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“the function of protein A is to interact with
protein B” or “the expression of gene X is
correlated (or anticorrelated) with the expres-
sion of gene Y.” Although conclusions of this
nature may have a hollow ring to those trained
in a different mode of investigation, the meth-
odologies leading to such conclusions may re-
deem themselves by providing powerful new
perspectives on the holistic operation of biolog-
ical systems—the “big picture” view. This out-
look may even change the way in which we
phrase our questions from “what is the function
of this protein?” to “what roles does this se-
quence play in one or more biological processes
that are operational under these conditions?”

According to Weiner (10), the Drosophila
genetics of Thomas Hunt Morgan started a
whole century of talk of “a gene for ?
(fill in the blank). Actually the question of
“what does it mean to ascribe a function to
something” has permeated biological thought
for centuries. Following the discussion by So-
ber (11, p. 85), functional statements make
claims about why an entity is there. What is the
function of the heart? To serve as the seat of
emotion? To occupy space in the chest and
make noise? Or to pump blood? The true func-
tion of the heart only became apparent in 1616
when William Harvey considered it as part of a
larger system, the circulatory system (although
that “making noise” thing did prove to be useful
clinically).

Philosophers of science have suggested that
biology might benefit from a deemphasis on
teleological (functional) concepts and explana-
tions (11, p. 83). (Physics abandoned its teleol-
ogy in favor of causal explanations during the
scientific revolution of the 17th century, and it

will be interesting to see if modern physicists
now moving into biological research will main-
tain this tradition.) Despite the great heuristic
value of teleological explanations and our de-
sire to annotate individual genes with specific
functions, this mind-set might actually hinder
our ability to fully comprehend the outputs of
“functional” genomics methodologies. An un-
anticipated benefit of these new technologies
may indeed be an expansion of our biological
epistemology in a new world of teleologically
independent, discovery-driven research.
“What is true for E/scherichia] coli is true
for the elephant,” asserted Jacques Monod dur-
ing the heroic age of molecular biology when it
was first imagined that all of the complexities
of living systems could be derived from a few
basic principles and mechanisms (12, p. 592).
However, organisms are multiform, intricate,
and elaborate physical systems with their oper-
ational and regulatory parts assembled by a
series of evolutionary contingencies. In the
words of Erwin Chargaff, living things display
an “immensely diversified phenomenology”
that is subject to change in response to innu-
merable environmental conditions and develop-
mental states. Gene expression profiling
“chips™ and other types of “functional” genom-
ics technologies will be unveiling many new
features or behaviors of genes and protein
sequences that will have to be taken into
account if we are to fully understand and
annotate their activities. But it will not be
easy. To paraphrase Hayles (8, p. 22), anno-
tations, insofar as they represent information-
al patterns abstracted from their instantiation
in a biological substrate, “can never fully
capture the embodied actuality, unless they
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are as prolix and noisy as the body itself.”

The future may lie in a new vision of
annotation that supersedes static, “reposito-
ry biology” with a dynamic “virtual cell”
(13) in which most properties and behav-
iors can be quantitatively modeled and dy-
namically represented in all of their inter-
connected complexity. Some progress to-
ward such a goal has been made in recent
work that elucidated the consequences of
altered gene expression in heart failure (14)
in a way that William Harvey, four centu-
ries ago, could not have imagined but
would surely appreciate as the first practi-
tioner of “systems biology.”
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The Mammalian Gene Collection
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The Mammalian Gene Collection (MGC) project is a new effort by the NIH
to generate full-length complementary DNA (cDNA) resources. This
project will provide publicly accessible resources to the full research
community. The MGC project entails the production of libraries, sequenc-
ing, and database and repository development, as well as the support of
library construction, sequencing, and analytic technologies dedicated to
the goal of obtaining a full set of human and other mammalian full-length
(open reading frame) sequences and clones of expressed genes.

It is not yet routine to identify all possible
mammalian genomic regions that are tran-
scribed. This is in part because much of the
DNA does not encode gene transcripts, and the
rules of transcription and transcript processing
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are not yet fully understood. A particularly
powerful material for studying gene expression,
therefore, is ¢cDNA, which is DNA reverse-
transcribed from a complete RNA molecule
that represents the full-length, expressed gene
transcript. Indeed, one of the most effective and
widespread manifestations of the genomics rev-
olution has been the ready public access to
cDNA libraries, sequences, and clones. The
value of having such resources has been recog-

nized since the early planning phases of the
Human Genome Project (HGP) (/). However,
it was also clear at that time that the develop-
ment of an annotated and complete catalog of
full-length human cDNAs (with sizes ranging
from <1 to >10 kb for the array of human
genes) would require advances in methodology
and strategy, as well as improved reagents.
Moreover, cost-effective DNA sequencing of
tens to hundreds of thousands of full-length
cDNAs would require technological advances
not available at the start of the HGP.

In 1991, Venter and colleagues (2) devel-
oped a conceptually different approach to the
establishment of systematic cDNA resources,
termed the expressed sequence tag (EST) strat-
egy. Although the sequence tags covered only a
segment of the gene, and the clones were gen-
erally not full length, their utility for gene iden-
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tification was immediately recognized. By
1993, vigorous EST sequencing efforts were
under way in the private sector, but in general
these databases were unavailable to academic
researchers. Thus, the stage was set for the
implementation of public EST sequencing
projects that have now contributed over 1.5
million human ESTs (and additional ESTs for
many other organisms) to a GenBank division
specifically devoted to managing EST sequenc-
es (dbEST). These ESTs have been produced in
many laboratories in a worldwide effort, with
major contributions being made through the
efforts of the Merck Gene Index (3), the Cancer
Genome Anatomy Project (4) (http://www.
ncbi.nlm.nih.gov/ncicgap/), The Institute for Ge-
nomic Research (5), and the Howard Hughes
Medical Institute (6).

An important development that was also
key for the widespread use of ESTs was the
formation of the IMAGE consortium (7)
(http://bbrp.linl.gov/bbrp/image/), led by the
Lawrence Livermore National Laboratory, to
ensure that collections of clones as well as
sequences would be accessible by the biomed-
ical research community. Through the efforts of
this consortium, clones from which the EST
sequences derive are available at modest cost
through a public-private—sector partnership.

One of the greatest challenges for EST da-
tabases and data users is to understand the
relationships of these relatively short sequences
to each other and to other genes. Toward that
end, the National Center for Biotechnology In-
formation (NCBI) of the National Library of
Medicine (NLM) has developed algorithms to
assign ESTs with sequence similarity to clus-
ters, forming the basis of the UniGene database
(http://www.ncbi.nlm.nih.gov/UniGene/). Re-
cently, more than 30,000 of these UniGenes

were systematically mapped (8), allowing ready
integration of the EST database into positional
cloning projects, often trimming months or
even years off of the search for a disease gene.
Although the public EST resource has been
a remarkably productive interim solution, there
are limitations in accuracy resulting from the
single-pass sequencing that has been used to
identify ESTs and the possibility that the Uni-
Gene clustering may mix closely related genes.
There are also many applications for which
partial sequences are not adequate. For exam-
ple, accurately predicting the function or struc-
ture of a gene product or isolating the protein
product, requires a full-length sequence.
Full-length sequences for only about 6000
of the 80,000 to 100,000 human genes are in
the current database. Furthermore, a physical
clone of the full-length sequence is needed

“for additional experimentation and the actual

clones have not been accessible in the form of
an organized public collection.

However, cDNA technology has advanced
substantially during the past few years. For
example, reagents such as enzymes with im-
proved fidelity and processivity have been en-
gineered and applied to the production of
cDNA libraries, as in the Drosophila genome
project (9) (http://www fruitfly.org/), so that li-
braries with a majority of full-length cDNAs in
the size range up to at least 3 kb are being
generated routinely. Moreover, initial applica-
tion of those technologies to RNA derived from
human cell lines has generated very similar
results (10).

These advances, in combination with dra-
matic improvements in DNA sequencing tech-
nology, lead us to believe that a highly effective
pipeline can now be established to obtain rep-
resentative full-length coding sequences and
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Fig. 1. Pipeline for the MGC.

clones for human genes encoding transcripts at
least up to the 3- to 4-kb size range. Further-
more, methodological improvements on a num-
ber of fronts have created the expectation that a
very high fraction of full-length cDNAs will be
identifiable in the near future. For example, size
selection methods for transcripts and cDNAs
are currently being developed for the isolation
of large cDNAs (/). Additional advances in
c¢DNA library methodology, including proce-

_dures to remove common or already-detected

sequences (/2), are now refined to the point
where they can start to be applied to isolation of
full-length cDNAs derived from rare tran-
scripts. Additional specialized technologies,
such as approaches that select for the 5’ tran-
script cap (13-15) are also being successfully
applied to cDNA library construction.
Therefore, we believe that the time is right
to initiate a program, MGC, designed to pro-

‘vide to the research community representa-

tive sequences and clones for all human and
mouse genes, and ultimately those of other
mammalian species. This program results from
discussions at several National Institutes of
Health (NIH) planning meetings, including
those leading up to the most recent S-year plan
of the HGP (/6).

The MGC program is sponsored by 16 NIH
institutes and the NLM (Z7) and will be led by
the National Cancer Institute (NCI) and the
National Human Genome Research Institute
(NHGRI). The program includes components
for (i) production, analysis, and distribution of
libraries, clones, and sequences; and (ii) tech-
nology development. In its first year, approxi-
mately $10 million has been set aside for this
effort, with an expectation that this amount will
grow in future years.

Library and Sequence Production
Pipeline

Complementary DNA libraries and clones. We
believe that the goal of producing high-quality
libraries with good representation of full-length
cDNAs (greater than 50% of clones with full
open reading frames) can initially be achieved
through the application of well-established
c¢DNA methodologies and the use of RNA de-
rived from human cells in culture, both primary
and immortalized. Our initial approach is to
establish a pipeline for cloning and sequencing
transcripts up to 3 to 4 kb in size, and also to
rigorously test methods such as size selection to
assess their effectiveness for isolation of longer
full-length transcripts.

Individual steps in the MGC project pipe-
line are outlined in Fig. 1. After initial library
evaluation, all arrayed clones will be acces-
sible through the IMAGE consortium, and
the 5’ and 3' EST sequences will be imme-
diately deposited in GenBank. Thus, even

. before the full-length sequencing has been

performed, clones and tag sequences will be
available to the community.
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Full-length sequencing pipeline. The se-
quencing goal is to establish a pipeline capable
of determining at least 20,000 highly accurate
full-length sequences per year. In the first-year
feasibility phase, the goal is to sequence ap-
proximately 5000 to 7000 full-length cDNAs
with insert sizes of up to 3 to 4 kb. It is
anticipated that multiple laboratories will -par-
ticipate in this effort, and various sequencing
strategies (for example, based on transposons,
concatenation, primer-walking, and traditional
shotgun sequencing) will be explored. In addi-
tion, we will continually assess the productivity
of the MGC sequencing with respect to cost-
effectiveness, throughput, and sequence quality.
With respect to sequence quality, the standards
established for the HGP (http://www.nhgri.
nih.gov:80/Grant_info/Funding/Statements/
RFA/quality_standard.html) will be applied to
the MGC. Currently, the standard is that fin-
ished sequences are to be at least 99.99%
accurate. The sequence validation process in-
cludes sequencing of selected clones by multi-
ple laboratories. The MGC is initially empha-
sizing sequencing of full-length ¢cDNA from
human libraries. However, mouse libraries will
also be prepared early in the project, and 5’ and
3’ ESTs and the clones will be accessible. As
sequencing capacity increases, the mouse
clones will also be subjected to full-length
sequence analysis.

Informatics. Key to the success of the
project will- be the establishment of robust in-
formatics tools. Because the full coding se-
quence for most of the human genes is not
known, one of the key initial challenges will be
the development and refinement of algorithms
for the selection of clones potentially encoding
complete sequences. These algorithms will be
continually refined as the project progresses
and we learn more about human DNA sequenc-
es in the form of cDNAs and genomic DNA.

Progress reports, from library preparation to
complete sequence analysis, will be accessible
through the MGC Web site (http://www.
ncbi.nlm.nih.gov/MGC) and through the data-
bases maintained by the NCBI. Annotation of
the sequences and clones (for example, homol-
ogy with other genes, gene families, tissue ex-
pression patterns, and polymorphism identifica-
tion) will be facilitated through analysis tools
developed for this and other projects by NCBI,
NCI, and NHGRI.

Technology development. Although we are
confident that technology is available to initiate
production of full-length clones and sequences,
completion of this project will require the de-
velopment of new technologies designed to
identify (i) rare transcripts, (ii) very long tran-
scripts, and (iii) transcripts with especially chal-
lenging structures. In addition, new methods are
needed to assemble high-quality libraries di-
rectly from human (and other) tissues, especial-
ly those that are available in small quantity and
those from which RNA extraction is challeng-
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ing. Therefore, we will support the develop-
ment of libraries designed to be specifically
enriched for full-length c¢DNAs, such as
through size selection, for the more difficult
human cDNAs.

Project management. Overall direction of
the MGC is the responsibility of the directors of
the lead institutes: NHGRI and NCI. An Exter-
nal Steering Committee (ESC) composed of
members of the scientific community external
to NIH (/8) will provide oversight for all as-
pects of the program, including the current
projects, future plans, and production efforts.

Oversight of the library, clone, and se-
quence production pipeline is the responsibility
of an Implementation Working Group (IWG)
composed of the scientists building these re-
sources (/9). The IWG, whose membership
includes intramural and extramural scientists, is
responsible for ensuring that this pipeline meets
or exceeds the stated goals.

A competitive contract solicitation will be
issued for full-length cDNA sequencing. This
pipeline will be funded through a flexible con-
tract mechanism, overseen by a team of pro-
gram directors (20) from the participating NIH
institutes [the Inter-Institute Coordinating Com-
mittee (IICC)]. This mechanism was chosen to
ensure that the project can continually take
advantage of new scientific opportunities.

The technology development efforts will
be funded primarily through research grant
mechanisms overseen by the IICC. Already
one solicitation has been issued by this group
(http://www.nih.gov/grants/guide/rfa-files/
RFA-CA-99-005.html), and it is expected
that there will be additional opportunities to
participate in the technology development
efforts in support of the project.

Overall Vision

A major thrust of contemporary biological and
biomedical research is to determine and under-
stand the genetic contribution to disease and
other biological phenomena. Complete catalogs
of genes (both sequences and clones) will be
essential for thorough genetic analysis. The
MGC program is designed to generate these
critical resources, which will be widely used
and of inestimable value to biological research-
ers. Because the value of the information,
clones, and analytical tools produced will be
most fully realized only if they are broadly
available to the academic and industrial com-
munities, it is necessary and appropriate that
they be developed by a public-sector effort.
Beyond the identification of the coding se-
quences themselves, these resources will be the
basis for experiments within the academic and
industrial communities, targeted at understand-
ing gene expression at many levels, and the
nature and propetties of the gene products. Thus,
it will be important to develop and use vector
systems that will be well-suited to efficient trans-
fer of the coding sequences to various mamma-

lian and nonmammalian expression vectors.

However, it is also important to realize that,
while the sequences and clones for a represen-
tative cDNA for each human gene will be of
immediate utility to the community, they will
represent only a piece of the puzzle. The tran-
script catalog will actually not be complete
for some time because the development of strat-
egies for identifying and cataloging alternative-
ly processed transcripts will remain a great
challenge.

We welcome the participation of other
groups, including the international community,
to work in concert to meet this ambitious goal.
Through the MGC Web site, the ESC, and
other venues, the program will seek input about
ways to enhance the resources produced, in-
cluding interfacing with future high- throughput
genomic, proteomic, and other biological re-
search projects.
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