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ABSTRACT

The ENCyclopedia Of DNA Elements (ENCODE) Project aims to identify all functional
elements in the human genome sequence. The pilot phase of the Project is focused on a
specified 30 Mb (approximately 1%) of the human genome sequence, and is organized as
an international consortium of computational and laboratory-based scientists working to
develop and apply high-throughput approaches for detecting all sequence elements that
confer biological function. The results of this pilot phase will guide future efforts to

analyze the entire human genome.

INTRODUCTION

Both genetic and environmental factors contribute to amost every human disease,
thereby offering the potential for development of interventions based on understanding
the genetic factors, the non-genetic factors, and their interactions. The rationale for
initiating the Human Genome Project and for determining the sequence of the human
genome was predicated on the belief that knowledge of the sequence would lead to a
better understanding of the genetic factors underlying human disease and, ultimately, to
improvement of human health. Having now determined the sequence of human DNA,
we are faced with the enormous challenge of interpreting it and understanding how to use

that information to understand the biology of human health and disease.



The ENCyclopedia Of DNA Elements (ENCODE) Project, which is described in this
paper, is predicated on the belief that a comprehensive catalogue of the structural and
functional components encoded in the human genome sequence will be critical for
understanding human biology well enough to unravel the genetic basis of disease and for
using that information to address human health problems. Such a complete catalogue, or
“parts list,” would include protein-coding genes, non-protein-coding genes,
transcriptional regulatory elements, and sequences that mediate chromosome structure
and dynamics; undoubtedly, additional, yet-to-be-defined types of functional sequences

will also be included.

To illustrate the magnitude of the challenge involved in developing such an encyclopedia
of DNA elements, it only needs to be pointed out that an inventory of the best-defined
functional components in the human genome — the protein-coding sequences — is till
incomplete for a number of reasons, including the fragmented nature of human genes.
Even with essentially all of the human genome sequence in hand, the number of protein-
coding genes can till only be estimated (currently 20,000 — 25,000) (1). Non-protein-
coding genes are much less well defined. Some, such as the rRNA and tRNA genes,
were identified several decades ago, but more recent approaches, such as cDNA-cloning
efforts (2, 3) and chip-based transcriptome analyses (4, 5), have revealed the existence of
many transcribed sequences of unknown function. Neither the number of these
sequences nor their function has been systematically determined. As areflection of this
complexity, about 5% of the human genome is evolutionarily conserved with respect to

rodent genomic sequences and therefore is inferred to be functionally important (6, 7).



Y et only about one-third of the sequence under such selection is predicted to encode
proteins (8, 9); the remaining two-thirds is inferred to represent elements with other
functions, such as non-protein-coding RNA transcripts or transcriptional regulatory
elements. Our collective knowledge about these putative functional, non-coding
elements, which represent the majority of the functional sequences in the human genome,

is remarkably underdeveloped at the present time.

An added level of complexity is that many functional genomic elements are only active
or expressed in arestricted fashion, for example in certain cell types or at particular

developmental stages. Thus, one could envision that a truly comprehensive inventory of
functional elements might require high-throughput analyses of every human cell type at
all developmental stages. The path towards executing such a comprehensive study is not

clear and, thus, a mgjor effort to determine how to conduct such studies is warranted.

The National Institutes of Health (NIH) already supports several large-scale projects that
are contributing to the identification of functional elements in the human genome. The
National Human Genome Research Institute (NHGRI) directs a large-scale sequencing

program (www.nhgri.nih.qov/10001691) that is determining the sequence of many

additional vertebrate (particularly mammalian) genomes. The resulting data are being
used for comparative sequence analyses to identify evolutionarily conserved genomic
regions, which represent strong candidates for functional elements (10). The Mammalian
Gene Collection (MGC), atrans-NIH effort, aims to identify and sequence a single full-

length cDNA clone for every human (and mouse) protein-coding gene (11); as of
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September 2004, clones and sequences for over 12,000 human genes were available (12).

The ENCODE Project (www. genome.qov/ENCODE) is a new effort intended to develop

and implement an effective set of high-throughput biological, biochemical, and

computational methods for identifying functional elements in the human genome.

ENCODE is being implemented in three phases — a pilot phase, atechnology
development phase, and a production phase. In the pilot phase, the ENCODE
Consortium (see below) isrigorously evaluating and comparing a number of strategies
for comprehensively identifying various types of genomic elements. Each of the
strategies will be assessed for its accuracy, comprehensiveness, and ability to be applied
cost-effectively and at high-throughput to large regions of the human genome. The pilot
phase should also reveal gapsin the current set of tools for detecting functional
sequences, and may reveal that some methods being used are inefficient or unsuitable for
large-scale utilization. Some of these deficiencies are expected to be addressed in
ENCODE's technology development phase (being executed concurrently with the pilot
phase), which aims to devise new laboratory and computational methods that improve
our ability to identify known functional sequences or to discover new functional genomic
elements. The results of the first two phases will be used to determine the best path
forward for analyzing the remaining 99% of the human genome in a cost-effective and

comprehensive production phase.

ENCODE TARGETS
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The defining feature of the ENCODE pilot phase is the uniform focus on a selected 30
Mb of the human genome. Specifically, al pilot-phase participants have agreed to study
the entire set of ENCODE targets — 44 discrete regions that together encompass
approximately 1% of the human genome. All approaches will thus be tested on a
relatively large amount of genomic sequence, alowing an assessment of the ability of
each to be applied at large scale. The use of a common test set will allow the results of
different approaches to be directly compared with one another, providing an opportunity

to identify the most effective set of techniques for the analysis of the entire genome.

The set of ENCODE targets was chosen to represent a range of genomic features

(www.genome.gov/10005115). To begin with, it was decided that a number of smaller

regions (0.5 to 2 Mb) distributed across many different chromosomes should be chosen,
as opposed to (for example) asingle 30-Mb region. To ensure that existing data sets and
knowledge would be effectively utilized, roughly half of the 30 Mb was selected
manually. The main criteria used for the manual selection were: 1) the presence of
extensively characterized genes and/or other functional elements; and 2) the availability
of a substantial amount of comparative sequence data. For example, the genomic
segments containing the alpha and beta globin gere clusters were chosen because of the
wealth of data available for these loci (13). On the other hand, the region encompassing
the CFTR gene was selected because of the extensive amount of multi-species sequence
data available for this genomic segment (14). Once the manual selections had been
made, the remaining targets were chosen at random using an algorithm that ensured that

the complete set of targets represented the range of gene content and level of non-exonic
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conservation (relative to mouse) found in the human genome. The locations and
characteristics of the 44 ENCODE target regions (along with additional details about
their selection) are available at the UCSC ENCODE Genome Browser

(www.genome.ucsc.edu/ENCODE/regions build34.html).

THE ENCODE CONSORTIUM

The pilot phase is being undertaken by a group of investigators, the ENCODE

Consortium (see www.genome.qov/ENCODE), who are working together in a highly
interactive way to implement and evaluate a set of computational and experimental
approaches for identifying functional elements in the targeted genomic regions. The
results obtained using these different approaches will be compared and, where
appropriate, followed up with additional experimental and computational analysesin an
effort to cross-validate different results. Such cross-validation will be abetted by the use

of common reagents (see below).

The ENCODE pilot phase beganin September 2003 with the funding of eight projects
(see table S1) that involve the application of existing technologies to the large-scale
identification of a variety of functional elements in the ENCODE targets, specificaly
genes, promoters, enhancers, repressors/silencers, exons, origins of replication, sites of
replication termination, transcription factor-binding sites, methylation sites, DNasel
hypersensitive sites, chromatin modifications, and multi-species conserved sequences of

yet unknown function (Fig. 1). Genetic variation within the conserved sequences is also

13



being determined. The methodological approaches being employed in the pilot phase
include transcript and chromatin immunoprecipitation/microarray hybridization
(ChiP/chip; see below) analyses using different microarray platforms, computational
methods for finding genes and for identifying highly conserved sequences, and

expression reporter assays.

In addition to these eight, other groups have joined the ENCODE Consortium. These
include groups doing comparative sequencing specifically for ENCODE, groups
coordinating databases for sequence-related and other types of ENCODE data, and

groups conducting studies on specific sequence elements (table S1).

Beyond these initial participants, the ENCODE Consortium is open to all interested
academic, government, and private-sector investigators, as long as they are willing to
participate according to established Consortium guidelines

(www.genome.gov/10006162). Participation requires the commitment to work on the

entire set of ENCODE targets, to participate in all Consortium activities, to make a
significant intellectual contribution, and to release data in accordance with the policies

specifically established for the project (see below).

The parallel technology development phase (table S2) is intended to expand the “tool
box” available for high-throughput identification of functional genomic elements and
includes projects to develop novel methods both for more efficient identification of

known elements and for identification of heretofore unknown elements. Interactions
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between investigators participating in the first two phases of ENCODE are encouraged to

promote rapid implementation of promising new techniques.

RESEARCH PLANS

Each group participating in the ENCODE pilot phase is using one or more high
throughput approaches to detect a specific genomic element(s). In some cases, multiple
platforms are being evaluated in comparable experiments. For example, severa types of
microarrays (e.g., oligonucleotide arrays made by different technologies and PCR
amplicon arrays) are being used to identify transcribed regions. To facilitate comparison
of data generated on different platforms and by different approaches, a common set of
reagents is being included whenever appropriate. So far, the common reagents chosen
include two cell lines (HeLa S3 and GM06990) and two antibodies (one for the general
transcription factor TAF,250 (15) and another for the inducible transcription factor NF-
kB (16)). All verified data generated by the Consortium will be publicly available (see
below). In addition, the sources of common reagents will be identified at

www.genome.gov/ENCODE and the Consortium plans to make other reagents available

as feasible.

The ENCODE pilot phase also includes a component that is generating sequences of the
genomic regions that are orthologous to the ENCODE target regions from alarge set of
non-human vertebrates. This will allow ENCODE to identify the quality and amount of

comparative sequence data necessary to accurately identify evolutionarily conserved
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elements. It will also provide a data set for developing more powerful computational
tools for using comparative sequence data to infer biological function. This sequencing
effort involves the isolation and sequencing of bacterial artificial chromosome (BAC)
clones spanning ENCODE targets in multiple species

(www.nisc.nih.gov/open_page.html ?/projects/encode/index.cqi) to produce

“comparative- grade’ sequence data (17). To date, ten vertebrates have been selected on
the basis of multiple factors, including phylogenetic position (Fig. 2 and table S3) and the
availability of aBAC library. In addition to this ENCODE-specific effort, comparative
sequence data are also being captured from a number of ongoing whole- genome
sequencing projects, including those for mouse, rat, dog, chicken, cow, chimpanzee,
macague, frog, and zebrafish. A unique RefSeq accession number (18) is being assigned
for the sequence of each ENCODE-orthologous target region in each species, with
periodic data freezes instituted that will alow analyses to be performed on identical data
sets. In the future, selection of additional species for ENCODE- specific, BAC-based
sequencing will be coordinated with the broader NHGRI process for choosing organisms

for whole-genome sequencing (www.genome.gov/10002189).

One feature of the evolutionarily conserved elements to be assayed is sequence variation
(table S1). Thiswill be accomplished by resequencing PCR-amplified fragments from
genomic DNA of 48 individuals, the same samples being used by the HapMap
Consortium to determine common patterns of genetic variation (19). This aspect of the
ENCODE project will result in a quantitative view of the evolutionary constraints on

conserved non-protein-coding and protein-coding regions.
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The ENCODE pilot phase will produce an inventory of functional elementsin the
targeted 30 Mb of the human genome. As a starting point, gene structures, including the
precise locations of 5’ transcription start sites, intron/exon boundaries and 3’
polyadenylation sites, will be determined for each gene in the ENCODE targets, both
known and predicted (table S1). An early example of other types of data being obtained
for each ENCODE target is presented in Fig. 3.  The positions of the evolutionarily
conserved regions, as detected by analyzing sequences from several organisms, are
shown, and can be correlated with the results of other studies. The experimental methods
highlighted in Fig. 3 include microarray analyses to detect transcribed sequences (20) and
to determine the replication profile of the segment (21), high-throughput assays for
DNase | hypersensitive sites, and two methods to localize promoters. For the promoter
studies, the first method employs reporter constructs containing sequences around
putative transcription initiation sites, measuring expression of areporter gene (22). The
second involves chromatin immunoprecipitation (ChlP) with an antibody to RNA
polymerase (RNAP) and hybridization to DNA microarrays (chip) (23) (so-called ChiP-
chip) to identify sequences bound by components of the transcriptional machinery.
Using this second approach, two laboratories within the ENCODE Consortium have
analyzed different biological starting materials, yet there was a striking 83% concordance
in the identified RNAP-binding sites (24). For the microarray analysis of RNA
transcripts, two groups using different RNA samples but the same Affymetrix genome
tiling arrays detect overlapping patterns of RNA transcripts (25). DNA replicated during

indicated two-hour intervals of S phase was hybridized to Affymetrix genome tiling
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arrays to determine the replication profile of these genomic segments (26). The results
indicate that the gene-dense Enr231 segment is replicated in the early part of S phase and
that at least one early firing origin of replication residesin a 20 kb inter-genic region

located at co-ordinate 148,550,000.

Another sequence feature being assayed in the ENCODE pilot phase is DNasel
hypersensitivity, which is known to be associated with cis-regulatory sequences such as
enhancers, promoters, insulators, and locus control regions (27). Two groups are using
similar library-based approaches for identification of DNasel hypersensitive sites (28,
29). These methods involve isolation of DNA fragments that result from individual
DNasel cutting events in nuclear chromatin. These fragments are then localized by high
throughput DNA sequencing. Many of these sites overlap many of the predicted
promoters in the region (Fig. 3). A separate approach, quantitative chromatin profiling
(28) is being applied across the ENCODE target regions. Tiled amplicons (~250 bp
each) are assayed by quantitative PCR (qPCR) to measure DNasel cleavage across each
ENCODE target. Preliminary aralysis on the beta-globin region demonstrates the ability

of this assay to detect known hypersensitive regions (fig. S1).

DATA MANAGEMENT AND ANALYSIS

The ENCODE pilot phase will generate large sets of several different data types.
Capturing, storing, integrating, and displaying such diverse datawill be challenging. Data

that can be directly linked to genomic sequence will be managed at the UCSC Genome
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Browser (30), where an ENCODE-specific component has been established

(www.genome.ucsc.ed/ENCODE). Other datatypes will be stored either at available

public databases [e.g., the GEO (www.nchi.nlm.nih.gov/geo) and ArrayExpress

(www.ebi.ac.uk/arrayexpress) sites for microarray data] or on publicly accessible web

sites specificaly developed by ENCODE Consortium participants. An ENCODE portal
will also be established to index these data, allowing users to query different data types
regardless of location. Access to metadata associated with each experiment will be
provided since these will be key to analyzing and comparing data from different
platforms and laboratories. The ENCODE pilot phase will make use of the MAGE
standard for representing microarray data (31), while data standards for other data types

will be developed as needed.

Each research group will analyze its own data to evaluate the experimental methods
being used and to elucidate new information about the biological function of the
identified sequence elements. In addition, the Consortium will organize and analyze al
ENCODE data available on specific subjects, such as multiple species alignments, gene
models, and comparison of different technological platforms to identify specific
functional elements. At the conclusion of the pilot phase, the ENCODE Consortium
expects to compare different methods used by the Consortium members and to
recommend a set of methods to use for expanding this project into afull production phase

on the entire genome.
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DATA RELEASE AND ACCESSIBILTY

The NHGRI has identified ENCODE as a “ community resource project.” This important
concept was defined at an international meeting held in Ft. Lauderdale in January 2003

(http://www.wellcome.ac.uk/en/1/awtpubrepdat.html) as a research project specifically

devised and implemented to create a set of data, reagents, or other material whose

primary utility will be as aresource for the broad scientific community. Accordingly, the

ENCODE data release policy (www. genome.qov/ENCODE data release) stipulates that
data, once verified, will be deposited into public databases and made available for al to

use without restriction.

There are two concepts associated with this data release policy that deserve additional
discussion. First, “data verification” refers to assessing the reproducibility of an
experiment; ENCODE data will be released once they have been experimentally shown
to be reliable. Because different types of experimental data will require different means
of demonstrating such reliability, the Consortium will identify a minimal verification
standard necessary for public release of each datatype. These standards will be posted
on the ENCODE website. Subsequently, ENCODE pilot phase participants will use other
experimental approachesto “validate” the initial experimental conclusion. This enriched

information will also be deposited in the public databases.
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Second, the statement " made available for all to use without restriction” is used in the
sense discussed in the report of the Ft. Lauderdale meeting, which recognized that
deposition in a public database is not equivalent to publication in a peer-reviewed journal.
Thus, the NHGRI and ENCODE participants respectfully request that ENCODE data be
regarded as unpublished data, with users adhering to normal scientific etiquette for the
use of unpublished data. Specifically, data users are requested to cite the source of the
data (referencing this paper) and to acknowledge the ENCODE Consortium as the data
producers. Data users are also asked to voluntarily recognize the interests of the
ENCODE Consortium and its members to publish initial reports on the generation and
analyses of their data. Such studies will likely consist of comparisons of different
experimental and computational methods for finding functional genomic elements. In
addition, at the conclusion of the pilot phase, the ENCODE Consortium expects to
publish its overall comparative analysis of the different methods used by Consortium
members, and a recommendation for expanding the program to the entire human genome.
It is expected that the results generated by specific methods will be published by the
individua ENCODE participants, including descriptions of the biological insights gained
from their analyses. Along with these publications, the complete annotations of the
functional elements in the initial ENCODE targets will be made available at both the

UCSC ENCODE Genome Browser and the ENSEMBL Browser (www.ensembl.org).

CONCLUSION
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ENCODE will play acritical role in the next phase of genomic research by defining the
best path forward for the identification of all functional elementsin the human genome.
By the conclusion of the pilot phase, the 44 ENCODE targets will inevitably be the most
well-characterized regions in the human genome, ard will likely be the basis of many
future genome studies. For example, other large genomics efforts, such as the MGC
program and the International HapMap Project (32), are already coordinating their efforts
to ensure effective synergy with ENCODE activities. ENCODE has successfully brought
together scientists with diverse interests and expertise, all intensely focused on tackling
the immense challenge of assembling a functional catalog of the human genome. Its
interactive and highly collaborative nature, along with its commitment to rapid data
release, is intended to encourage innovation, thereby helping to advance genome science;
the lessons learned from the ENCODE Project will undoubtedly be useful in the analysis
of other genomes. Knowledge of all of the functiona elements in the human genome,
along with information about how they interact in pathways and networks, is crucial to
understanding how both genetic and environment factors influence disease. ENCODE'’s

ultimate am is to provide that knowledge.
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Figure 1. Functional genomic elements being identified by the ENCODE pilot
phase. The indicated methods are being used to identify different types of functional

elements in the human genome.

Figure 2. Mammalsfor which genomic sequence is being generated for regions
orthologousto the ENCODE targets. Genomic sequences of the ENCODE targets are
being generated for the indicated mammalian species. The current plans are to produce
high-quality finished (blue), comparative-grade finished (red), or assembled whole-
genome shotgun (green) sequence, as indicated. High-quality finished reflects highly
accurate and contiguous sequence, with a best-faith effort used to resolve al difficult
regions (33). Comparative-grade finished reflects sequence with greater than 8-fold
coverage that has been subjected to additional manual refinement to ensure accurate order
and orientation of all sequence contigs (17). In the case of whole- genome shotgun
sequence, the actual coverage and quality may vary. Other vertebrate species for which
sequences orthologous to the ENCODE targets are being generated include chicken, frog
and zebrafish (not shown). A complete list of the ENCODE comparative sequencing

effortsis provided in table S3.

Figure 3. UCSC Genome Browser display of representative ENCODE data. The
genomic coordinates for ENCODE target ENr231 on chromosome 1 are indicated along
the top. The different tracks are labeled at the left with source of the data. The
Conservation track shows a measure of evolutionary conservation based on a

phylogenetic hidden Markov model (phylo-HMM) (34). Multiz (35) alignments of the
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human, chimpanzee, mouse, rat, and chicken assemblies were used to generate the
species tracks. RefSeq, MGC indicate the mapping of mMRNA transcripts from RefSeq
(18) and MGC (12) projects, respectively, while the track labeled Human mRNAS
represent all MRNAs in GenBank. The track with the location of sequences tested for
promoter activity in areporter assay is labeled as Promoters/Stanford (36). The positions
of transcripts identified by oligonucleotide microarray hybridization (RNA
TranscriptgAffymetrix; (37)) and RNA TranscriptsY ale; (38)) and sequences detected
by ChiP/chip analysis by the Ren and Gingeras/Struhl laboratories (ChIlP-RNAP/Ludwig
and ChIP-RNAP/Affymetrix, respectively (24)) are indicated. The DNA replication
tracks show segments that are detected to replicate during specified intervals of S phase
in synchronized HelLa cells (26). The 0-2 hr and 2-4 hr tracks show segments that
replicate during the first and second 2 hr periods of S phase. The DNA fragments
released by DNasel cleavage were identified from either CD4+ cells (DNasel

HS/NHGRI; (29)) or from K562 cells (DNasel HS/Regulome; (28)).
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Figure S1. Quantitative chromatin profile of the human beta-globin locus.
Computed signal-to-noise (SNR) ratios of DNasel hypersensitivity were measured across
90 kb of ENCODE target ENmMOO09 in K562 erythroid cells (28). The peaks correspond to
DNasel hypersensitivity sites, which reflect candidates for promoters, enhancers,

insulators, and LCR elements.



Table S1: Groups participating in the ENCODE Pilot phase.

Initial ENCODE Pilot Phase Participants

Research Group

Institution

Research Goals

lan Dunham

Wellcome Trust Sanger Ingtitute

Map origins of replication, DNA methylation, chromatin
modifications, transcription factor binding sites, primarily with
ChlP/chip assays using spotted DNA microarrays.

Anindya Dutta

University of Virginia

Identify early and late origins of replication, sites of replication
termination and pause sites for replication forks. Replication
products mapped by hybridization to Affymetrix microarrays.

Thomas Gingeras

Affymetrix, Inc.

Map RNA transcripts, binding sites for transcription factors and
chromosomal proteins using Affymetrix microarrays and
ChlP/chip assays.

Roderic Guigo

Municipal Institute of Medical
Research

Identify all protein-coding genes. Combine computational
prediction with experimental RT/PCR confirmation of gene
models.

Richard Myers

Stanford University

Identify promoters and enhancers with transfection of reporter
constructsinto cell lines. Identify transcription factor binding
sites and chromatin modifications with ChlP/Chip assays using
Affymetrix arrays. ldentify conserved domains with
comparative genomic data. Test the function of conserved
domains by mapping polymorphisms to these domains and
assaying for the effect of these polymorphisms in reporter assays
for enhancersin transfected cells.

Bing Ren

Ludwig Institute for Cancer
Research

|dentify promoters, enhancers, repressors/silencers using
ChlP/chip assays and mapping on spotted DNA microarrays.

Michael Snyder

Y ale University

Map RNA transcripts and binding sites for transcription factors
and chromosomal proteins using DNA microarrays and
ChlP/chip assays. Comparison of Affymetrix, NimbleGen and
spotted DNA arrays platforms.

George
Stamatoyannopoul 0s

University of Washington

Map DNase | hypersensitive sites using quantitative, real time
PCR.

Additional ENCODE Pilot Phase Participants

| Research Group

| Institution

| Research Goals




Andy Baxevanis

National Human Genome Research
Institute

Develop an ENCODE data portal for non-sequence based data
including coordinated data deposition and dissemination.

Kerstin Lindblad- Broad Institute Develop methodologies, algorithms and software to generate
Toh/ Michelle regional alignments of multiple genomes in the ENCODE
Clamp regions.

Greg Crawford/ National Human Genome Research | Identify DNase hypersensitive sites; develop high-throughput

Francis Collins

Institute

Massively Parallel Signature Sequencing (MPSS) assay for
DNase hypersensitive sites.

Pieter De Jong Children’ s Hospital Oakland Create clone resources to support comparative sequencing.
Research Institute
Eric Green NIH Intramural Sequencing Isolate BAC clones for ENCODE regions in multiple organisms;

Center/ National Human Genome
Research Institute

generate multispecies comparative genome sequence data for
these ENCODE regions; develop computational tools for anaysis
of comparative genome sequences.

Ross Hardison

Pennsylvania State University

Develop tools to analyze comparative genomic sequences and
integrate functional data with the genome sequence.

David Hausdler University of California, Santa Develop ENCODE-specific views of the human genome using
Cruz the Santa Cruz UCSC Browser; develop tools to analyze
comparative genomic sequences and integrate functional data
with the genome sequence.
Steven Jones British Columbia Cancer Agency Generate whole genome data on gene expression; develop tools
Genome Sciences Centre to idertify regulatory elements from co-expressed genes.
Marco Marra British Columbia Cancer Agency Generate fingerprint maps and tiling paths for BACs isolated
Genome Sciences Centre from the ENCODE regions in different species; identify
alternatively spliced transcripts for genes in the ENCODE
regions.
Webb Miller Pennsylvania State University Develop tools to analyze comparative genomic sequences and
integrate functional data with the genome sequence.
Steve Salzberg The Ingtitute for Genomic Develop computational tools to analyze comparative genomic
Research Sequences, to find genes and to assemble genomes.
Greg Schuler National Center for Biotechnology | Coordinate ENCODE comparative genomic sequence data with

Information (NCBI), National
Library of Medicine

NCBI.




Table S2: Groups participating in the ENCODE Technology Development phase.

ENCODE Technology Development Phase Participants

Research Group Institution Research Goals
Job Dekker University of Massachusetts Develop PCR strategy to identify regions in chromosomes that
Medical School interact through protein complex binding using the Chromosome

Conformation Capture (3C) technology.

Xiang-Dong Fu University of California, San Diego | Improve sensitivity and specificity of the ChlP/chip technology
using single stranded oligonucleotide microarrays and DASL
(DNA Annealing Selection and Ligation) technology.

Roland Green NimbleGen Systems, Inc. Test ability of NimbleGen's Maskless Array Synthesis

technology to map transcription factor binding sites and first
exon/promoter identification in ChlP and microarray assays.

Robert Kingston

Massachusetts General Hospital

Develop high-throughput methods for mapping chemical and
enzymatic DNA cleavage sites in chromatin at nucleotide
resolution.

Mark McCormick | NimbleGen Systems, Inc. Develop "exonlinkage assay" to study alternative splicing using
NimbleGen's oligonucleotide array platform.

Zhiping Weng Boston University Develop computational methods to identify cis-regulatory
elements in alternative promoters and confirm these elements by
competitive PCR and reporter-construct assays in transfected
cells,

To be added in

September 2004

To be added in

September 2004

To be added in

September 2004

To be added in

September 2004

Tobeadded in




September 2004

Tobeaddedin
September 2004




Table S3: Anticipated Comparative Sequencing Datasets for the ENCODE Target Regions

Name Latin Name Sequence Quality | Source

Armadillo (nine-banded) | Dasypus Comparative grade | NIH Intramural Sequencing
novemcinctus finished* Center

Baboon (olive) Papio Comparative grade | NIH Intramural Sequencing
cynocephalus finished Center
anubis

Bat (greater horseshoe) | Rhinolophus Comparative grade | NIH Intramural Sequencing
ferrumequinum | finished Center

Cat Felis catus Comparative grade | NIH Intramural Sequencing

finished Center

Dusky Titi Callicebus Comparative grade | NIH Intramural Sequencing
moloch finished Center

Elephant (African) Loxodonta Comparative grade | NIH Intramural Sequencing
africana finished Center

Galago (small-eared)

Otolemur garnetti

Comparative grade
finished

NIH Intramural Sequencing
Center

Guinea Pig

Cavia porcellus

Comparative grade
finished

NIH Intramural Sequencing
Center

Hedgehog (middle- Atelerix Comparative grade | NIH Intramural Sequencing

African) albiventris finished Center

Lemur (gray mouse) Microcebus Comparative grade | NIH Intramural Sequencing
murinus finished Center

Marmoset (white -tufted
ear)

Callithrix jacchus

Comparative grade
finished

NIH Intramural Sequencing
Center

Monkey (colobus)

Colobus guereza

Comparative grade
finished

NIH Intramural Sequencing
Center

Monkey (owl)

Aotus nancymaae

Comparative grade
finished

NIH Intramural Sequencing
Center

Platypus (duck-billed) Ornithorhynchus | Comparative grade | NIH Intramural Sequencing
anatinus finished Center

Rabbit Oryctolagus Comparative grade | NIH Intramural Sequencing
cuniculus finished Center

Shrew (European

Sorex araneus

Comparative grade

NIH Intramural Sequencing

common) finished Center
Tenrec (lesser Echinops telfairi | Comparative grade | NIH Intramural Sequencing
hedgehog) finished Center
Bovine Bos taurus High-quality Baylor College of Medicine
finished** Human Genome Sequencing
Center
Chimpanzee Pan troglodytes | High-quality Washington University
finished Genome Sequencing Center,
Broad Institute/MIT Center for
Genomic Research
Dog Canis familiaris High-quality Broad Institute/MIT Center for




finished

Genomic Research

Frog Xenopus High-quality US Department of Energy
tropicalis finished Joint Genome Institute
Macaque Macaca mulatta | High-quality Baylor College of Medicine
finished Human Genome Sequencing
Center, Washington
University Genome
Sequencing Center, J. Craig
Venter Joint Technology
Center
Mouse Mus musculus High-quality Washington University
finished Genome Sequencing Center,
Broad Institute/MIT Center for
Genomic Research,
Wellcome Trust Sanger
Institute
Rat Rattus norvegicus | High-quality Baylor College of Medicine
finished Human Genome Sequencing
Center
Zebrafish Danio rerio High-quality Wellcome Trust Sanger
finished Institute
Chicken Gallus gallus High-coverage Washington University
whole genome Genome Sequencing Center
shotgun***
Opossum Monodelphis High-coverage Broad Institute/MIT Center for
domestica whole genome Genomic Research
shotgun
Orangutan Pongo pygmaeus | High-coverage TBD

whole genome
shotgun

* Comparative grade finished sequencing involves shotgun sequencing to 8X-10X coverage with
additional manual refinement to order and orient contigs. The product is at an intermediate level
between purely shotgun and high-quality finished sequence.

** High-quality finished reflects highly accurate and contiguous sequence, with a best-faith
effort used to resolve all difficult regions.

*** Seguence orthologous to the human ENCODE targets generated from whole genome efforts
in other organisms will be incorporated into the ENCODE dataset where available. The ultimate
product of these efforts may vary in terms of depth of shotgun coverage.




