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Executive Summary

The ESF exploratory workshop entitled ” Computational approaches to the role of epigenetic marks
in transcription regulation”, organized by Erik van Nimwegen (Biozentrum, University of Basel)
and Nikolaus Rajewsky (Max-Delbriick Center, Berlin), took place on the 18th and the 19th of
October, at the Biozentrum, Basel. Recently there has been a significant increase in large-scale
experimental approaches to mapping chromatin states. At the same time a combination of re-
cent theoretical and experimental developments has made it possible to map transcription factor
binding sites genome-wide in model organisms and several theoretical groups have initiated at-
tempts to model genome-wide transcriptional regulatory networks using such mappings. However,
it has become clear that epigenetic changes to the state of the chromatin play an essential role in
transcription regulation. The main motivation for the workshop was thus to explore how theoreti-
cal/computational researchers and experimental researchers could come together to collaborate on
making progress on understanding the role of epigenetic marks in transcription regulation.

As intended, the workshop brought together researchers from different backgrounds working on
widely varying aspects of the field. This included researchers working on the dynamics of the chro-
matin fibre, researchers working to elucidate the molecular mechanisms of chromatin modification
and epigenetic inheritance, researchers investigating large-scale organization of chromosomes in the
nucleus, researchers studying the genome-wide dynamics of chromatin modifications in different
developmental processes, theorists working on the genome-wide mapping of regulatory sites and on
the association of chromatin modification with disease, and researchers studying the role of small
RNAs in chromatin modifications. The participants were selected in particular because of their
interest in and experience with combined theoretical /experimental approaches.

The presentations at the meeting served to provide a timely overview of the current state of the
art in these different areas, and allowed the participants to see what the key questions are that are
being addressed in different groups and what approaches they are taking to address them. To give



a few examples, the two presentations by Renato Paro and Marc Rehmsmeier showed how joint
computational and experimental approaches can be taken to identify targets of polycomb repressor
proteins and their role in cellular differentiation. Current large-scale approaches to the analysis
of chromatin marks were discussed by Dirk Schiibeler, David Gifford, Denise Barlow and Antoine
Peters who u are studying the molecular events underlying cellular differentiation during various
developmental processes. They use oligonucleotide microarrays and deep sequencing technologies
to analyze time courses of various genome-wide observables (expression, histone state, DNA methy-
lation state, and binding of transcription factors), with the aim of understanding the dynamics of
gene expression and its regulation by epigenetic marks. A strong emphasis was placed on the ne-
cessity of developing computational infrastructure and algorithms to deal with this type of data,
some efforts in this direction being described by Christoph Bock. Emphasis on the development of
combined experimental-computational technologies for accurate expression profiling was also put
by Arndt Benecke. Heterochromatin formation in yeast was described by Genevieve Thon and
Susan Gasser. The chromosome structure at a very large scale was discussed by Ana Pombo, who
presented evidence for the existence of “transcription factories”, 50-nanometer structures contain-
ing clusters of polymerases, of chromosome territories and inter-chromosomal interactions. Bas van
Steensel presented work on the factors that appear to define boundaries of “chromosomal territo-
ries” in fly and human. At a very fine scale, there has been considerable work in modeling DNA
as a polymer. The performance and limitations of this type of models were presented by Dieter
Heermann and Susan Gasser. Finally, very recent work in both yeast and mammals revealed the
involvement of small RNAs in the regulation of chromatin states. From this perspective, Mihaela
Zavolan described the involvement of micro RNAs in the de novo DNA methylation in mouse
embryonic development.

Important for the objectives of the workshop, each day was concluded by a discussion session,
which participants found particularly stimulating scientifically, because the format encouraged them
to share their diverse perspectives on this rather new field, and to be more speculative in discussing
the directions that the field may take. Several participants indicated that they felt the workshop was
unique in that it brought together a wide variety of researchers working in this rapidly developing
field, and that it was especially valuable to be able to learn about the view points of people with
such diverse backgrounds. It was felt that the field would benefit from more broad discussions
such as in this workshop. In addition, participants agreed that it was strategically important to
stimulate the joining of forces between theoretical and experimental researchers already at the level
of formulating the research approach and experimental design. Of particular interest would be
further investigations about the ways in which the new deep sequencing platforms can be used
in combined theoretical /experimental approaches. Finally, traditionally epigenetics has mainly
focused on DNA but in the meeting it became clear that more and more RNA is recognized as
having important roles, too. Therefore, beyond the need of linking computational and experimental
groups, it would be good foster collaborations between epigenetics groups and RNA biology groups.



Scientific content of the event

One of the most puzzling questions concerning transcription regulation in eukaryotes is how its
specificity is realized. Because the eukaryotic genomes are considerably larger compared to bacterial
genomes, and the specific of eukaryotic transcription factors is typically lower, i.e. frequently
involving 6-8 nucleotides (compared to 20 in bacteria), the number of putative binding sites for
any given eukaryotic transcription factor is very large. Thus, it is difficult to imagine how a
transcription factor finds its targets in a cell-type specific manner. One attractive solution that
has been proposed is that the accessibility of the binding sites is modulated in a cell-type specific
manner through the chromatin structure. This of course then begs the question of how changes in
chromatin structure are being brought about and regulated.

Much of the knowledge that we currently have about epigenetics comes from work in fruit fly.
The meeting started out with Renato Paro presented a review of this work, and more generally
the current understanding of the role of chromatin marks in transcription regulation. The second
part of the presentation focused on recent results regarding the role of polycomb response elements
(PRE) in switching off the activity of their target genes.

In the past few year, genome tiling arrays and deep sequencing technologies made possible the
genome-wide profiling of various types of marks: RNA polymerase, DNA methylation, histone mod-
ifications (methylations, acetylations at various positions), etcetera. Several groups have started
to obtain time courses of such genome-wide marks in order to study the dynamics of chromatin
during different cellular differentiation processes. An important challenge from a computational
point of few is how to abstract, from these enormous data sets, the regulatory logic that governs the
dynamics of the chromatin state, and its effects on gene expression. David Gifford (Massachussetts
Institute of Techology) and Dirk Schiibeler (Friedrich-Miescher Institute) have pioneered compu-
tational and experimental approaches, respectively, to profiling of chromatin states, and presented
on these in the meeting. David Gifford studied the process of mouse embryonic stem cell dif-
ferentiation into motor neurons, and showed that based on time courses of chromatin marks and
dynamic maps of the location of key transcription factors, one can start to infer causal relationships
between these different types of marks. Dirk Schiibeler uses much the same approaches, and his
presentation focused on the dynamics of DNA methylation during pyramidal neuron differentiation
from mouse embryonic stem cells. Denise Barlow (Center for Molecular Medicine of the Austrian
Academy of Science) discussed similar issues in the context of chromatin formation at imprinted
loci, while Antoine Peters (Friedrich Miescher Institute) focused on the epigenetic control of mouse
pre-implantation development. This last presentation brought up the very interesting question of
memory in epigenetic control, particularly in the context of the extensive remodeling of chromatin
that takes places during the development of male germ cells.

A paradigm that emerged from the genome-wide studies of chromatin states during early de-
velopment is the notion of bivalent marks. That is, during early development, many genes acquire
both “active” and “silent” chromatin marks, and which of these marks is ultimately kept depends
on subsequent events in the cell, and is cell lineage-specific. However, it is currently unclear what



precisely these events are, and how the boundaries between domains of active and inactive chro-
matin are being defined. This was one of the points taken up during discussions later in the day.
Another paradigm that was discussed is the continuous cross-talk between chromatin state and
transcription, meaning that changes in transcriptional state change local chromatin state and vice
versa.

Finally, a currently open question is the role of non-coding transcripts in the establishment
of chromatin states. Several examples of non-coding RNA involvement are known, such as the X
chromosome inactivation, dependent on the Xist non-coding RNA, and the silencing of transposable
elements in fly, dependent on the Piwi protein-associated RNAs, but it is believed that many more
examples will be discovered in the near future. A very new example of the involvement of regulatory
RNAs in the regulation of chromatin state was presented by Mihaela Zavolan (Biozentrum, Basel),
who indicated that embryonic micro RNAs may indirectly regulate the activity of de novo DNA
methylases. Dirk Schiibeler uses much the same approaches, and his presentation focused on the
dynamics of DNA methylation during pyramidal neuron differentiation from mouse embryonic
stem cells. Denise Barlow (Center for Molecular Medicine of the Austrian Academy of Science)
discussed similar issues in the context of chromatin formation at imprinted loci, while Antoine
Peters (Friedrich Miescher Institute) focused on the epigenetic control of mouse pre-implantation
development. This brought up the very interesting question of memory in epigenetic control,
particularly in the context of the extensive remodeling of chromatin that takes places during the
development of male germ cells.

From the computational side contributions span the spectrum from data analysis tools to con-
ceptual computational models and both have been shown to be instrumental in the interpretation
of the experimental data. On the data analysis side, David Gifford described an approach based
on hidden Markov models to identification of chromatin domains, and a “joint binding deconvolu-
tion” algorithm to identification of peaks where individual factors appear to be bound. Similarly,
Bas van Steensel described his joint work with Harmen Bussemaker (Columbia University) on
segmentation algorithms for identification of chromosome domains. Genevieve Thon (Niels Bohr
Institute, Denmark) presented insights into the establishment of chromosomal regions obtained
through computational models (jointly developed with Kim Sneppen (Niels Bohr Institute, Den-
mark)). In particular, it was found that stable and heritable alternative chromatin states can
be obtained epigenetically, but that robust bi-stability requires cooperativity between neighboring
nucleosomes and also that the modification effects induced by one nucleosome extend beyond the
nucleosome boundaries.

Interestingly, several signals involved in chromatin formation can be predicted based on the
genome sequence. This is the case for polycomb response elements, which Marc Rehmsmeier
(University of Bielefeld) predicted with high accuracy in a number of fly genomes in joint work with
Renato Paro(Department of Biosystems Science and Engineering, Basel). A puzzling observation
is that these regulatory elements often appear to show patterns of very rapid evolution, in spite
of the fact that they are presumably very important for the organism’s survival and fitness. This
issue, i.e. the plasticity of regulatory sequences in DNA, has been under active discussion by
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(mostly computational) researchers for quite some time. On the one hand, functionally important
regulatory sites often tend to be well-conserved, whereas on the other hand, several studies suggest
that gene regulation evolves much faster than the genes themselves and that regulatory DNA is
very plastic. The mechanisms underlying these observations are currently not well understood and
clearly deserve further investigation.

Christoph Bock (Max Planck Institute for Bioinformatics, Saarbriicken) also discussed compu-
tational approaches to identification important regulatory features directly from genome sequence,
focusing mostly on CpG islands. He also described computational efforts supporting the analysis
of links between chromatin modifications and disease states, in particular in cancer.

It is important to point out that the spectrum of topics presented at the workshop covered
very different scales, from the organization of DNA into chromosome fibers, a topic discussed by
Dieter Heermann (University of Heidelberg) and Susan Gasser (Friedrich Miescher Institute), to the
chromosome and nuclear organization discussed by Ana Pombo (Imperial College, UK), Bas van
Steensel and several others. At the smallest scales polymer-chain based models have been relatively
successful in representing the chromatin fiber but there still some important open questions, such
as determining the the unit scale for chromatin structure, as was brought up during the discussion
session. On much larger scales, the presentations by Ana Pombo and Bas van Steensel showed
that various regions of chromosome associate in an almost deterministic manner with different
nuclear structures such as nuclear lamina. This raises the question of what factors contribute to
the specificity of such interactions, and how these interactions subsequently determine the activity
of genes in various areas of the chromosome.

The workshop was concluded with a discussion that aimed to identify the most important
current questions in epigenetic research, and to point out less conspicuous areas where combined
computational-experimental approaches are likely to foster progress in the field. Some of the open
questions that were actively discussed are:

1. To what extent are the chromatin changes that accompany cellular differentiation irreversible?
And if indeed some of these changes are effectively irreversible, what is the origin of this
irreversibility? In physics the key concept in irreversible processes is entropy. Would a
similar conceptual frame work apply to irreversible cellular changes?

2. What are the mechanisms by which chromatin marks spread along the genome and how are
the domain boundaries set? Might transcription itself play a role in these processes?

3. Recent deep sequencing studies suggest a low level of “background transcription” coming
from almost every in the genome. Is this process just the result of noise or is it regulated, and
what role might it play in chromatin dynamics? Is there such a thing as a true ”off” state?

4. To what extent is the concept of a "histone code” useful? Are epigenetic marks carrying and
processing regulatory information that is separate and distinct from the information in the
DNA and in the gene expression state? Are epigenetic marks simply providing a memory of



previous regulatory ‘decisions’? Or do epigenetic marks play the role of amplifying regulatory
pathways so as to give them more robustness?

5. How important are non-coding RNAs in epigenetics?

It is clear that in the immediate future we will be in an exploratory phase, in which much of the
computational work will focus on analysis of large-scale datasets. Nonetheless, one conclusion that
was shared by participants is that computation should not be done in a post-hoc manner, but that
theoretical and experimental should be an integral part of planning of the research the experiment
design, to ensure that the data that is ultimately obtained can be interpreted.

Assessment of the results

First, as an exploratory workshop the objectives were mainly to explore how computational and
experimental methods can provide synergy. In this regard it was particularly stimulating for the
theorists and experimentalists to exchange ideas about what the current key research questions
are. In addition, the presentations provided a excellent overview of the current state of the art
in the role of epigenetic marks in transcription regulation. The combination of an overview of
the current approaches taken by different groups, and the discussions among experimentalists and
theorists regarding interesting outstanding questions, has importantly shaped the planning for
future research of all participants. This is one of the first and foremost results.

Second, the discussions were instrumental in generating and crystallizing out important research
questions such as listed in the previous section. Third, the fact that each participant got to know
experts in related, yet not identical fields of research, is likely to stimulate new research projects
and yield collaborations in the near future. Some of the themes that were either touched upon and
that are envisioned for such collaborations are:

1. The development of more accurate methods for large scale profiling of gene activity, especially
including transcription starts and ends.

2. Development of computational methods to interpret large-scale profiling data on chromatin
marks, especially with regards to mapping boundaries (i.e. the segmentation of the chromatin
into different domains).

3. Developing new methods for making optimal use of the power of recent deep-sequencing
technology, especially with regards to transcription regulation and the dynamics of chromatin
state.

4. Methods for going beyond correlations between different chromatin modification and gene
activity and infer causal relationships. For examples through the development of joint com-
putational /experimental approaches that use perturbation of differentiating systems to probe
regulatory logic.



5. Development of computational frameworks to infer gene interaction networks using multiple
large-scale datasets.

Finally, the discussions also lead to a few conclusions of a more strategic nature. First and
foremost, it is important the collaborations between experimental and theoretical researchers are
being stimulated. In particular the different backgrounds leads theorists and experimentalists to
have rather different points of view on the scientific questions at hand and it is important that they
already collaborate at the stage of problem formulation and experimental design. Second, it is the
organizers’ opinion that the progress of the field would be catalyzed by the organization of future
specialized, small-scale workshops, design to discuss in detail particular methods or technologies,
and to resolve outstanding problems within small groups of specialists. For example a workshop
on how deep sequencing technology can be used for investigating the dynamics of chromatin marks
and their role in transcription regulation would be particularly welcome. Finally, small RNAs are
starting to be recognized as important players in the regulation of chromatin structure and it would
be strategically opportune to stimulate links between epigenetics groups and groups studying RNA.
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ESF Workshop (Exploratory Workshop)
Computational Approaches to the Role of Epigenetic
Marks in Transcription Regulation
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16.00-18.00 Discussion session
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Friday October 19

Session llIGenome-wide mapping of chromatin modifications

09.00-09.40 Dirk Schubeler
Friedrich Miescher Institute, Basel, Switzerland
Targets and function of DNA methylation in mammalian
genomes
9.40.10.20 Mathew A. Sloane / Florian M. Pauler / Denise Barlow
Ce-M-M- Research Center for Molecular Medicine, Vienna,
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A simple method to identify histone modifications spreading
along mammalian chromosomes
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10.30-11.10 Antoine Peters
Friedrich Miescher Institute, Basel, Switzerland
Investigating epigenetic control of mouse pre-implantation
development
11.10-11.50 Bas van Steensel
Netherlands Cancer Institute, Amsterdam, the Netherlands
Chromatin domains in flies and humans
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Session IVSmall RNAs

13.30-14.10 Mihaela Zavolan

Biozentrum, Basel, Switzerland

Small RNAs in the regulation of mammalian gene expression
14.10-14.50 Massimo Vergassola
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Non-coding RNAs in bacteria
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collaborations
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