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By the mid-1990s, it was clear that we would soon be
able to sequence the human genome and that this would
enable many other types of molecular measurements in
cells and tissues. Less apparent was how these different
molecular technologies and their data should be inte-
grated to map biological structure and understand func-
tion. That is, having systematically sequenced the DNA
bases in a genome, could similar systematic concepts and
tools be devised to understand the rest of the human
biological informational system (RNA, proteins, metab-
olites, lipids) and their roles in biology?

Around that time, one of us (LH) had moved from
Caltech to start a new department, called Molecular Bio-
technology, in the medical school of the University of
Washington. This department was based on the radical
idea (at that time) that biology at its core was an infor-
mation science, and that the path to understanding and
integrating the genome and other types of biological in-
formation would be enabled only by joining the skills and
expertise of biologists with those of leading investigators
from engineering, chemistry, and mathematics, as well as
the physical and computer sciences. This concept cap-
tured the imagination of the other of us (TI), who had
studied computer science as an undergraduate at the
Massachusetts Institute of Technology and, since that
time, had been working in signal processing and circuit
design in the defense industry. Trey was one of the first to
sign up, having heard of Lee’s new program that prom-
ised to train engineers in the life sciences.

In Seattle, Trey indeed began to accumulate biolog-
ical knowledge and learn how to wield the increasingly
powerful tools of experimental genetics and biochemis-
try. Importantly, however, he did not forget his engineer-
ing mind-set. Key questions emerged as to why, if cells
were indeed biological computers in the midst of process-
ing information, were the methods of biology and engi-

neering so apparently different from one another? In en-
gineering there is typically a circuit diagram to explain
function. Likewise, in biology, we speculated that there
must be biological circuits (later called biological net-
works) that provide the causal information flow to medi-
ate development, physiology, and aging. Presumably, if
these networks become perturbed, they could cause dis-
eases. Although in biology these molecular circuits had
not previously been delineated, given the right types and
quantities of data and proper tools of data integration,
biological circuits (or networks) might nonetheless be
determined employing reverse engineering; that is, going
from data to circuit delineation.

Guided by this philosophy, we first selected a model
biological system to reverse engineer, and then we began
to enumerate the types of systematic data we might col-
lect. As a suitable target, we chose the galactose (GAL)
gene regulatory circuit in the budding yeast Saccharomyces
cerevisiae (1 ), whose well-documented molecular interac-
tions (e.g., protein/DNA and protein/protein connec-
tions) provided a critical positive control for any system-
atic approach we, or others, might develop.

The next question concerned the data. The yeast
genome had just been sequenced (2 ), allowing for the
identification of all yeast genes and enabling the creation
of DNA microarrays to measure the expression level of all
gene transcripts. Knowledge of complete genomes was
also leading to a revolution in protein-based mass spec-
trometry by enabling a direct search for and quantifica-
tion of mass spectra matching every potential peptide
encoded by the proteins of a genome (3 ).

On the other hand, we were concerned that biolog-
ical complexity was great enough that it would not be
possible to infer a biological system simply from observa-
tional data such as transcript quantifications or protein
abundances. For this reason, we designed a systematic
panel of genetic knockouts (or biological perturbations)
disrupting all genes individually known or suspected to
be involved in GAL metabolism or pathway regulation,
with global transcriptome and proteome profiles col-
lected in response to each of these perturbations. Exper-
imental perturbations always lie at the heart of systems
biology’s ability to decipher biological complexity. This
causal data set was integrated with systematic maps of
protein–DNA and protein–protein interactions that
were also coming online at that time (4, 5 ), to create a
comprehensive and a dynamical model of the GAL regu-
latory pathway that explained much of its biology. Thus,
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biological perturbations in conjunction with multiomic
data were essential to understanding biological mecha-
nisms as reflected by dynamical biological networks of
GAL metabolism (Fig. 1).

The above systems approach, as originally used to
study GAL metabolism, has since served as an archetype
for many studies in the emerging discipline that would
soon be called Systems Biology (6 ). Networks and their
dynamics are now a central concept in mainstream bio-
logical research along with network analysis software like
Cytoscape (7 ), which was originally developed to model
the GAL gene regulatory network in our 2001 article in
Science.

Systematic approaches to study gene regulatory cir-
cuits quickly spread, influencing the design of large con-
sortium projects such as ENCODE (Encyclopedia of
DNA Elements) (8 ) and GTEx (Genotype-Tissue Ex-
pression) (9 ). We also moved toward elucidating the
structure and function of disease-perturbed networks.
For example, in the first reported study of disease-
perturbed networks, prion-induced neurodegeneration
in mice, disease-perturbed transcriptional networks from
the brain were analyzed during disease progression.
These networks explained virtually every aspect of the
disease pathology (10 ). Use of multiple-omics layers, ini-
tially integrated and modeled as a powerful explanatory
network in the article discussed here, transitioned from
the exception to the rule and were subsequently critical to
the success of large integrated resources such as the Can-
cer Genome Atlas (11 ) and the Human Scientific Well-
ness Program (12 ).

While our work was undergoing peer review, Lee left
his post at the University of Washington to cofound an

independent research institute, the first Institute for Sys-
tems Biology. Others followed his lead, starting a net-
work of systems biology departments, institutes, and cen-
ters worldwide.
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