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Purpose and Introduction
One of the great challenges in the interpretation of the “book of life” is the comprehensive
identification of the regulatory sequences determining where and when every protein-coding
gene, and noncoding gene, is switched on and off throughout the human life cycle. Stated as
a strong hypothesis, it should be possible to infer gene activity solely from primary
sequence—the “language of gene regulation.” With adequate understanding of the rules
under which regulation operates, we should be able to look at DNA sequence and predict
where, when, and how much any gene will be expressed.
This has particular relevance to understanding human disease: Over half of all genetic
variants conferring risk to human disease reside in noncoding, probably regulatory,
sequences. A full understanding of the language of gene regulation will empower us to
predict abnormal function in cases of inherited disorders. It will also enable, and go along
with, much deeper understanding of basic biology such as animal development.
On October 27-28, 2009 the National Human Genome Research Institute (NHGRI) convened
a workshop to discuss this broad area of research. How close can we get as a scientific
community to the goal of complete understanding of the rules of gene regulation? What more
will we need to learn in order to get there? What genomic approaches to this challenge are
both valuable and feasible over the next 5 to 10 years? What will it take to make them
feasible?
Participants were asked to discuss these issues from three viewpoints: the function of primary
regulatory DNA sequences; natural and experimental variation of gene regulation; and gene
regulatory networks.
This workshop was deliberately broader in scope than one NHGRI would convene to plan for
a specific initiative, seeking ideas that were significant and timely, but not (for the present)
constricted by timeframes or budgets.
The outcome of this workshop will be used to aid long-range scientific planning activities at
NHGRI. This workshop was also held in the context of a larger NHGRI scientific planning
effort, and its outcome will be evaluated in that larger context.

Summary of Final Recommendations
Due to the breadth of discussions, the final recommendations covered multiple areas of
research and development. The recommendations below are listed in no particular order
of priority.
Participants called for the following:
Basic knowledge:
•

Perform comprehensive mechanistic analysis of a representative set of cisregulatory elements. We have only a handful of examples of genes for which
cis-regulation is understood to a very high level of detail, including understanding
cis-regulatory sequences (eg. by systematic mutation), and the biochemical details
of factor binding to those sequences. It is also critical to understand how factors,
which are bound to cis elements, act through the help of coregulatory proteins to
influence transcription and transcription-coupled RNA processing. While it is not
feasible to obtain this level of detail for all genes, it may be possible, for a
relatively small amount of funding, to find a small number (20? 50?) of examples
that could provide a much better basis for generalization to all cases. This data set
would, among other things, inform high throughput functional tests for DNA and
RNA elements, as well as chromatin structure/dynamics.

•

Obtain more detailed information about the structure and, in the longer
term, dynamics of chromatin and how it relates to expression (transcription
and accessory factor interaction, chromatin looping, etc.). This is an area of
very active ongoing study. Much more detailed knowledge will be required, and
will be done. New methods and reagents could accelerate this area of research
(see below).

•

Obtain additional validated example gene regulatory networks. We do not yet
have enough high-quality examples from either development or physiology.

•

Extend gene network analysis to phenotype via downstream network
components. Current gene network analysis is most detailed in describing parts
of networks that are remote from their actual expression as phenotypes. Portions
of regulatory networks that are more proximate to anatomical or physiological
phenotypes need to be elucidated.

•

Undertake network level phylogenetic comparisons and synthetic network
design.

Technologies/Methods/Reagents:
•

High quality, readily available reagents will accelerate the field. Monoclonal
antibodies and other affinity reagents for all regulatory factors should be
developed.

•

Methods to obtain information about DNA binding need ongoing
development. For example, improvements in ChIP or, in the longer term, a better
alternative.

•

Develop improved methods for genomic manipulation both as a means to
understand DNA elements and also to understand gene networks (synthetic
network design).

•

Develop methods for single cell (or smaller amount of material) analysis (including
imaging). Single cell-analysis is important, for example, to overcome problems
associated with measuring the relationship between factor binding and expression as
combined information from large numbers of cells.

•

Develop experimental models for understanding natural or disease-associated variation
in a regulatory circuit.

Resources/Projects:
•

For human studies, undertake a massive cohort study to provide the basis for studies
elucidating the contribution of variants in regulatory DNA (including UTRs) to
phenotype and to identify variation in regulatory factors. This would be integrated with
variation and functional data. This would clearly be a very large, long-term project.

•

Establish and carry out high-throughput functional tests for DNA and RNA
elements that control gene expression (in many cell types, developmental, and
physiological states) prioritized intelligently, including perturbation methods, and
in the longer term, genomic manipulations.

•

Provide access to the data from these (& other) projects for the average researcher via
unified databases (a long-term goal) and robust software tools, and to support
computational modeling. Should be linked to other large-scale projects.
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How close can we get as a scientific community to the goal of complete understanding of the
rules of gene regulation? What more will we need to learn in order to get there? What
genomic approaches to this challenge are both valuable and feasible over the next 5 to 10
years? What will it take to make them feasible?

This workshop report summarizes a discussion of these major questions convened by the
National Human Genome Research Institute (NHGRI). A full description of the aims of
the workshop, and a workshop agenda, are in Appendix 1.
This report will not describe all presentations in detail, but will rather focus on the major
conclusions in an attempt to extract the most important points related to the objectives of
the workshop.
I. Transcriptional Regulation: Some General Lessons
Three plenary speakers (John Lis, Kevin Struhl, Gary Felsenfeld) reviewed the high-level
conclusions about our current knowledge of transcriptional regulation that are relevant to
this workshop.
1. Characterization of transcriptional regulation must account at least for cisregulatory sequences, the regulatory factors that bind them, co-regulatory
mediators, polymerase (PolII), and the interactions between all of these elements.
We also need to understand the rate-limiting steps in transcriptional activation,
any of which could be possible targets for regulation by the cell.
Investigation of transcriptional control at heat shock loci in Drosophila
melanogaster provides an illustration at a high level of detail. Studies locating
factors that bind to cis-regulatory sequences (and extending to understanding the
dynamics of their distribution), using techniques such as immunoflourescence and
ChIP, have built up the view that PolII is primed and actively (i.e., requiring
stabilization by other factors) paused at the core promoter. Activation is
accomplished by successive binding and recruitment of a variety of cis-regulatory
factors.
In order to understand transcriptional activation better, for example, to be able to
distinguish which rate limiting steps are actually most relevant for regulation, we
will need methods that allow the probing of dynamic aspects of factor binding.
Ideally, we also need methods that can be applied across the genome, for
example, to examine the dynamics of factor binding and PolII activation in

response to a stimulus. Some methods already exist. For example, recent genomewide data on engaged PolII points to the conclusion that escape from pause may
be more significant than the initial engagement of PolII.
In addition to methods that dynamically image the major components involved in
transcriptional activation, we need improved methods to perturb---and so test-their function.
2. To understand transcriptional regulation, we need to relate the details of how,
where, and when proteins bind to specific sites on DNA in vivo, to the dynamic
role of the components of chromatin. One lesson of current knowledge is that we
must be wary about making predictions based on DNA sequence motifs alone.
Neither can we completely rely on invoking chromatin structure to understand
how transcriptional states are determined.
The importance of understanding the relationships between DNA binding and
chromatin are obvious in considering that genetically identical cells can inherit
different on/off states of gene transcription (epigenetics), a ubiquitous feature of
metazoan development.
How do short DNA sequences actually specify binding? The answer into this
question is complicated by the observation that genomes appear to be very
permissive to the general binding of factors, and that there is a continuum of
binding in vivo. On top of that, there is not necessarily a straight correlation
between strength of binding and activity. Moreover, simply because a good motif
exists, does not mean that it is bound—for example, most of the p63 binding
motifs in human DNA are not occupied by p63. Moreover, many “poor” p63
binding sites are occupied. DNA sequence alone contributes to, but is a poor
predictor of, DNA binding in vivo.
In addition to understanding binding specificity, there are other circumstances that
determine whether factors actually bind, including interactions with the many
other factors that constitute chromatin, accessibility of the DNA, local structure of
DNA and chromatin, and others. For example, nucleosome positioning can result
in a state accessible to binding. So, chromatin structure can facilitate binding, but
does not determine it. There are many examples of the inter-relationship between
the two that support the idea that neither is sufficient to understand transcription.
So, in addition to understanding binding specificity based on sequence, we will
also need to account for how chromatin mediates accessibility and cooperatively
between transcription factors, and how the interactions between binding and
chromatin dynamics give rise to transcription. All of these complications must be
considered in defining a functional binding site.
3. In order to understand transcriptional regulation, we need to take into account
the long-range interactions that occur between regulatory sequences that may be

distant from each other, at several scales. These physical networks of interacting
sites within the nucleus are maintained by a wide variety of specific interactions.
Some of these structures may be stabilized by site-specific DNA binding proteins
dedicated to that task. Many of these interactions may be important for regulation
of gene expression.
At a small scale, there is considerable evidence that adjacent gene systems
interact, and we know some of the sequence elements that mediate this. For
example, enhancers can act at a distance on multiple nearby genes, and will do so
unless blocked by an insulator. Insulators themselves can be regulated (eg, by
CTCF binding). The mechanism by which this occurs may entail CTCF binding
with itself or with a surface (e.g. nucleolar surface) to result in loops or other
features that contribute to (and correspond with) both long-range interactions and
the higher-order conformation of the chromosome within the nucleus. Multiple
molecular mechanisms are likely to underlie looping.
There is growing evidence for the existence, and importance of, specific longerrange interactions. Microscopy provides evidence for chromosome domains, and
for the idea that loci that are regulated by the same transcription factors colocalize in the nucleus. Detailed cross-linking/sequencing studies (4C and higher
order) capture regions that are associated within the nucleus, across the entire
genome at increasingly high resolution. There is a need for additional genomewide methods that will both increase resolution and allow better correlation with
expression.
II. Breakout Session Summaries
The major points from the first day of talks were discussed in three breakout sessions,
each of which was intended to address a different aspect of the genomics of gene
regulation: Primary Regulatory DNA Sequences: Function, Analysis, and Prediction;
Natural and Experimental Variation of Gene Expression; and Gene Regulatory networks.
a. Primary Regulatory DNA Sequences: Function, Analysis, and Prediction
This topic is intended to investigate genomic approaches to characterizing and
understanding the range of functional sequence elements that control gene expression
(e.g., enhancers, silencers, insulators, core promoters, tethering elements, elements
mediating long-range interactions, control via epigenetic modifications, etc.).
The breakout group identified three inter-related questions that encompass this topic:
• What are all the elements that control gene expression? e.g., functional assays for
enhancers, silencers, etc. in all cell types
• What is the complete structure of chromatin? e.g., transcription factors, accessory
factors, looping in all cell types

• What are the key regulators (and sequences) of cell state? e.g. forward genetics,
reprogramming, etc. in key cells
The group proposed multiple research and resource development efforts and general
guidance that could address these questions, divided into the following categories:
Organisms; Systems; Cell Types; Data Types; Technologies and Reagents; “Blue Sky”
Ideas. These suggestions were made keeping in mind the charge.
•

Organisms used for systematic study of this problem should include:
o Human: most challenging, but has the most clinical relevance
o Well-characterized vertebrate systems (mouse, zebrafish)
o Select model systems to provide a more rapid path to understanding basic
principles

•

Systems to be studied should focus on:
o Early development, where there is considerable existing knowledge; early
developmental pathways are often also associated with disease
o Systems that are also amenable to predictive, testable modeling

•

Cell types. In order to make systematic progress, it will be necessary to focus on a
finite number. The following were mentioned due to multiple characteristics,
including previously accumulated knowledge, ease of manipulation, accessibility,
disease relevance, etc.:
o Embryonic
o ES and iPS cells
o Hematopoietic stem cells
o Somatic cells that can easily be obtained in large quantities (T and B cells)
o Newly isolated tumor and tumor stem cells

•

Data types that could be productively pursued in the next five years (suggested for
three model organisms and three vertebrate cell types) include:
o ChIP-Seq of ~2000 TFs, accessory factors, nucleosomes
o Protein-DNA binding motifs (in vitro)
o Protein-protein interactions (for proteins related directly to transcription)
o RNA expression (RNA-Seq, GRO-Seq )
o Expression following shRNA knockdown of regulators
o Enhancer/silencer element reporters
o Hi-C looping assays
o Forward genetics
o Cellular reprogramming

•

Data types that may be possible to obtain in the next ten years include:
o High throughput element knockout
o Protein-DNA structure (atomic resolution)
o Protein modifications
o Advanced looping/compaction assays

o RNA elements
o Imaging
o Small molecules
•

Technologies and reagents that should be sought include:
o Computational methods and models
o Methods to connect elements to target genes
o Advanced chromosome structure analysis
o Single cell and minimal cell analysis
o ChIP-grade antibodies
o Tagged factors
o All regulators (inducible) in vectors for reprogramming
o ChIP replacement (a better technology for assaying protein binding to
nucleic acids)

Finally, the group outlined three “Blue Sky” ideas. These were not meant to be feasible in
any limited timeframe, but rather were intended to stimulate ambitious long-term
thinking:
•
•
•

For one diploid human: characterize all cis-regulatory elements in all cells
Identify all variant elements in iPS cells from patients encompassing all diseases
Develop small molecule agonists and antagonists for regulatory elements
involved in all diseases

b. Natural and Experimental Variation of Gene Expression
This breakout session was intended to bring out what has been, and could be, learned
about the genomics of gene regulation from studies of variation. What do laboratory
experiments, natural variation, and evolutionary changes tell us about the language of
gene expression? What are the current lessons from comparative genomics; studies of
natural variation; recurring variation underlying recurrent phenotypic changes; studies of
regulatory variation (eQTLs linked to anatomical/physiological phenotypes); and human
medical sequencing studies that uncover regulatory variation? What is our current
capability to manipulate regulatory elements, and what general lessons have been
learned?
The breakout group began by noting that the critical emphasis of its discussion was on
understanding the relationship between inter-individual variation and disease. In the
context of this workshop, how much of the segregating variation in disease risk and other
medically important phenotypes is caused by polymorphisms whose primary proximal
effect is on the regulation of gene expression? This gives rise to the following questions:
•

•

How do polymorphisms that directly affect protein levels break down between
transcription rate, transcript stability, transcript localization, translation rate,
etc...?
What is the spectrum of variants that affect each of these processes?

•
•

What portion of variants (of different classes - SNPs, indels, CNVs, etc...) affect
gene expression - how many have no effect on transcript/protein level?
What is the relationship between variation in gene expression and variation in
fitness (i.e. how much, and what types, of expression change is neutral)?

The group also noted a few points that were considered in their discussion:
•
•

•

Rare variation can have significant phenotypic effect, and be important for
functional insight, even if not for understanding common disease risk.
We can understand a complete regulatory circuit, yet know little about the
consequences of variation in genes in that circuit. Both are necessary to
understand disease. We probably cannot understand the later by analyzing one
variant at a time.
A goal of variation studies is to understand the spectrum of effects of gene
sequence variation within the human population that result in differences in gene
regulation. We also probably cannot understand this by analyzing one variant at a
time.

The working group discussion encompassed two diverging viewpoints. The first asserted
that it was critical to characterize variants, probably in an unbiased way, in human
populations in order to understand their contribution to gene expression, phenotype,
allelic spectrum, and common disease risk. The second was very concerned about the
idea that the vast majority of SNPs would have little or no effect, making any unbiased
approach to studying them inefficient. As a concrete example, there was a concern that
an effort to comprehensively analyze SNPs (for example through reporter assays) would
be too inefficient, compared to a mutational analysis, e.g. in cell lines followed by
selection. On the other hand, this approach would miss some critical aspects of
understanding variation and how it relates to disease in human populations. The final
recommendations emphasized the need to study variation in the context of human
populations.
In order to provide the scientific basis for understanding the relationship between
regulatory variation and phenotype in a way that is clinically relevant to the human
population, the working group proposed the development of a foundational integrated
resource. This resource would include:
•
•
•

•

A massive cohort study to maximally leverage individual researcher-initiated
studies.
DNA sequence of many individuals within the study (10,000+), along with
anonymized medical records.
Generation of functional data from a significant subset of these individuals: RNAseq from primary tissues, RNase I hypersensitivity (allele-specific), chIP-seq for
many TFs, miRNA quantification.
Bioinformatic infrastructure, including the ability to query a variant database,
linking all these attributes to functional measures, genome-wide association, and
other results.

•

Biological materials (primary and iPS cell lines) to be readily available.

Such a large cohort study would have wide clinical relevance. For example, a publicly
available cohort database would allow investigators to narrow a list of candidate SNPs
and genes associated with dysregulation and/or disease states for follow-up functional
work. Any cross-sectional sample of the human population, if large enough, would
permit phenotypic screening that could identify alleles of large effect. Finally, it would
permit investigators to predict functional effects of variants, so that when the next case
comes into the clinic, his/her rare variant can be recognized.
It is easy to imagine how such a cohort study on its own and integrated with other studies
would lead to an understanding of regulatory variation. It could result in, for example, an
annotated database of attributes of human variants, linking genotypes, allele-specific
expression levels, DNase I hypersensitive sites, chIP-seq and medical records/disease
phenotypes, and integration with network models. Ideally, it will lead to the ability to
predict the functional consequences of specific variants.
Along with such a resource, model organism studies will continue to be valuable to
assess functional variation through studies of natural variation of model organisms, allow
transgenic introduction of human variant proteins into model organisms, provide basic
insight into the cis-regulatory variation most likely to have functional effect, and model
and understand evolution of regulatory divergence among species.
The working group identified several technical obstacles to such an integrated resource:
•
•
•
•
•
•

Highly specific monoclonal antibodies for each transcription factor.
Faster, cheaper, better RNA-seq (and GRO-seq, translation rate assays, protein
stability assays, etc.)
Faster, cheaper, better methods for testing functional effects of variation in
regulatory sequences.
Faster, cheaper, better ways to measure environmental exposures.
Ability to store and retrieve dozens of tissues of thousands of samples.
Bioinformatic integration from genome-wide association to functional studies.

The working group noted several conceptual issues that would need to be resolved in
order to make best use of such a resource:
•
•

•

Does it makes sense to think of the regulatory effects of one SNP at a time – or is
context always critical?
We need to better understand how variation at the sequence level mediates
variation at the gene regulatory level; we need quantitative, predictive models for
this.
We need statistical tools to deal with the high dimensionality of the primary data,
and a better understanding of the error properties of the measurements (e.g. RNAseq).

c. Gene Regulatory Networks
This session was intended to explore how transcriptional regulation is coordinated among
genes that act together to produce a phenotype. Can we go beyond transcriptional “wiring
diagrams” to make predictive network models? Can we go beyond correlating expression
with individual cell states to dynamics (e.g., perturbations, developmental biology)?
What is the most important/meaningful/useful type of information to obtain in
characterizing a gene regulatory network? What are the most promising experimental and
analytical approaches, and how would they inform an understanding of the language of
gene expression? For this topic in particular, what are the technical (experimental,
computational, analytical) challenges to progress?
The breakout group discussion identified several fundamental objectives related to this
topic:
•
•

•
•

What are the (inter-related) structural and functional principles of cis-regulatory
modules of all kinds?
What are the system-level architectures of genomically encoded regulatory
interactions that control diverse phenotypes (e.g., development of multiple taxa;
different physiological responses)?
What are the design principles of developmental and physiological regulatory
networks, and how can we conceptually abstract them?
How are the functional activities of cells (e.g., physiology, “housekeeping”)
causally linked to the upstream genomic control networks (e.g., those underlying
differentiation)?

Much of the discussion reflected the situation that we have relatively few examples of
well-characterized regulatory networks, especially in metazoans. To the extent that we
do, these are usually limited to early development, and we still lack a sufficient variety of
examples. Genomic approaches have begun to allow investigation of regulatory networks
(e.g., through large-scale expression experiments and perturbation, along with analysis
capabilities), but these are not sufficiently developed. Most of the group’s specific
recommendations reflected the idea that we have just begun to investigate this topic, that
the problem is large in scope (multiple genes and cis-regulatory relationships, multiple
cells/cell types/tissues/developmental time points, multiple organisms, etc). That is, the
recommendations focused the need for developing better tools to obtain the relevant data
and resources to support further advances, initially by providing more examples of
validated, biologically relevant genome regulatory networks.
It was also pointed out that some thought should be given to how best to organize any
concerted effort to elucidate gene networks. The problem is still formidable. For a larger
project, it may be useful to work collaboratively with other institutes to address problems
that are biologically relevant, for example, on an organ system. Another approach would
support consortia that will approach a network problem from different directions (e.g.
Hox genes, embryonic systems, organogenesis, and physiological response). Either
would provide critical, high-quality network examples, guide the project towards the

appropriate samples and model systems, and encourage biological validation of network
models, while also providing a coordinated mechanism to develop relevant generalizable
research tools.
At the same time, the working group noted that a lot can be learned from mid-scale
projects (e.g., dealing with 100’s of genes), and that as technological capabilities are
improved and community resources developed, more will become possible at smaller
scale, and that in fact, much of the work would occur at this scale pursued by
investigator-initiated research.
The group provided examples of high-priority, highly useful research directions as
context for their specific recommendations:
•
•

•
•

Obtain more high quality validated example networks, in a range of contexts
(embryonic and postembryonic development, physiology, etc.).
Obtain more examples of exhaustively characterized cis-regulatory modules to get
mechanistic structure-function principles. Enough examples to cover the diversity
of cis-regulatory design. Another approach would be an effort to exhaustively
characterize a network of 20-50 genes, the factors that regulate them, chromatin
modification, and their outputs, as a publicly available resource to stimulate
development of analysis methods, and generally to provide basic information
about how to design more comprehensive studies.
Understand network structure and modularity by appropriate phylogenetic
comparisons at network level.
Establish the linkages from upstream to downstream network modules
(physiology, differentiation, morphogenesis).

The group recommended further development of the following methods as being of high
importance to overcome major bottlenecks in gene network analysis:
•
•

•

•

Develop better perturbation methods/resources – this includes small molecules,
knockouts, etc.
Develop better capabilities for manipulating genomic regions/gene
transfer/recombineering –goes beyond perturbations to testing multiple elements
of cis-regulatory networks.
Develop single-cell analysis methods for a wide range of studies (for example,
including biophysical constants of factor binding, expression, advanced imaging
technologies, etc.) that are accessible to smaller labs.
Develop improved methods for cis-regulatory analysis
(spatial/temporal/quantitative) in single cells, tissues, and organisms.

All of these should aim to work in a biologically relevant context.
The group also noted the need for improved analytical and informatics capabilities to deal
with large, complex datasets that will be generated:

•

•
•
•

Develop improved modeling methods to deal with, e.g., large networks to discern
modularity, meta-analysis of network structure, spatial information, relating data
to morphological context.
All computational and analysis tools (e.g., inferring a network from perturbation
data) should be robust enough that they can be widely used by the community.
Develop a way to capture and curate data from individual lab efforts (including
negative data) for community meta-analysis.
“Sysbase” as a community research database/platform (across model systems,
human, etc.).

III. Summary and Discussion
This workshop deliberately sought to cover a very wide range of topics relating to the
genomics of gene regulation. As a result, the recommendations from individual breakout
sessions were diverse, and difficult to summarize as an integrated whole. For example,
there was no single project recommendation that represented the clear next step in
genomic exploration of the language of gene regulation, nor was there a single consensus
vision of a large, long-term genomic project that would provide a comprehensive view of
the genomics of gene regulation.
Rather, there were recommendations for multiple projects, resources, and tools that
would together advance our knowledge of the genomics of gene regulation substantially.
Many of these recommendations would also aid other fields. In the discussions, the
priority of a number of the breakout group proposals was reinforced either because they
were proposed by multiple groups, or because discussion reflected overall enthusiasm for
the ideas. These proposals appear below.
This multiple result appears to reflect a theme that recurred in all three breakout
sessions—namely, in each major area of discussion, we lack a lot of the basic knowledge
that would inform how to pursue a single systematic effort. For example, we have very
few examples of well-validated, detailed cis-regulation of genes, and what we do know is
not straightforward or, so far, generalizable. This means it is difficult to tell what would
be most valuable to do as a large-scale effort—for example, a full characterization of
regulatory binding sites may be necessary, but would not be adequate, because the
relationship between the presence of a binding site and the activation of transcription is
complex. Similarly, we are just beginning to explore the relationship between variation
and phenotype in human populations. And we only have a few extensive, validated
examples of gene regulatory networks.
Because the workshop was so broad, some thoughts were raised about how best to
organize the research. For example, what is the best balance of investigator-initiated,
mid-scale, and large efforts? How should specific proposals for large efforts be justified
and compared? How can NHGRI work collaboratively with other institutes with a basic
or applied interest in this area? How can data produced at multiple scales, in multiple
venues be made available to the community? These considerations led some participants
to consider that the most important directions in this area should be pursued through

investigator-initiated efforts. This tends to place the emphasis for NHGRI on
development of tools, methods and resources that can aid the entire field at multiple
scales, and on select, well-justified efforts that are of appropriate scope—some of them
large-- to begin to examine the critical problems of the field in a systematic way.
One point raised in one of the session talks and again in the summary discussion reflected
on the challenge of the sheer amount of data that could potentially be systematically
collected to bear on this subject. Although it is ideal to have completely unbiased “-omic”
datasets, when we consider this set of problems we are implicitly considering data on cisregulatory regions for multiple genes, multiplied by multiple cell types, multiplied by
different conditions or time points, etc. For practical reasons alone, we will need to find a
way to constrain what information we seek in a way that will provide the most
biologically significant information and/or seek the most relevant examples. In this
regard, it is useful to consider placing the workshop discussions in the context of two
high-level goals:
1. Understand the molecular function of every noncoding element that contains
polymorphisms predicted to affect the function of the element.
2. Understand how the variation in each element affects the function of the genetic
network in which it is embedded, and ultimately leads to phenotypic variation.
In summary, the workshop participants called for the following to be developed:
Basic knowledge:
•

Perform comprehensive mechanistic analysis of a representative set of cisregulatory elements. We have only a handful of examples of genes for which
cis-regulation is understood to a very high level of detail, including understanding
cis-regulatory sequences (e.g. by systematic mutation), and the biochemical
details of factor binding to those sequences. Moreover, it is also critical to
understand how factors, which are bound to cis elements, act through the help of
coregulatory proteins to influence transcription and transcription-coupled RNA
processing. While it is not feasible to obtain this level of detail for all genes, it
may be possible, for a relatively small amount of funding, to find a small number
(20? 50?) of examples that could provide a much better basis for generalization to
all cases. This data set would, among other things, inform high throughput
functional tests for DNA and RNA elements, as well as chromatin
structure/dynamics.

•

Obtain more detailed information about the structure and, in the longer
term, dynamics of chromatin and how it relates to expression (transcription
and accessory factor interaction, chromatin looping, etc.). This is an area of
very active ongoing study. Much more detailed knowledge will be required, and
will be done. New methods and reagents could accelerate this area of research
(see below).

•

Obtain additional validated example gene regulatory networks. We do not yet
have enough high-quality examples from either development or physiology.

•

Extend gene network analysis to phenotype via downstream network
components. Current gene network analysis is most detailed in describing parts
of networks that are remote from their actual expression as phenotypes. Portions
of regulatory networks that are more proximate to anatomical or physiological
phenotypes need to be elucidated.

•

Undertake network level phylogenetic comparisons and synthetic network
design.

Technologies/Methods/Reagents:
•

High quality, readily available reagents will accelerate the field. Monoclonal
antibodies and other affinity reagents for all regulatory factors should be
developed.

•

Methods to obtain information about DNA binding need ongoing
development. For example, improvements in ChIP or, in the longer term, a better
alternative.

•

Develop improved methods for genomic manipulation both as a means to
understand DNA elements and also to understand gene networks (synthetic
network design).

•

Develop methods for single cell (or smaller amount of material) analysis (including
imaging). Single cell-analysis is important for example to overcome problems
associated with measuring the relationship between factor binding and expression as
combined information from large numbers of cells.

•

Develop experimental models for understanding natural or disease-associated variation
in a regulatory circuit.

Resources/Projects:
•

For human studies, undertake a massive cohort study to provide the basis for studies
elucidating the contribution of variants in regulatory DNA (including UTRs) to
phenotype and to identify variation in regulatory factors. This would be integrated with
variation and functional data. This would clearly be a very large, long-term project.

•

Establish and carry out high-throughput functional tests for DNA and RNA
elements that control gene expression (in many cell types, developmental, and
physiological states) prioritized intelligently, including perturbation methods, and
in the longer term, genomic manipulations.

•

Provide access to the data from these (& other) projects for the average researcher via
unified databases (a long-term goal) and robust software tools, and to support
computational modeling. Should be link to other large-scale projects.

Finally, a consequence of organizing a workshop with a scope this broad is that the
details of organizing a specific project, or prioritizing among alternate related projects,
will be neglected. It was anticipated from the outset that, once basic directions were
identified, organizing additional detailed workshops could be useful.
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AGENDA
Preamble
One of the great challenges in the interpretation of the “book of life” is the comprehensive
identification of the regulatory sequences determining where and when every protein-coding gene,
and noncoding gene, is switched on and off throughout the human life cycle. Ultimately, it should be
possible to infer gene activity solely from primary sequence—the “language of gene regulation.”

This has particular relevance to understanding human disease: Over half of all genetic variants
conferring risk to human disease reside in noncoding, probably regulatory, sequences. A full
understanding of the language of gene regulation will empower us to predict abnormal function in
cases of inherited disorders.
So, with adequate understanding of the rules under which regulation operates, we should be able to
look at DNA sequence and predict where, when, and how much any gene will be expressed. How
close to that goal can we get? What will we need to learn in order to get there? What genomic
approaches to this challenge are both valuable and feasible over the next 5 to 10 years? What will it
take to make them feasible? Some examples include:
• Target binding data sets for all known transcription factors across the genome, including
both preferred recognition sequences and variants.
• High-throughput, comprehensive analysis of cis-regulatory DNAs. This could include
systematic perturbation assays, analysis of synthetic regulatory DNAs, and analysis of
sequence variants found in divergent populations.
• Currently, there is an insufficient data set of known regulatory RNAs with known in vivo
activities.
• Comprehensive gene network analysis.
We hope that this workshop will aid long-range planning activities at NHGRI. Because the workshop
is deliberately broader than one we would convene to plan for a specific initiative, we seek ideas that
are not (for the present) excessively constricted by timeframes or budgets. We ask that ideas be
developed, with arguments for their significance and timeliness.
A summary of the workshop will be pursued. That summary may take the form of one or more “white
papers” outlining the best opportunities in this area for NHGRI to pursue over the next 5 or more
years. Because of the open-ended nature of this workshop, significant ideas that come out of it may
be the subject of more focused workshops in the future.

Day 1, October 27, 2009
8:30 a.m.
1. Welcome NHGRI Staff
8:35 a.m. -9:00 a.m.
2a. Purpose, Scope, and Boundaries: “Deliverables” Workshop Chair: Rick Myers
2b. Background: The ENCODE/modEncode Projects Rick Myers
9:00 a.m. - 10:45 a.m.
3. Plenary Talks and Discussion Moderator: Mike Levine
“Mechanisms of Transcriptional Regulation: The State of the Art and Beyond”
What we already know about the mechanisms of transcription provides the foundation for
understanding the language of gene expression. Starting with examples of their own work,
speakers will share their outlook on the state of the art in the field, discuss major unanswered
questions, and provide some context into how the work they describe fits into understanding
the larger issue of the language of gene expression.
9:00 a.m. - 9:30 a.m. John Lis
“Probing Regulatory Mechanisms In Vivo Using Technologies That Are in Hand and in
Our Dreams”
9:35 a.m. - 10:05 a.m. Kevin Struhl
“How Proteins Find Their Target Sites In Vivo: Implications for Epigenetic Inheritance”
10:10 a.m. - 10:45 a.m. Gary Felsenfeld
“Effects on Gene Expression of Long-Range Interactions in the Nucleus”
11:00 a.m. - 11:15 a.m. Break
4. Three Aspects of the Language of Gene Expression
For each topic below, topic chairs will discuss their work within the context of the scientific
state of the art and identify major unanswered questions, challenges, etc. Each summary talk
will be followed by three talks that start with the example of the investigator’s work and
then go on to address what we want to do/learn/discover that we can not currently and what
we can do in the next 5 to 10 years to achieve that, including scientific topics to pursue,
computational and technological limitations, etc. Discussion should focus on scientific goals
rather than recommending specific projects. Each topic chair will have 20 minutes and each
speaker 15 minutes. Each session will have time for discussion.

11:15 a.m. - 12:30 p.m.
4a. Primary Regulatory DNA Sequences: Function, Analysis, and Prediction
This topic integrates a variety of ideas and data sets needed to address this question at several
functional levels, addressing the range of functional sequence elements that control gene
expression (e.g., enhancers, silencers, insulators, core promoters, tethering elements, elements
mediating long-range interactions, control via epigenetic modifications, etc.). There are now
many detailed transcriptional regulatory “stories” featuring these elements that set the stage for
thinking at the genomic scale.
“Primary Regulatory DNA Sequences: Function, Analysis, and Prediction”
Chair: Rick Young (20 min)
“Whole-Genome Analysis of Drosophila Embryogenesis”
Mike Levine (15 min)
“Lessons From ENCODE: Progress and Challenges in Determining Regulatory Element
Function”
Jason Lieb (15 min)
“Regulatory Element Discovery and Characterization”
David Gifford (15 min)
12:30 p.m. - 1:30 p.m. Lunch
1:30 p.m. - 2:45 p.m.
4b. Natural and Experimental Variation of Gene Regulation
What do laboratory experiments, natural variation, and evolutionary changes tell us about the
language of gene expression? What are the current lessons from comparative genomics; studies
of natural variation; recurring variation underlying recurrent phenotypic changes; studies of
regulatory variation (eQTLs linked to anatomical/physiological phenotypes); and human
medical sequencing studies that uncover regulatory variation? What is our current capability to
manipulate regulatory elements, and what general lessons have been learned?
“Applications of Allele-Specific Expression From RNA-seq Data”
Chair: Andy Clark (20 min)
“How Do Regulatory Sequences and Gene Regulation Vary Among Species, and How Can We
Exploit this Variation?”
Mike Eisen (15 min)
“Human Genetics of Variation in Gene Expression”
Vivien Cheung (15 min)
“Synthetic Strategies for the Analysis of Combinatorial Cis-Regulation: From Yeast to
Humans”
Barack Cohen (15 min)

2:45 p.m. - 3:00 p.m. Break
3:00 p.m. - 4:15 p.m.
4c. Gene Regulatory Networks
Developing and validating network models; predictive models; transcriptional wiring diagram.
Beyond individual cell states to dynamics (e.g., perturbations, developmental biology).
Characterizing and understanding tissue-specific expression. What is the most
important/meaningful/useful type of information to obtain in characterizing a gene regulatory
network? What are the most promising experimental and analytical approaches, and how
would they inform an understanding of the language of gene expression? For this topic in
particular, what are the technical (experimental, computational, analytical) challenges to
progress?
“The Explanatory Power of Animal Gene Regulatory Networks and the Challenges Ahead for
Network Bioscience”
Chair: Eric Davidson (20 min)
“Dissecting the Logic of Cis-Regulatory Modules: Important Nodes Within Gene
Regulatory Networks”
Angelika Stathopoulos (15 min)
“Unbiased Reconstruction of a Mammalian Transcriptional Network Mediating the
Differential Response to Pathogens”
Aviv Regev (15 min)
“Molecular Sensors and Imaging for GRN Analysis at the Single-Cell Limit”
Scott Fraser (15 min)
4:30 p.m. - 5:30 p.m.
5. Overall Discussion Moderators: Rick Myers, Barbara Wold
Restatement of meeting objectives. What major ideas were raised? Are there conspicuous
gaps that need to be discussed? How do these relate to understanding the regulatory code?
Charge to breakout sessions.
5:30 p.m. - 6:15 p.m. Evening Break/Pick Up Dinner (45 min)
6:15 p.m. - 7:45 p.m.
6. Breakout sessions follow topics 4a-c, with same chairs.
(See breakout assignment sheet.)

Deliverables:
• Major unanswered questions/challenges and their significance. What are the most
important data sets, technologies, or basic questions, etc.?
• Which are most directed at understanding the regulatory code? How would the
information inform understanding the regulatory code?
• How do they integrate with the other topics?
• How could they relate to the clinic (at least diagnosis, prognosis)?
• Of those, which are amenable to comprehensive approaches in 5 years? 10 years? Outline a
viable pathway to getting there. Identify the scientific and technical obstacles.
8:00 p.m.
6. Breakout session chairs work on separate reports for next day.

Day 2, October 28, 2009
8:30 a.m. - 9:30 a.m.
7. Reports From Breakout Groups Moderator: Adam Felsenfeld
9:30 a.m. - 11:30 a.m.
8. Summary and Discussion Moderators: Peggy Farnham, Paul Sternberg
• How do these topics integrate?
• Prioritize the breakout proposals: “Top 10 list” of questions to be answered, with
attendant challenges and technologies, etc.
• Examples of “genomic” projects that could be productive in providing the information
that would help the community address the major questions.
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