiP-chip) methods for identification and modeling TFBS have been
developed over the past two decades (Bulyk, 2003; Stormo 2000).
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Some of the computational methods have successfully been used to
discover functional cis-regulatory elements in sequences that are
thought to be regulated by a common transcriptional mechanism
{e.g. GuhaThakurta et al, 2002; Huges et al, 2000). Where models
for DNA binding sites are available, genome-wide predictions for the
regulatory sites can be made (Chekmenev et al, 2005; Kel et al,
2003), but these usually suffer from a large false positive rate. In
addition, many of the binding sites are functional in vivo only in
certain temporal or spatial contexts (developmental or disease
states, specific tissues etc.) with other nearby sites that form cis-
reguiatory modules (Davidson 2001; Howard and Davidson, 2004;
Kel-Margoulis et al, 2002). This means individual binding sites
predictions may not be biologically functional. Modeling composite
DNA reguiatory elements, which are the target sites for transcription
factors that bind DNA in a synergistic manner, is therefore essential
in understanding eukaryotic transcription regulaton. A few
computational and statistical methods have been developed recently
for the identification of cis-regulatory modules (e.g. Aerts, et al, 2003;
Frith et al, 2003; GuhaThakurta and Stormo, 2001; Johansson et al,
2003).

These methods have been valuable in expanding our
knowledge of transcription factor binding sites in the genome.
However, significant obstacles still exist in elucidation of regulatory
elements in higher eukaryotes and mammalian genomes since the
sequence space in which these elements may exist is large and the
complexity of regulatory protein-DNA interactions is likely to be
higher. Even when regulatory elements are identified, methods are
needed to determine which elements are functional under specific
temporal or spatial contexts in vivo and to identify the TFs which bind
to these sites. Hence both computational and experimental methods
to address the problem of transcription regulatory element detection,
modeling, and annotation will need to be developed and improved.

One of the most important benefits of characterizing the
cis-regulatory elements is their use in construction of gene regulatory
networks., Several studies have utilized the information on cis-
regulatory elements for network reconstruction,..

either in isolation or in combination with other orthogonal
sources of information, e.g. microarray expression data (Bolouri and
Davidson, 2002; Haverty et al, 2004; Pilpel et al, 2001). Recently,
expression data has also been combined with genetic variation in
segregating populations to create regulatory networks (Zhu et al,
2004). These approaches demonstrate how multiple sources of data
can be integrated to create gene networks, not only in unicellular
organisms but complex multicellular organisms. Although promising,
these methods are new and there is significant need for
investigation, improvement, and validation.

Research directions in the lab

My lab would be involved in the investigation of transcription
regulatory mechanisms and networks in eukaryotes through
computational and experimental methods. Experimental validation of
biological hypothesis made through computational work will be a key
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to elucidation of the regulatory mechanisms. Hence, my lab would
develop the experimental methods that would compliment our
computational research. In addition to validation work, the
experimental arm of the lab would be utilized to generate raw data
that would be used in training the computational methods. Lessons
learned from experiments would provide valuable insights on how to
improve the computational methods. The problems that my lab
would like to address are:

i) Development and application of computational, stafistical, and
experimental methods for identification of functional transcription
regulatory modules.

There is a considerable need for further research this area.
We have previously developed a computational method for
identification of composite regulatory elements (GuhaThakurta and
Stormo 2001) which can be improved and applied to different data-
sets followed by experimental validation to determine the
performance.

i) Identification of genomic binding sites and the set of regulated
genes for transcription factors.

Several strategies can be employed in this area, including:

(a) Computational predictions followed by experimental validation
using mRNA profiling or transgenic studies in vitro or in vivo.
{b) Perturbation of transcriptional pathways in model organisms or
cell-lines (using RNAI mediated knockdown or other treatments),
followed by expression profiling. The genes with altered mRNA
levels at early time points are likely candidates for direct regulation
by the transcription factors. Application of DNA pattern recognition
methods on these genes could define the binding sites for the
perturbed transcription regulators (e.g. GuhaThakurta et al, 2002).
iii) Reconstruction of transcription regulatory networks by combining
data from mRNA profiling, cis-regulatory elements and genetic
variation of gene expression in segregating populations.

DNA sequence variations affecting gene expression can be
thought of as natural perturbations occurring in a segregating
population which can be utilized to make inferences about gene
networks (Schadt et al, 2005; Zhu et al, 2004). Expression levels can
be treated as quantitative traits and mapped to the genome using
standard linkage analysis methods. DNA-variation and expression
data can thereby be integrated to order the genes in an acyclic
network graph. The underlying principle is if two variables (e.g.
expression levels of two genes) in a segregating population are
genetically linked to the same locus on the genome, then the one
with stronger linkage is causal for (in other words, upstream in the
network relative to) the one with weaker linkage (after having

controlied for other necessary factors). This has been applied to
specific tissues in mouse, where doing crosses and breeding
animals are expensive and time-consuming. The method can also be
applied to elucidate regulatory networks in simpler organisms like S.
cerevisiae or C. elegans, where performing crosses and in-vivo
manipulations is much easier in terms of the methods, time and cost.
Genetic variation of gene expression in S. cerevisiae has been
studied recently in some detail (Brem and Kruglyak, 2005), hence it
can be used as a model to study unicellular organisms. Linkage
mapping has been done in C. elegans before using recombinant
inbred lines (Shook et al, 1996; Ayyadevara et al, 2001), and
progress has been made in high-throughput characterization of gene
expression in specific tissues (Roy et al, 2002; Zhang et al, 2002).
Tissue specific expression profiling in C. elegans is still challenging
and has limitations in terms of quantitative accuracy. However if the
methods can be improved fo obtain quantitatively reproducible
tissue-specific expression profiles, then the genetic variation of gene
expression, combined with the information from cis-regulatory
elements, can be a powerful tool for elucidation of regulatory
networks in simple multicellular organisms. Therefore, in addition to
mouse, we will investigate simpler model organisms in our
laboratory. | have been directly involved in the research and
development in this field at Rosetta Inpharmatics, hence our lab
would be in a good position to work in this new and promising area
of network reconstruction research.

All of the computational and much of the experimental
work, including that with transgenics and simple model organisms,
could be done in our lab. | have considerable experience working on
TFBS and cis-regulatory modules through the analysis of sequence
and expression data (GuhaThakurta et al, 2002; Pramila et al, 2002).
| have developed software and statistical methods for detection of
composite DNA regulatory elements (GuhaThakurta and Stormo,
2001; GuhaThakurta et al, 2002; GuhaThakurta et al 2004). | also
have prior experience in experimental characterization of protein-
nucleic interactions and structural aspects of protein-nucleic acid
recognition (Dunstan et al, 2005, GuhaThakurta et al, 2000;
GuhaThakurta et al, 1999; Xing et al, 1997), and elucidating
regulatory mechanisms in C. elegans. As done previously, we would
pursue research collaborations with other laboratories that are
interested in specific regulatory pathways. This would help in
characterizing a few key pathways in greater depth and detail,
information from which would be utilized in improving the
computational methods.

Identification of causal genes and polymorphisms for complex diseases using integrative genomics approaches

Background and significance

The frue value of sequencing the human genome is realized when
causal genes for diseases that affect human health and life are
identified through genomic and genetic approaches. The availability
of numerous polymorphic markers makes it possible to perform
genome-wide linkage analysis to identify disease loci in humans as
well as animal models like the mouse and rat. Since its introduction
about a decade ago, the DNA microarray technology has
revolutionized both basic and applied biomedical research
(Shoemaker and Linsley 2002). Although extremely valuable, both
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linkage and microarray methods have limitations for identification of
causal disease genes as explained below. Often the linkage regions
on the genome are large containing hundreds of genes, from which
identifying the causal gene by fine-mapping or positional cloning is
a difficult and time-consuming undertaking (e.g. Encinas and
Kuchroo, 2000; Symula et al, 1999). Comparison of mRNA profiles
between normal and disease states can identify genes that are
associated with the disease but cannot distinguish the genes that
are causal for the disease from the ones that are reactive to (i.e.
changes in response to) the disease.
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Recently, genetic linkage mapping and gene expression
profiling have been integrated to distinguish the causal versus the
reactive genes for complex diseases (Schadt et al, 2005). As
mentioned earlier, the causal or reactive relationship between two
variables, say a disease trait and a gene-expression profile, that
share common genetic linkage, can be established by
systematically testing whether the variation at the linkage loci leads
to change in the expression that causes the disease. This appears
to be a powerful technique for the identification of causal genes for
complex diseases.

The central dogma of genetics is that genomic
polymorphisms underlie susceptibility to (or protection from)
diseasess by affecting biological processes at the molecular level
including protein structure, transcription, and splicing. Linkage
mapping is frequently performed to associate disease susceptibility
to genomic loci which is sometimes followed by identification of
causal genes through positional cloning and fine-mapping.
However, the more fundamental question of what the specific
sequence polymorphisms are that qualitatively or quantitatively
perturb the molecular functions of those causal genes is frequently
left unanswered. With the full sequencing of several mammalian
genomes and efforts to characterize intraspecific sequence
variations (The International HapMap Consortium, 2003; Lindblad-
Toh et al, 2000), this fundamental question in genetics can now be
addressed.

Quantitative genetic variation in gene expression has
been used fruitfully in many ways, e.g. to identify causal genes for
complex diseases (Schadt et al, 2005), segregate populations into
disease subtypes (Schadt et al, 2003), and build networks of gene
interactions (Zhu et al, 2004). There are now several examples
where polymorphisms in the promoter regions, and those causing
expression changes in specific genes, are associated with diseases
(Pastinen and Hudson 2004; Knight et al, 2005). In order to
understand the molecular basis of many diseases it will therefore be
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important to identify and annotate the causal regulatory
polymorphisms. It is estimated that a sizeable fraction of promoter
polymorphisms in human genes may affect expression (Buckland et
al, 2005; Hoogendoomn et al, 2003). However, the pafterns of
polymorphisms which underlie heritable variation of gene
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investigated in any detail.

Research directions in the lab

My lab would focus on the following problems:

i) Identification of novel causal genes for diseases by integrating
data from molecular profiling and genetics.

ii) Characterizing causal regulatory polymorphisms for gene
expression variation and disease.
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A STATEMENT OF TEACHING PHILOSOPHY AND INTERESTS

DEBRAJ GUHATHAKURTA

Philosophy

Today, education in a wide diversity of scientific areas is critical in order to have a successful career in
research, teaching, management and leadership in biomedical sciences. In addition to the basic principles
of molecular biology, cell biology and genetics, a biomedical scientist needs to have a reasonably good
understanding of genome science, computational biology, basic statistics, and the familiarity with
programming plus a wide variety of analyses software, to generate useful hypotheses and make
discoveries. As revolutionary new discoveries and methods change the way future scientific discoveries
are made, the subject matter being taught in class at all levels needs to evolve to appropriately prepare the

students for their careers.

My philosophy as an educator is not only to provide the students with the good foundation they need in
the basics of biological and genome science, but also to evolve the materials being taught depending on
the breakthrough discoveries. I am keen to impart the research ideas that are likely to re-shape the
landscape of biological science in the years to come. I will also strive to give the students a clear view of
the ‘big picture’ and convey to them, in a transparent way, how the material they are learning in the

classroom can help them in making critical contributions to improving human health and life.

Teaching Interests

The fields of genomics and bioinformatics currently encompass a vast area. Being interdisciplinary in
nature, they can be taught in many different departments and specializations within an institute. From an
information technology perspective, bioinformatics involves the development of database and software
tools for managing, curating, retrieving, and visualizing biomedical data. On the other hand, from a
scientific perspective, it provides the means for making important discoveries, and generating testable
hypotheses through statistical and computational analysis of biological data. I am interested in teaching
courses that provide the students the opportunity to learn how to make discoveries and inferences through
statistical and computational analysis of complex biological data. I will strive to convey to the students
the interdisciplinary nature of genomic science through key examples that utilizes the practices and
methods from disparate scientific disciplines like genetics, molecular biology, statistics, artificial

intelligence, etc.
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Since biomedical science is now critically dependant on high-throughput technologies and the analyses of
large quantities of data, there is a need for students, at all levels, who are appropriately trained in genome
science and bioinformatics. Courses could be offered at undergraduate and graduate levels, with general
material (overview of methods and examples) presented at lower undergraduate levels and specialized
material presented at senior undergraduate or graduate levels. I am committed to teaching both graduate

and undergraduate courses, in order to prepare the students at all levels.

Below are a few specific ways [ would like to contribute to the teaching programs in an institution:

1) Teaching a general course to undergraduates which provides an overview of the basic
computational biology and genomic methods.

11) Teaching a specialized course in genome sequence analysis, gene regulation and networks.

111) Teaching sections of a course where the instructors are brought together from different
departments or research specializations. In such a course, I would be interested in teaching
computational methods for modeling transcription regulation, methods for sequence analysis,
basics of genetic linkage mapping, or the application of genetics and gene-expression
profiling in biomedical science.

1v) Coordinating a seminar course which reviews key findings and discoveries from recent

literature in genomics and computational biology.

Although the development and applications of the methods for genome analysis are best described in
original research and review articles, there are now several good text books available to introduce these
materials is a systematic way in the classroom (e.g.: http://www iscb.org/bioinformaticsBooks.shtml).
Some of these text books could be used in the courses along with the research and review articles in

specific areas.
Finally, since genomics and computational biology are essentially interdisciplinary fields, I would be

cager to collaborate with other professors within the institute (both intra- and inter-departmental), and

identify the best ways to train the students for successful careers in the biomedical field.
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A Statement of Past Research Accomplishments

Debraj GuhaThakurta

I have been involved in research in genomics, computational and molecular biology, and biophysical chemistry
over the past eleven years. One of my key strengths is the understanding and experience in a diverse array of
research areas. Especially, my experience in both computational and experimental biology has helped me to be
effective in developing methods and making discoveries through the iterative use of both strategies. Some of the
scientific problems that I have addressed over the past several years and the key achievements are described
below.

The identification and annotation of the cis-regulatory elements controlling gene-expression lie not only at the
very heart of elucidating the network of gene interactions at the cellular level but also explaining the origins of
organismal complexity and development. However, to date this remains largely an unsolved problem genome
annotation, especially in higher eukaryotes. I have been involved in addressing this important and challenging
problem for the past several years. Using computational and experimental methods, I have identified and
elucidated the function of novel regulatory elements in eukaryotic genomes. Through collaborative efforts with
laboratories, I discovered regulatory elements which guide expression in the muscle tissue, in heat-shock
treatment, and in cell cycle. I have developed software and statistical methods for detection of composite DNA
regulatory elements, which is a hallmark of eukaryotic gene regulation. Specifically, I have developed a novel
computational method for identification of DNA binding sites for cooperatively acting transcription factors. It is
one of the first to computationally detect novel composite regulatory elements using a machine learning
approach. Since its publication and release, this software has been widely used and referenced by other scientists
in the field. These studies demonstrate how novel regulatory elements for specific cellular transcriptional
pathways can be identified with computational methods and validated using transgenic strategies.

Prior to the development of computational and statistical methods for analysis of gene regulation, I studied
structural aspects of protein-nucleic acid recognition. Protein-RNA complexes are crucial in performing many
necessary cellular functions, including translation of message to protein. However, not many protein-RNA
complexes are well characterized at the structural level, and the mechanisms of protein-RNA recognition is
poorly understood in comparison to the more thoroughly studied protein-DNA recognition. I was intrigued by
this problem and decided to pursue it during my graduate studies. Ours was one of the first studies to
demonstrate that evolutionary co-variation of nucleotide and amino-acid residues can be utilized to identify key
structural interactions between RNA and protein in a complex. In addition, I did the first extensive study
investigating how residues on a ribosomal protein contribute to ribosomal RNA recognition in a conserved
protein-nucleic acid complex. These studies shed light on the structural aspects of protein-RNA recognition.

At Rosetta Inpharmatics LLC (Merck & Co.), where I am currently employed, I have been a part of a research
team that pioneered the use DNA microarrays and genetic variation of gene expression in identification of
disease genes and building regulatory networks. I have been involved in two main areas of research and
development, viz. annotation of the coding genes in the human genome with microarray technology and target
gene identification for complex human diseases using a combination of mouse genetics and molecular profiling.
I contributed significantly to the development of novel methodologies for analyses, most of which have been
published in reputed journals. I have successfully used integrative genomic techniques (integrating genomic,
molecular profiling and genetics data) to identify new drug targets for cardiovascular disease and obesity.
Several of these targets have entered the pipeline for extensive validation and drug development with high-
throughput screening. My colleagues and I have also utilized the genetic variation of gene expression to
reconstruct regulatory network in mouse tissues. I developed and maintained databases for genomic, genetic and
profiling data, and wrote programs for data analysis in Perl, R, and Matlab. In addition, I have used available
software like JMP and Spotfire for data analysis. Thus, at Rosetta, I have become familiar with the
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pharmaceutical R&D process, and obtained significant experience in integrative genomics, and aspects of data
management and analysis in a collaborative research environment.

While at Rosetta Inpharmatics, I served as a thesis advisor to one MS student from Indiana University School of
Informatics. He worked as an extended intern under my guidance to investigate an intriguing issue in genetics,
viz. the patterns of polymprhisms that underlie genetic variation of gene-expression in segregating populations.
At Rosetta, I have directly supervised two employees including one Ph.D. senior scientist. In addition, during
my post-doctoral work at Washington University, I had the opportunity to supervise graduate and undergraduate
students in their internships or laboratory rotation.

Due to my expertise and experience in various areas of computational and molecular biology, I am frequently
asked to serve as reviewer in reputed journals. I have also been invited to review international research grant
applications in computational biology and genomics. I have served as an associate guest editor for two special
issues of the IEEE Intelligent Systems magazine on bioinformatics.

I am confident that my experience in various aspects of computational and molecular biology, along with the
ability to collaborate, and guide students and employees will help me to establish a vibrant and successful
research laboratory.
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