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CHAPTER 1

Introduction to Big Mechanisms
in Systems Biology

INTRODUCTION

Currently, the reductionist approach in science leads to a causal model that has small
fragments from complicated systems. However, constructing causal models of entire
systems is difficult because the required information is distributed across the exhaustive
literature. In the United States, The Defense Advanced Research Projects Agency
(DARPA) created the Big Mechanism program (BMP) to develop technology for
constructing, understanding, and reasoning of large, complicated systems such as cli-
matic, economic, ecological, and biological systems. At present, BMP focuses on can-
cer signaling pathways, but the technology is intended to be applied for general
purposes [1,2]. In the future, the BMP aims to produce machines that can read litera-
ture and assemble causal fragments found in individual articles into larger causal mod-
els. For example, the computer can gather information from the literature on cancer
biology, extract fragments of causal mechanisms from publications, assemble the
mechanisms into executable models of unprecedented scale and fidelity, use these
models to explain and predict aspects of cancer biology, and even test these predictions
in vitro [1,2]. BMP aims to use existing online sources of biological knowledge as
well as existing machine reading and information extraction methods, such as big data
and big data mining methods, to develop representation and inference methods for
mechanistic biology models and methods for the machine to understand the claims
and evidence in papers, algorithms, or system modeling for inferring causal relation-
ships through system identification via big data and big data mining [2].

In this chapter, we introduce Big Mechanisms, which are mechanistic models of
complicated systems with too many elements and relationships or too many possible
current or future states to be easily comprehended by humans. Next, we introduce
Big Mechanisms in systems biology via system modeling and identification through
genome-wide data and big data mining methods. Since the focus of the BMP is on
systems biology, in this book, the scope of Big Mechanisms in systems biology is on
the system mechanisms of the cell cycle, signal flow, immunity, regeneration, infec-
tion, aging, evolution, carcinogenesis, and medicine based on system models, big data-
base mining, and genome-wide high-throughput experimental data. This book is

Big Mechanisms in Systems Biology © 2017 Elsevier Inc.
DOI: http://dx.doi.org/10.1016/B978-0-12-809479-2.00001-9 All rights reserved.
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designed to develop systematic methods to help scientists understand the big mechan-
isms of very complicated biological systems.

1.1 INTRODUCTION TO BIG MECHANISMS

The DARPA has recently introduced a search for technologies based on a new kind
of science in which research is integrated automatically or semi-automatically into
causal, explanatory models [1]. It emphasizes the need for solutions to complex sys-
tems such as ecosystems, brains, economics, and social systems that have parts and pro-
cesses that are currently studied piecemeal, with literature and data that are
fragmented, distributed, and inconsistent. It addresses the problem of information
overload that we are all currently experiencing in “Big Data” environments. In recent
years, “Big Data” has transformed science, engineering, medicine, healthcare, finance,
business, military, and ultimately society itself. For example, analyses of command
information flows during military crises have been suggested as an approach to onto-
genetic learning that avoids both the problem of describing the subject covered in a
document, and the problem of integrating new subject matter into a predetermined
classification code. We need to make computer-readable documents and data, and
assemble the fragments into explanatory pattern. This would be part of the Big
Mechanisms that explain causes and effects within systems.

Therefore, Big Mechanisms are made up of many small mechanisms, which are
dispersed and need to be integrated into a knowledge base to understand the mechan-
isms of big and complex systems. However, our knowledge of these mechanisms is
increasingly fragmented, voluminous, and inconsistent. It is of central importance to
plan and follow the big database mining process to create a knowledge base, and
investigate how to put this knowledge base into both a relational and graph format to
perform analyses and visualizations for the development of knowledge and for applica-
tion. DARPA’s goal is to develop technologies for a new kind of science in which
many areas of research are integrated into causal, explanatory, or mechanistic models,
with deeper semantics to represent the causal and often kinetic models in response to
the challenge of big data that science and industry are focus today.

At present, the domain of the BMP is systems biology [1,3,4]. The amount of data
produced by the study of biological systems in different species and at different scales,
from molecules to ecosystems, is growing exponentially. As this increase in informa-
tion presents challenges to some areas of biology, systems biology researchers employ
bioinformatics technologies to handle large amounts of data, from local production
through to storage in publicly accessible and integrative depositories. Systems biology
is a new area of study in biology that seeks to incorporate bioinformatics, statistics,
mathematics, physics, chemistry, biology, and engineering, and that promises to
advance and transform our ability to increase biological understanding, program bio-
logical functions, and render the engineering of biological circuits or pathways faster
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and more predictable. A large-scale, integrative, and multidisciplinary approach is
needed for systems biology to flourish.

1.2 BIG MECHANISMS IN SYSTEMS BIOLOGY

This book addresses Big Mechanisms of systems biology by system identification and big
data mining methods using models of biological systems [2,5]. Faced with a large volume
of available literature, complicated mechanisms, small prior knowledge, few classes on the
topic, and causal and mechanistic language, biological research is currently undergoing
revolutionary changes in response to the integration of powerful technologies. Immunity,
regeneration, infection, aging, evolution, and carcinogenesis are complicated biological
systems, and related biological knowledge is fragmented, voluminous, and even inconsis-
tent. The authors have observed remarkably poor agreement among different databases
regarding components of these biological systems. These inconsistencies may reflect the
underlying biology with time-varying systems and signal transduction events are often
context-dependent. This raises a significant problem for mechanistic modeling since it is
not clear which genes/proteins to include in models or experimental measurements.

In this book, we first construct candidate biological networks from omics data and
big data mining that contain many false positives, interaction inconsistencies, and con-
tradictions (see Fig. 1.1). System models are then employed to describe the relationship
between components in the biological network. System identification (reverse engi-
neering) methods are used to identify the interaction parameters of candidate biological
network by  experimental measurement via  microarray  data, NGS
(next-generation sequencing) data, or real-time PCR data in a specific biological
condition, such as lung cancer. Finally, the system order detection method is employed
to determine the system order (the number of interactions) of the biological network so
we can delete the insignificant interactions from the system order and prune false posi-
tives, inconsistencies, or contradictory interactions in the candidate biological network
to obtain the real biological network of a specific biological condition.

After detection and removing inconsistencies between the experimental data and
candidate biological network, biological networks in different biological conditions are
obtained. We can compare two biological networks in different conditions to find signifi-
cant changes in interactions or evolution of biological conditions (e.g., from a normal to
cancer condition) as the network markers of these conditions change. From some related
biological websites, like GO Enrichment Analysis, we can find biological functions or
pathways to interpret system mechanisms of these network markers and identify adequate
drug targets by methods to analyze sensitivity and robustness for the therapeutic treatment.

In this book, the Big Mechanisms of biological systems, like the immune system,
regeneration process, photosynthetic system, and cancer are constructed by systems
biology and big database mining methods. Systems biology sits at the heart of a new
integrative 21st century paradigm of biology. It has introduced a search for a new
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Figure 1.1 A block diagram of Big Mechanisms of systems biology via system identification and
big data mining.

kind of scientific research based on big data mining and causal and explanatory models
of experimental data. If we could resolve Big Mechanisms of systems biology by sys-
tem modeling, system identification, and big data, the results could provide a para-
digm for solutions to Big Mechanisms of complex systems, such as ecosystems, brains,
economics, and social systems in the future.

1.3 THE SCOPE OF BIG MECHANISMS OF SYSTEMS BIOLOGY
IN THIS BOOK

In order to describe the system mechanisms and behaviors, system modeling and system
identification methods are introduced with big data mining in Chapter 2, System



Introduction to Big Mechanisms in Systems Biology

Modeling and System Identification Methods for Big Mechanisms in Biological Systems.
Linear and nonlinear models and related systematic and mathematic analyses for biologi-
cal networks are introduced to investigate the Big Mechanisms in Systems Biology. Then,
least square parameter estimation and maximum likelihood parameter estimation methods
are introduced to estimate the system parameters of biological networks using experimen-
tal data or high-throughput data [5]. Some stochastic testing, systems theory, and system
order detection methods are provided for statistical inference and hypothesis testing of
biological mechanisms in bioinformatics and systems biology [6,7].

In Chapter 3, Procedure for Exploring Big Mechanisms of Systems Biology
Through System Identification and Big Database Mining, how to construct Big
Mechanisms in systems biology by integrating many smaller mechanisms from the dis-
persed heterogeneous omics data via system models and big database mining is intro-
duced. Since the main domain of Big Mechanisms is systems biology, several examples,
i.e., how to construct a gene regulatory network (GRN), protein—protein interaction
network (PPIN), and integrated genetic and epigenetic networks (IGEN) from omics
data, are given to illustrate the procedure for following big data mining processes and
system identification procedures to elucidate system-based Big Mechanisms.

The most remarkable features of cells and entire organisms are their ability to repro-
duce, and the cell cycle entails an ordered series of macromolecular events that lead to
cell division and the production of two daughter cells. As a consequence, we choose
Chapter 4, Big Cellular Mechanisms in the Cell Cycle by System Identification and Big
Data Mining, to look at the regulation of transcription in the progression of the yeast
cell cycle as an example for analyzing Big Cellular Mechanisms using big data mining
processes and system identification procedures in yeast [8—10].

Since the control of transcription factors (TFs) on their target genes is one of the
most important cellular mechanisms, it is more appealing to identify the regulatory
trans/cis mechanisms of TFs via dynamic regulatory models and genome-wide micro-
array data. Therefore, in Chapter 5, Big Regulatory Mechanisms in the Transcriptional
Regulation Control of Gene Expression Using a Stochastic System Model and
Genome-Wide Experimental Data, stochastic system models and experimental data are
used to analyze Big Regulatory Mechanisms in transcription control [11—13].

The cells sense extracellular signals through intercellular communication or stress
responses, cellular responses to sudden environmental stresses or physiological changes
that provide living organisms with the opportunity for survival and further develop-
ment. Therefore, defending against environmental stresses with protective mechanisms
is an important topic. In Chapter 6, Big Mechanisms of Information Flow in Cellular
Systems in Response to Environmental Stress Signals via System Identification and
Data Mining, cellular systems under environmental stresses are given as examples to
identify Big Mechanisms of information flow and protective mechanisms in response
to environmental stresses using system identification and database mining [14—17].
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The major task of the immune system is to defend the host against infections.
Recently, a large variety of experimental techniques and high-throughput NGS data
has been created and provides a sound scientific basis for integrative approaches to
advanced, quantitative, and qualitative systems biology, using computation and model-
ing that will allow us to understand Big Mechanisms of complex immune responses. In
Chapter 7, Big Offensive and Defensive Mechanisms in Systems Immunity From
System Modeling and Big Data Mining, system modeling and big data mining are used
to identify the big offensive and defensive mechanisms in the immune system [18—20].

Regeneration is one of the most intriguing and fascinating biological phenomena,
but the molecular and cellular bases of regeneration are still not fully understood.
Unlike the vertebrates with high regenerative capacity such as amphibians and fish,
mammals have a restricted ability to regenerate lost cells, tissues, and organs at the
adult stage. Therefore, understanding the molecular mechanism of regeneration in
organisms is not only valuable in shedding light on the longstanding question of
regeneration mechanisms, but it is also useful for stem cell-based therapies in the
future. In Chapter 8, Big Regeneration Mechanisms via Systems Biology and Big
Database Mining Methods, Big Regeneration Mechanisms are given as an example of
using systems biology and big database mining methods [21,22].

Cancer is a genetic disease. Many screening arrays for finding new cancer genes
have been constructed. Cancer is also a systemic disease. Therefore, tumorigenesis
mechanisms should be investigated from a systems biology perspective. In Chapter 9,
Big Tumorigenesis Mechanisms in Systems Cancer Biology via Big Database Mining
and Network Modeling, cancer systems biology is used to identify Big Tumorigenesis
Mechanisms through big database mining and network modeling [20,23—25].

Living organisms are complex systems characterized by emergent properties. A
ubiquitous property in complex systems is robustness. Robustness is not a trivial biolog-
ical mechanism to be studied using a reductionism approach. Robust mechanisms are
frequently and widely distributed, guaranteeing organization of the system and cooper-
ation between various parts. Signal transductivity, a system property, is complementary
to robustness, i.e., a biological system with greater network robustness will show greater
loss of signal transductivity and vice versa. Since aging and cancer are both systems dis-
eases of somatic cell evolution, it is appealing to investigate the network robustness and
signal transductivity of somatic cells in the aging and carcinogenic processes. In
Chapter 10, Big Evolutionary Mechanisms of Network Robustness and Signaling
Transductivity in Aging and Carcinogenic Process by System Modeling and Database
Mining, the Big Mechanisms in aging processes and carcinogenesis are given as exam-
ples of examining the mechanisms of network robustness and signaling transductivity
through system modeling and database mining [26,27].

Aging, an extremely complex and system-level process, has attracted much atten-
tion in medical research, especially as chronic diseases are quite prevalent in the elderly
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population. These may be the result of both accumulated genetic and epigenetic var-
iations that lead to intrinsic perturbations and environmental changes that may stimu-
late signaling in the body. Decades of research have demonstrated that higher
incidence of many pathophysiological phenotypes, such as cancer, inflammation, dia-
betes, cardiovascular diseases, and neurodegenerative disorders, are associated with the
process of aging. In Chapter 11, Big Mechanisms of Aging via System Identification
and Big Database Mining, we first investigate the systematic mechanism of GRN in
the aging process by systems biology method via microarray data. Then we will inves-
tigate specific core genetic and epigenetic network for cellular mechanisms of human
aging [28].

In the past few decades, medicine has sought a “magic bullet” that targets a simple
disease-causing molecule and that could cure cancer, diabetes, and other complex dis-
eases. Although some drugs have proven successful, many others have been found to
be ineffective or the cause of significant side effects. This disappointing outcome high-
lights the limitation of single target drug paradigms and is considered to be the under-
lying cause of stagnation in the productivity of pharmaceutical industry. However,
compound efficacy and safety in humans, including toxicity and pharmacokinetic pro-
files, rather than target selection, are the criteria that determine which drug candidates
enter the clinic. Therefore, drug discovery using database mining and systems biology
will become the most important approach to drug discovery. Finally, in Chapter 12,
Big Drug Design Mechanisms via Systems Biology and Big Database Mining, Big
Drug Design Mechanisms are introduced as therapeutic treatments using systems biol-
ogy and big database mining. At first, we will give an overview of drug discovery
using systems biology, and then introduce how to investigate core and specific net-
work markers for multiple drug targets from the perspective of systems biology.
Finally, a cocktail drug design is also introduced for multiple drug targets [29,30].
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CHAPTER 2

System Modeling and System
Identification Methods for Big
Mechanisms in Biological Systems

INTRODUCTION

Consider the cellular system as shown in Fig. 2.1. Through intercellular communica-
tion and cellular stress responses, the cells sense extracellular signals. Different external
changes or events may induce signaling in cells. Typical signals are hormones, phero-
mones, pathogens, heat, cold, light, osmotic pressure, and changes in the appearance
or concentration of substances such as glucose, potassium ions, calcium ions, or cyclic
adenosine monophosphate (cAMP) [1—7]. In the signal transduction pathway, extra-
cellular signals are perceived by transmembrane receptors. The receptor changes its
own state from susceptible to active and then it triggers subsequent cellular processes.

The active receptor stimulates an internal signaling cascade. This cascade fre-
quently includes a series of changes in protein phosphorylation states. The sequence
of state changes crosses the nuclear membrane. Eventually, some transcription factors
(TFs) are activated or deactivated, which change their ability to bind a set of genes
that produce the corresponding proteins in response to extracellular signals or stresses.
In addition to genetic regulation by TFs, epigenetic regulation due to DNA methyla-
tion and microRNAs (miRNA) can also alter gene expression. However, owing to
the complex nature of dynamic biological systems, knowledge of their components
and interactions is not sufficient to interpret behaviors in the cellular system. In this
book, as shown in Fig. 1.1, we employ big database mining to construct candidate-
integrated genetic and epigenetic networks (GENs) to interpret some cellular
mechanisms for some biological conditions. However, there exists a large amount of
false positives in a big database mining process. Therefore, it is very important to
prune these false positive regulations and interactions from the candidate GEN by real
high-throughput experimental data. We need to model interactions and regulations in
the candidate GEN and then prune these false positive interactions and regulations to
obtain the real GEN through system modeling and identification methods by microar-
ray data or next generation sequencing (NGS) data.

Therefore, in this chapter, we will describe the models for these cellular systems
and use experimental data, such as microarray data, NGS data, or real-time polymerase

Big Mechanisms in Systems Biology © 2017 Elsevier Inc.
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Figure 2.1 An integrated signal transduction pathway (i.e., protein—protein interaction network
(PPIN), gene regulatory network (GRN), and miRNA regulatory network).

chain reaction (PCR) data, to identify the parameters of the model that will allow us to
efficiently and accurately integrate this data into the Big Mechanism, and to interpret
the behaviors of cellular systems by system modeling and identification methods. To
begin, we will model and identify the protein—protein interaction network (PPIN)
and gene regulatory network (GRN) by protein expression and microarray data,
respectively. Then, these genetic networks will be integrated with epigenetic regulation
by miRNA expression data to construct an integrated genetic and epigenetic cellular
network. Further, core network extracted by applying principal network projection
(PNP) to the integrated genetic and epigenetic cellular network is also introduced in
this chapter to investigate significant network mechanism by principal component anal-
ysis (PCA) via singular value decomposition (SVA) method.

For the convenience of illustration, only linear system models are introduced for
system identification of biological networks to investigate the Big Mechanisms through
genome-wide high-throughput data. When necessary, the system identification meth-
ods based on nonlinear system models will be introduced in the following chapters.

2.1 DYNAMIC SYSTEM MODELS AND THEIR PARAMETER ESTIMATION
BY TIME-PROFILE EXPERIMENTAL DATA

For the simplicity of analysis, we first discuss only the coupled signal transduction
pathways shown in Fig. 2.2, which is extracted from Fig. 2.1. In Fig. 2.2, y,(f) denotes



