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Systems biology is a comprehensive quantitative analy-
sis of the manner in which all the components of a bio-
logical system interact functionally over time. Such an
analysis is executed by an interdisciplinary team of in-
vestigators that is also capable of developing required
technologies and computational tools. In this model,
biology dictates what new technology and computa-
tional tools should be developed, and, once developed,
these tools open new frontiers in biology for explora-
tion. Thus, biology drives technology and computation,
and, in turn, technology and computation revolution-
ize biology.

Systems approaches have long been taken, particu-
larly in immunology, physiology, development, and neu-
robiology. However, technology development during
the 1980s permitted the concepts generated by many
years of reductionist inquiry to be analyzed in the con-
text of the entire system. Automated DNA sequencers
enabled the sequencing of genomes and the definition
of polymorphisms among individuals; microarray analy-
sis permitted global transcriptional profiling, and ad-
vances in mass spectrometry led to large-scale proteo-
mic and metabolomic analysis. The mountains of data
generated by these high-throughput platforms led to
the rapid growth of computational biology and bioinfor-
matics. Thus, knowledge of the complete sequences
of genomes, together with technology that permit the
monitoring of information flow leading to specific cellu-
lar functions, set the stage for systems biology.

There are three basic concepts that are crucial to un-
derstanding complex biological systems: they are
emergence, robustness, and modularity.

Emergence. Complex systems display properties,
often called “emergent properties,” that are not demon-
strated by their individual parts and cannot be pre-
dicted even with full understanding of the parts alone.
For example, understanding the properties of hydrogen
and oxygen does not allow us to predict the properties
of water. Life is an example of an emergent property. It
is not inherent in DNA, RNA, proteins, carbohydrates,
or lipids but is a consequence of their actions and in-
teractions. A comprehensive understanding of such
emergent properties requires systems-level perspec-
tives and cannot be gleaned from simple reductionist
approaches.

Robustness. Biological systems maintain phenotypic
stability in the face of diverse perturbations imposed
by the environment, stochastic events, and genetic
variation. Robustness often arises through positive and
negative feedback loops and other forms of control that
constrain a gene’s output. This feedback insulates the
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system from fluctuations imposed on it by the environ-
ment. Positive feedback, in general, enhances sensitiv-
ity, whereas negative feedback can dampen noise and
reject perturbations. Robustness is an inherent prop-
erty of all biological systems and is strongly favored
by evolution.

Modularity. A further characteristic of complex sys-
tems is their modularity. Multiple useful definitions of a
module exist. To an engineer, a module is a functional
unit, a collection of parts that interact together to per-
form a distinct function. Such a module would have dis-
tinct inputs, things it is sensitive to, and outputs, things
it controls. To a biologist, a module in a network is a set
of nodes that have strong interactions and a common
function. Modularity can contribute to both robustness
of the entire system, by confining damage to separable
parts, and to evolution, by simply rewiring modules.
Furthermore, modularity decreases the risk of failure of
the system by preventing the spread of damage in one
part of the network throughout the entire network.
Network Modeling by Iterative Refinement
To practice systems biology, one must capture and in-
tegrate global sets of biological data from as many hier-
archical levels of information as possible (see Figure 1).
These could include DNA sequences, RNA and protein
measurements, protein-protein and protein-DNA in-
teractions, biomodules, signaling and gene regulatory
networks, cells, organs, individuals, populations, and
ecologies. The data is then transferred to a comprehen-
sive database, where it is warehoused and annotated.
Human minds are incapable of inferring the emergent
properties of a system from thousands of data points,
but we have evolved to intelligently interpret an enor-
mous amount of visual information. The data is there-
fore transferred to visualization programs. This is the
initiation point for the formulation of detailed graphical
or mathematical models, which are then refined by hy-
pothesis-driven, iterative systems perturbations and
data integration. In this manner, the phenotypic fea-
tures of the system are tied directly to the behavior of
the protein and gene regulatory networks. Cycles of it-
eration will result in a more accurate model; ultimately,
these models will explain the systems or emergent
properties of the biological system of interest. Once the
model is sufficiently accurate and detailed, it will allow
biologists to accomplish two tasks never before pos-
sible: (1) predict the behavior of the system given any
perturbation and (2) redesign or perturb the gene regu-
latory networks to create completely new emergent
systems properties. This latter possibility lies at the
heart of preventative medicine. Thus, systems biology
is hypothesis driven, global, quantitative, iterative, in-
tegrative, and dynamic.

Some Technical Challenges for Systems Biology

e Data quality and standardization. Systems ap-
proaches rely heavily on information in the public
databases. The datasets are often incomplete, not
standardized, or properly annotated; worse yet, the
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Figure 1. Network Modeling by Iterative Refinement
The main features of this model are described in the text.

quality of the data is often uncertain. It is essential
that metrics be developed for the validation of
large data sets.

Network biology is in its infancy. Future needs
range from the development of new theoretical
methods to characterize network topology, to in-
sights into the dynamics of motif clusters and bio-
logical function.

Sensitive tools for identifying and quantifying the
concentrations, fluxes, and interactions of various
types of molecules at high resolution both in space
and time are required. These dynamic measure-
ments must be made in the appropriate context of
specific networks, cells, and organisms.
Miniaturized and automated microfluidics/nano-
technology platforms capable of parallel multipa-
rameter analysis that integrates operations such as
cell sorting and single-cell gene and protein profil-
ing are necessary. In addition, nanomechanical and
nanoelectronic devices will also permit the quantifi-
cation of the forces and kinetics associated with
protein/protein, protein/DNA, and protein/drug in-
teractions.

Imaging will need to be extended to dynamic, spa-
tial, multiparameter measurements within single
cells. Furthermore, hypotheses must ultimately be
tested in whole animals. Such testing requires ad-
vances in molecular imaging ranging from biolumi-
nescence and fluorescence to positron emission
tomography (PET) and magnetic resonance im-
aging (MRI).

Novel Challenges for Universities in the Practice

of Systems Biology

Teamwork, Fair Credit, and Data Ownership. Systems
biology is an interdisciplinary endeavor that necessi-
tates investigators to work in teams. There are a num-
ber of reasons that interdisciplinary teamwork is difficult
in a typical university context. First, the departmental
structures found within universities work against inter-
disciplinary interactions; biologists, engineers, and
computer scientists rarely interact. Second, academics
are reluctant to work in teams because their advance-
ment is dependent upon their individual contribution;
large, multiauthored papers are not particularly favored

by university promotions committees. Clearly, a new set
of standards for academic advancement will have to be
adopted. University promotions committees will need
to find a way of evaluating investigators who have not
taken traditional academic routes.

Access to Technology. Systems approaches require
access to the technologies necessary to capture the
various levels of biological information and to integrate
these information types with hypothesis-driven sci-
ence. Clearly, a way must be found to democratize the
technologies and permit access to a wide range of in-
vestigators. One approach has been the establishment
of core facilities. There are a number of drawbacks to
such facilities. It is extremely difficult to maintain state-
of-the-art technologies, and, most importantly, core fa-
cilities usually lack the ability to integrate technology
and biology. Thus, biological experiments are shoe-
horned into preset technology platforms. Despite these
shortcomings, core facilities remain a very important
resource.

The Problem of Funding. Traditionally, NIH study sec-
tions are relatively conservative in funding what they
consider to be risky projects and new approaches.
Skilled grant writers know that a grant examining ques-
tions to which the answer is essentially known will be
funded with the highest priority. Labels such as “fishing
expeditions” or “stamp collecting,” the derogatory
terms for the discovery component of a systems biol-
ogy proposal, are usually the death knell of any grant.
However, a comprehensive collection of information
that defines an entire system is a critical starting point
to the integration of discovery science and hypothesis-
driven science, and the education of study sections in
this regard is a challenging problem, indeed.
Contrasting Academia and Industry with Respect
to the Practice of Systems Biology
It is interesting to contrast the strengths and weak-
nesses of academia and industry when considering the
practice of systems biology. Academic laboratories are
flexible and can take long-term perspectives. Unfortu-
nately, as discussed above, they do not have easy ac-
cess to large platform technologies, and they have diffi-
culty working in interdisciplinary teams. In contrast,
industrial laboratories have access to large-scale tech-
nologies, and the scientists are organized in interdisci-
plinary teams. But industrial laboratories are answer-
able to stock holders and must deliver products, two
constraints that prevent them taking long-term per-
spectives in science. | believe that a new academic
model is possible, situated between the classic aca-
demic and industrial positions, with the advantages of
both and the disadvantages of neither. The Institute for
Systems Biology is designed as a prototype of such an
academic institution.

The Institute for Systems Biology

The Institute for Systems Biology (ISB) was founded in
2000 to respond to the opportunities in biological re-
search emerging from the Human Genome Project. Its
mission to develop and apply the tools necessary for
systems biology has required the development of large-
scale facilities for DNA sequencing; genotyping; DNA
arrays; proteomics; high-speed, multiparameter cell
sorting; nanotechnology and microfluidics; imaging;
and a strong computational infrastructure. The staff



Commentary
513

comprises crossdisciplinary scientists from the com-
puter sciences, engineering, mathematics, physics,
and, of course, biology. The crossdisciplinary scientists
are focused on the development of new global technol-
ogies and improvements in the existing technologies, in
developing powerful new computational technologies,
and in the creation of the tools necessary for the graph-
ical display and mathematical modeling of biological
systems.

The ISB also seeks academic and industrial partner-
ships. Collaborations with academic laboratories take
a number of forms, including project-based collabora-
tions, courses, and sabbaticals. These partnerships are
an important component of efforts to integrate large-
and small-scale science and to democratize the acces-
sibility of high-throughput technologies.

Indeed, if one had to summarize the essence of the
ISB, it would be integration: integration of the various
technologies, integration of the various hierarchical
levels of biological information, integration of technol-
ogy and biology, integration of crossdisciplinary scien-
tists, integration of industry and academia, and, finally,
integration of discovery and hypothesis-driven science.
The Promise of Systems Biology
Systems biology will bring about a revolution in the
practice of medicine. Knowledge of specific genetic
traits, coupled with multiparameter diagnostics, will
generate routine procedures for assessing health and
disease status. Knowledge of disease-perturbed net-
works will facilitate drug discovery, and pharmacologi-
cal intervention will focus on preventing disease-medi-
ated transitions. This predictive and preventative
medicine will lead naturally to a personalized medicine,
in which therapeutic strategies will be tailored to indivi-
dual needs. In this sense, systems biology will funda-
mentally transform society.
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