Chapman & Hall/CRC
Mathematical and Computational Biology Series

S =
| Big Data Analysis for
Bioinformatics and
Biomedical Discoveries

ND1 ‘,f,‘,’/ )
MNEE )
e i/ G
NAMPT 5“’9 2 ’ﬁ/‘gg
YR
Z S

Shui Qing Ye

CRC Press
Taylor & Francis Group

A CHAPMAN & HALL BOOK






CHAPMAN & HALL/CRC

Mathematical and Computational Biology Series

Aims and scope:

This series aims to capture new developments and summarize what is known
over the entire spectrum of mathematical and computational biology and
medicine. It seeks to encourage the integration of mathematical, statistical,
and computational methods into biology by publishing a broad range of
textbooks, reference works, and handbooks. The titles included in the
series are meant to appeal to students, researchers, and professionals in the
mathematical, statistical and computational sciences, fundamental biology
and bioengineering, as well as interdisciplinary researchers involved in the
field. The inclusion of concrete examples and applications, and programming
techniques and examples, is highly encouraged.

Series Editors

N. F. Britton
Department of Mathematical Sciences
University of Bath

Xihong Lin
Department of Biostatistics
Harvard University

Nicola Mulder
University of Cape Town

South Africa

Maria Victoria Schneider
European Bioinformatics Institute

Mona Singh
Department of Computer Science
Princeton University

Anna Tramontano
Department of Physics
University of Rome La Sapienza

Proposals for the series should be submitted to one of the series editors above or directly to:
CRC Press, Taylor & Francis Group

3 Park Square, Milton Park

Abingdon, Oxfordshire OX14 4RN

UK



Published Titles

An Introduction to Systems Biology:
Design Principles of Biological Circuits
Uri Alon

Glycome Informatics: Methods and
Applications
Kiyoko F. Aoki-Kinoshita

Computational Systems Biology of
Cancer

Emmanuel Barillot, Laurence Calzone,
Philippe Hupé, Jean-Philippe Vert, and
Andrei Zinovyev

Python for Bioinformatics
Sebastian Bassi

Quantitative Biology: From Molecular to
Cellular Systems
Sebastian Bassi

Methods in Medical Informatics:
Fundamentals of Healthcare
Programming in Perl, Python, and Ruby
Jules J. Berman

Computational Biology: A Statistical
Mechanics Perspective
Ralf Blossey

Game-Theoretical Models in Biology
Mark Broom and Jan Rychtar

Computational and Visualization
Techniques for Structural Bioinformatics
Using Chimera

Forbes J. Burkowski

Structural Bioinformatics: An Algorithmic
Approach
Forbes J. Burkowski

Spatial Ecology
Stephen Cantrell, Chris Cosner, and
Shigui Ruan

Cell Mechanics: From Single Scale-
Based Models to Multiscale Modeling
Arnaud Chauviére, Luigi Preziosi,

and Claude Verdier

Bayesian Phylogenetics: Methods,
Algorithms, and Applications
Ming-Hui Chen, Lynn Kuo, and Paul O. Lewis

Statistical Methods for QTL Mapping
Zehua Chen

Normal Mode Analysis: Theory and
Applications to Biological and Chemical
Systems

Qiang Cui and Ivet Bahar

Kinetic Modelling in Systems Biology
Oleg Demin and Igor Goryanin

Data Analysis Tools for DNA Microarrays
Sorin Draghici

Statistics and Data Analysis for
Microarrays Using R and Bioconductor,
Second Edition

Sorin Draghici

Computational Neuroscience:
A Comprehensive Approach
Jianfeng Feng

Biological Sequence Analysis Using
the SeqAn C++ Library
Andreas Gogol-Déring and Knut Reinert

Gene Expression Studies Using
Affymetrix Microarrays
Hinrich G6himann and Willem Talloen

Handbook of Hidden Markov Models
in Bioinformatics
Martin Gollery

Meta-analysis and Combining
Information in Genetics and Genomics
Rudy Guerra and Darlene R. Goldstein

Differential Equations and Mathematical
Biology, Second Edition
D.S. Jones, M.J. Plank, and B.D. Sleeman

Knowledge Discovery in Proteomics
Igor Jurisica and Dennis Wigle

Introduction to Proteins: Structure,
Function, and Motion
Amit Kessel and Nir Ben-Tal

RNA-seq Data Analysis: A Practical
Approach

Eija Korpelainen, Jarno Tuimala,

Panu Somervuo, Mikael Huss, and Garry Wong

Biological Computation
Ehud Lamm and Ron Unger

Optimal Control Applied to Biological
Models
Suzanne Lenhart and John T. Workman



Published Titles (continued)

Clustering in Bioinformatics and Drug
Discovery
John D. MacCuish and Norah E. MacCuish

Spatiotemporal Patterns in Ecology
and Epidemiology: Theory, Models,
and Simulation

Horst Malchow, Sergei V. Petrovskii, and
Ezio Venturino

Stochastic Dynamics for Systems
Biology
Christian Mazza and Michel Benaim

Engineering Genetic Circuits
Chris J. Myers

Pattern Discovery in Bioinformatics:
Theory & Algorithms
Laxmi Parida

Exactly Solvable Models of Biological
Invasion
Sergei V. Petrovskii and Bai-Lian Li

Computational Hydrodynamics of
Capsules and Biological Cells
C. Pozrikidis

Modeling and Simulation of Capsules
and Biological Cells
C. Pozrikidis

Cancer Modelling and Simulation
Luigi Preziosi

Introduction to Bio-Ontologies

Peter N. Robinson and Sebastian Bauer
Dynamics of Biological Systems
Michael Small

Genome Annotation
Jung Soh, Paul M.K. Gordon, and
Christoph W. Sensen

Niche Modeling: Predictions from
Statistical Distributions
David Stockwell

Algorithms in Bioinformatics: A Practical
Introduction

Wing-Kin Sung

Introduction to Bioinformatics

Anna Tramontano

The Ten Most Wanted Solutions in
Protein Bioinformatics
Anna Tramontano

Combinatorial Pattern Matching
Algorithms in Computational Biology
Using Perl and R

Gabriel Valiente

Managing Your Biological Data with
Python

Allegra Via, Kristian Rother, and
Anna Tramontano

Cancer Systems Biology
Edwin Wang

Stochastic Modelling for Systems
Biology, Second Edition
Darren J. Wilkinson

Big Data Analysis for Bioinformatics and
Biomedical Discoveries

Shui Qing Ye

Bioinformatics: A Practical Approach
Shui Qing Ye

Introduction to Computational
Proteomics

Golan Yona



Chapman & Hall/CRC Mathematical and Computational Biology Series

Big Data Analysis for
Bioinformatics and
Biomedical Discoveries

Shui Qing Ye

CRC Press

Taylor & Francis Group
Boca Raton London New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business

A CHAPMAN & HALL BOOK



MATLAB® is a trademark of The MathWorks, Inc. and is used with permission. The MathWorks does
not warrant the accuracy of the text or exercises in this book. This book’s use or discussion of MAT-
LAB° software or related products does not constitute endorsement or sponsorship by The MathWorks
of a particular pedagogical approach or particular use of the MATLAB® software.

Cover Credit:

Foreground image: Zhang LQ, Adyshev DM, Singleton P, Li H, Cepeda J, Huang SY, Zou X, Verin AD,
Tu J, Garcia JG, Ye SQ. Interactions between PBEF and oxidative stress proteins - A potential new
mechanism underlying PBEF in the pathogenesis of acute lung injury. FEBS Lett. 2008; 582(13):1802-8

Background image: Simon B, Easley RB, Gregoryov D, Ma SF, Ye SQ, Lavoie T, Garcia JGN. Microarray
analysis of regional cellular responses to local mechanical stress in experimental acute lung injury. Am
] Physiol Lung Cell Mol Physiol. 2006; 291(5):L851-61

CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway N'W, Suite 300
Boca Raton, FL 33487-2742

© 2016 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works
Version Date: 20151228

International Standard Book Number-13: 978-1-4987-2454--8 (eBook - PDF)

This book contains information obtained from authentic and highly regarded sources. Reasonable
efforts have been made to publish reliable data and information, but the author and publisher cannot
assume responsibility for the validity of all materials or the consequences of their use. The authors and
publishers have attempted to trace the copyright holders of all material reproduced in this publication
and apologize to copyright holders if permission to publish in this form has not been obtained. If any
copyright material has not been acknowledged please write and let us know so we may rectify in any
future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced,
transmitted, or utilized in any form by any electronic, mechanical, or other means, now known or
hereafter invented, including photocopying, microfilming, and recording, or in any information stor-
age or retrieval system, without written permission from the publishers.

For permission to photocopy or use material electronically from this work, please access www.copy-
right.com (http://www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222
Rosewood Drive, Danvers, MA 01923, 978-750-8400. CCC is a not-for-profit organization that pro-
vides licenses and registration for a variety of users. For organizations that have been granted a photo-
copy license by the CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are
used only for identification and explanation without intent to infringe.

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com


http://www.copyright.com
http://www.copyright.com
http://www.copyright.com/
http://www.taylorandfrancis.com
http://www.crcpress.com

Contents

Preface, ix
Acknowledgments, xiii
Editor, xv

Contributors, xvii
Section | - Commonly Used Tools for Big Data Analysis

CHAPTER 1w Linux for Big Data Analysis 3

SHUI QING YE AND DING-You Li

CHAPTER 2 = Python for Big Data Analysis 15

DmiTRY N. GRIGORYEV

CHAPTER 3 = R for Big Data Analysis 35

STEPHEN D. SIMON

SectioN Il Next-Generation DNA Sequencing Data Analysis

CHAPTER 4 = Genome-Seq Data Analysis 57

MIN XioNG, LI QIN ZHANG, AND SHUI QING YE

CHAPTER 5 = RNA-Seq Data Analysis 79

Li QIN ZHANG, MIN XIONG, DANIEL P. HERUTH, AND SHUI QING YE

CHAPTER 6 = Microbiome-Seq Data Analysis 97

DANIEL P. HERUTH, MIN XIONG, AND XUN JIANG

vii



viii m Contents

CHAPTER 7 = MIRNA-Seq Data Analysis 117
DANIEL P. HERUTH, MIN XIONG, AND GUANG-LIANG BI

CHAPTER 8 » Methylome-Seq Data Analysis 131
CHENGPENG B

CHAPTER 9 = ChIP-Seq Data Analysis 147

SHUI QING YE, LI QIN ZHANG, AND JIANCHENG Tu

Section [Il - Integrative and Comprehensive Big Data Analysis

CHaPTER 10 = Integrating Omics Data in Big Data Analysis 163
Li QIiN ZHANG, DaNIeL P. HERUTH, AND SHUI QING YE

CHaPTER 11« Pharmacogenetics and Genomics 179
ANDREA GAEDIGK, KATRIN SANGKUHL, AND LARISA H. CAVALLARI

CHaPTER 12 = Exploring De-Identified Electronic Health
Record Data with i2b2 201
MARK HOFFMAN

CHAPTER 13 = Big Data and Drug Discovery 215
GERALD J. WYCKOFF AND D. ANDREW SKAFF

CHAPTER 14w Literature-Based Knowledge Discovery 233
HONGFANG Liu AND MAJID RASTEGAR-MOJARAD

CHapTER 15 = Mitigating High Dimensionality in Big Data
Analysis 249

DEENDAYAL DINAKARPANDIAN



Preface

WE ARE ENTERING AN era of Big Data. Big Data offer both unprec-
edented opportunities and overwhelming challenges. This book is
intended to provide biologists, biomedical scientists, bioinformaticians,
computer data analysts, and other interested readers with a pragmatic
blueprint to the nuts and bolts of Big Data so they more quickly, easily,
and effectively harness the power of Big Data in their ground-breaking
biological discoveries, translational medical researches, and personalized
genomic medicine.

Big Data refers to increasingly larger, more diverse, and more complex
data sets that challenge the abilities of traditionally or most commonly
used approaches to access, manage, and analyze data effectively. The monu-
mental completion of human genome sequencing ignited the generation of
big biomedical data. With the advent of ever-evolving, cutting-edge, high-
throughput omic technologies, we are facing an explosive growth in the
volume of biological and biomedical data. For example, Gene Expression
Omnibus (http://www.ncbi.nlm.nih.gov/geo/) holds 3,848 data sets of
transcriptome repositories derived from 1,423,663 samples, as of June 9,
2015. Big biomedical data come from government-sponsored projects
such as the 1000 Genomes Project (http://www.1000genomes.org/), inter-
national consortia such as the ENCODE Project (http://www.genome.gov/
encode/), millions of individual investigator-initiated research projects,
and vast pharmaceutical R&D projects. Data management can become a
very complex process, especially when large volumes of data come from
multiple sources and diverse types, such as images, molecules, phenotypes,
and electronic medical records. These data need to be linked, connected,
and correlated, which will enable researchers to grasp the information that
is supposed to be conveyed by these data. It is evident that these Big Data
with high-volume, high-velocity, and high-variety information provide us
both tremendous opportunities and compelling challenges. By leveraging

ix
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the diversity of available molecular and clinical Big Data, biomedical sci-
entists can now gain new unifying global biological insights into human
physiology and the molecular pathogenesis of various human diseases or
conditions at an unprecedented scale and speed; they can also identify
new potential candidate molecules that have a high probability of being
successfully developed into drugs that act on biological targets safely and
effectively. On the other hand, major challenges in using biomedical Big
Data are very real, such as how to have a knack for some Big Data analysis
software tools, how to analyze and interpret various next-generation DNA
sequencing data, and how to standardize and integrate various big bio-
medical data to make global, novel, objective, and data-driven discoveries.
Users of Big Data can be easily “lost in the sheer volume of numbers.”

The objective of this book is in part to contribute to the NIH Big Data to
Knowledge (BD2K) (http://bd2k.nih.gov/) initiative and enable biomedi-
cal scientists to capitalize on the Big Data being generated in the omic
age; this goal may be accomplished by enhancing the computational and
quantitative skills of biomedical researchers and by increasing the number
of computationally and quantitatively skilled biomedical trainees.

This book covers many important topics of Big Data analyses in bioin-
formatics for biomedical discoveries. Section I introduces commonly used
tools and software for Big Data analyses, with chapters on Linux for Big
Data analysis, Python for Big Data analysis, and the R project for Big Data
computing. Section II focuses on next-generation DNA sequencing data
analyses, with chapters on whole-genome-seq data analysis, RNA-seq
data analysis, microbiome-seq data analysis, miRNA-seq data analysis,
methylome-seq data analysis, and ChIP-seq data analysis. Section III dis-
cusses comprehensive Big Data analyses of several major areas, with chap-
ters on integrating omics data with Big Data analysis, pharmacogenetics
and genomics, exploring de-identified electronic health record data with
i2b2, Big Data and drug discovery, literature-based knowledge discovery;,
and mitigating high dimensionality in Big Data analysis. All chapters in
this book are organized in a consistent and easily understandable format.
Each chapter begins with a theoretical introduction to the subject matter
of the chapter, which is followed by its exemplar applications and data
analysis principles, followed in turn by a step-by-step tutorial to help read-
ers to obtain a good theoretical understanding and to master related prac-
tical applications. Experts in their respective fields have contributed to this
book, in common and plain English. Complex mathematical deductions
and jargon have been avoided or reduced to a minimum. Even a novice,
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with little knowledge of computers, can learn Big Data analysis from this
book without difficulty. At the end of each chapter, several original and
authoritative references have been provided, so that more experienced
readers may explore the subject in depth. The intended readership of this
book comprises biologists and biomedical scientists; computer specialists
may find it helpful as well.

I hope this book will help readers demystify, humanize, and foster their
biomedical and biological Big Data analyses. I welcome constructive criti-
cism and suggestions for improvement so that they may be incorporated
in a subsequent edition.

Shui Qing Ye
University of Missouri at Kansas City

MATLAB® is a registered trademark of The MathWorks, Inc. For product
information, please contact:

The MathWorks, Inc.

3 Apple Hill Drive

Natick, MA 01760-2098 USA
Tel: 508-647-7000

Fax: 508-647-7001

E-mail: info@mathworks.com
Web: www.mathworks.com
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CHAPTER 1

Linux for Big
Data Analysis

Shui Qing Ye and Ding-you Li
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1.3.4.2 Visualize the File 14
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1.1 INTRODUCTION

As biological data sets have grown larger and biological problems have
become more complex, the requirements for computing power have also

grown. Computers that can provide this power generally use the Linux/
Unix operating system. Linux was developed by Linus Benedict Torvalds
when he was a student in the University of Helsinki, Finland, in early
1990s. Linux is a modular Unix-like computer operating system assembled
under the model of free and open-source software development and distri-
bution. It is the leading operating system on servers and other big iron sys-
tems such as mainframe computers and supercomputers. Compared to
the Windows operating system, Linux has the following advantages:

1. Low cost: You don’t need to spend time and money to obtain licenses
since Linux and much of its software come with the GNU General
Public License. GNU is a recursive acronym for GNU’s Not Unix!.
Additionally, there are large software repositories from which you
can freely download for almost any task you can think of.

2. Stability: Linux doesn’t need to be rebooted periodically to maintain
performance levels. It doesn’t freeze up or slow down over time due
to memory leaks. Continuous uptime of hundreds of days (up to a
year or more) are not uncommon.

3. Performance: Linux provides persistent high performance on work-
stations and on networks. It can handle unusually large numbers
of users simultaneously and can make old computers sufficiently
responsive to be useful again.

4. Network friendliness: Linux has been continuously developed by a
group of programmers over the Internet and has therefore strong
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support for network functionality; client and server systems can be
easily set up on any computer running Linux. It can perform tasks
such as network backups faster and more reliably than alternative
systems.

. Flexibility: Linux can be used for high-performance server applica-

tions, desktop applications, and embedded systems. You can save
disk space by only installing the components needed for a particular
use. You can restrict the use of specific computers by installing, for
example, only selected office applications instead of the whole suite.

. Compatibility: It runs all common Unix software packages and can

process all common file formats.

. Choice: The large number of Linux distributions gives you a choice.

Each distribution is developed and supported by a different organi-
zation. You can pick the one you like the best; the core functional-
ities are the same and most software runs on most distributions.

. Fast and easy installation: Most Linux distributions come with user-

friendly installation and setup programs. Popular Linux distribu-
tions come with tools that make installation of additional software
very user friendly as well.

. Full use of hard disk: Linux continues to work well even when the

hard disk is almost full.

Multitasking: Linux is designed to do many things at the same time;
for example, a large printing job in the background won’t slow down
your other work.

Security: Linux is one of the most secure operating systems. Attributes
such as fireWalls or flexible file access permission systems prevent
access by unwanted visitors or viruses. Linux users have options
to select and safely download software, free of charge, from online
repositories containing thousands of high-quality packages. No pur-
chase transactions requiring credit card numbers or other sensitive
personal information are necessary.

Open Source: If you develop a software that requires knowledge or
modification of the operating system code, Linux’s source code is at
your fingertips. Most Linux applications are open-source as well.
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1.2 RUNNING BASIC LINUX COMMANDS

There are two modes for users to interact with the computer: command-
line interface (CLI) and graphical user interface (GUI). CLI is a means of
interacting with a computer program where the user issues commands to

the program in the form of successive lines of text. GUI allows the use
of icons or other visual indicators to interact with a computer program,
usually through a mouse and a keyboard. GUI operating systems such as
Window are much easier to learn and use because commands do not need to
be memorized. Additionally, users do not need to know any programming
languages. However, CLI systems such as Linux give the user more control
and options. CLIs are often preferred by most advanced computer users.
Programs with CLIs are generally easier to automate via scripting, called
as pipeline. Thus, Linux is emerging as a powerhouse for Big Data analysis.
It is advisable to master some basic CLIs necessary to efficiently perform the
analysis of Big Data such as next-generation DNA sequence data.

1.2.1 Remote Login to Linux Using Secure Shell

Secure shell (SSH) is a cryptographic network protocol for secure data
communication, remote command-line login, remote command execu-
tion, and other secure network services between two networked comput-
ers. It connects, via a secure channel over an insecure network, a server
and a client running SSH server and SSH client programs, respectively.
Remote login to Linux compute server needs to use an SSH. Here, we
use PuTTY as an SSH client example. PuTTY was developed originally
by Simon Tatham for the Windows platform. PuTTY is an open-source
software that is available with source code and is developed and supported
by a group of volunteers. PuTTY can be freely and easily downloaded
from the site (http://www.putty.org/) and installed by following the online
instructions. Figure 1.1a displays the starting portal of a PuTTY SSH.
When you input an IP address under Host Name (or IP address) such as
10.250.20.231, select Protocol SSH, and then click Open; a login screen
will appear. After successful login, you are at the input prompt $ as shown
in Figure 1.1b and the shell is ready to receive proper command or execute
a script.

1.2.2 Basic Linux Commands

Table 1.1 lists most common basic commands used in Linux operation.
To learn more about the various commands, one can type man program
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FIGURE 1.1  Screenshots of a PuT Ty confirmation (a) and a valid login to Linux (b).
TABLE 1.1 Common Basic Linux Commands
Category Command Description Example
File administration s List files Is -al, list all file in detail
cp Copy source file to cp myfile yourfile
target file
rm Remove files or rm accounts.txt, to remove
directories (rmdir or the file “accounts.txt” in the
rm -r) current directory
cd Change current cd., to move to the parent
directory directory of the current
directory
mkdir Create a new directory  mkdir mydir, to create a new
directory called mydir
gzip/gunzip Compress/uncompress —gzip .swp, to compress the
the contents of files file .swp
Access file contents  cat Display the full cat Mary.py, to display the

Less/more

Tail/head

find

contents of a file

Browse the contents of
the specified file

Display the last or the
first 10 lines of a file
by default

Find files

full content of the file
“Mary.py”

less huge-log-file.log, to
browse the content of
huge-log-file.log

tail -n N filename.txt, to
display N number of lines
from the file named
filename.txt

find ~ -size -100M, To find
files smaller than 100M

(Continued)
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TABLE 1.1 (CONTINUED) Common Basic Linux Commands

Category Command Description Example
grep Search for a specific grep “this” demo_file, to
string in the specified ~ search “this” containing
file sentences from the
“demo_file”
Processes top Provide an ongoing top -s, to work in secure
look at processor mode
activity in real time
kill Shut down a process kill -9, to send a KILL signal
instead of a TERM signal
System information  df Display disk space df -H, to show the number

of occupied blocks in
human-readable format

free Display information free -k, to display
about RAM and swap  information about RAM
space usage and swap space usage in
kilobytes

followed by the name of the command, for example, man Is, which will
show how to list files in various ways.

1.2.3 File Access Permission

On Linux and other Unix-like operating systems, there is a set of rules for
each file, which defines who can access that file and how they can access it.
These rules are called file permissions or file modes. The command name
chmod stands for change mode, and it is used to define the way a file can be
accessed. For example, if one issues a command line to a file named Mary.py
like chmod 765 Mary.py, the permission is indicated by -rwxrw-r-x, which
allows the user to read (r), write (w), and execute (x), the group to read and
write, and any other to read and execute the file. The chmod numerical
format (octal modes) is presented in Table 1.2.

1.2.4 Linux Text Editors

Text editors are needed to write scripts. There are a number of available
text editors such as Emacs, Eclipse, gEdit, Nano, Pico, and Vim. Here we
briefly introduce Vim, a very popular Linux text editor. Vim is the editor
of choice for many developers and power users. It is based on the vi editor
written by Bill Joy in the 1970s for a version of UNIX. It inherits the key
bindings of vi, but also adds a great deal of functionality and extensibility
that are missing from the original vi. You can start Vim editor by typing
vim followed with a file name. After you finish the text file, you can type
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TABLE 1.2 The chmod Numerical Format (Octal Modes)

Number Permission rwx
7 Read, write, and execute 111
6 Read and write 110
5 Read and execute 101
4 Read only 100
3 Write and execute 011
2 Write only 010
1 Execute only 001
0 None 000

semicolon (:) plus a lower case letter x to save the file and exit Vim editor.
Table 1.3 lists the most common basic commands used