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Dynamic and Hierarchical Genome Organization

The different organization levels of genomes bridge several orders of magnitude concerning space and
time. How all of these organization levels connect to processes like gene regulation, replication,
embryogeneses, or cancer development is still unclear?
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EpiGenSys

i) the Beta-Globin locus, ii) the Immuno Globin loci, iii) the SAMD4 region, and iv) the Prader-Willi / 1]
Angelmann Syndrom region, in mouse and human active and inactive cell states and their global context. e A
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Nucleosomal association changes (
Intra/inter chromosomal architecture (
Transcription structure relationship ( -
Simulations of nucleosomal, chromatin fiber and chromosome architecture
and their dynamics ( - )

System biological result integration via the GLOBE 3D Genome Platform

5 ):

Major meetings per year where all participants meet:
Den Haag from 7th to 8th July 2010.
Regensburg from 6th to 8th April 2011.
Vienna from 13th to 15th September 2011.
Heidelberg from 9th to 10th May 2012.
Oxford from 3rd to Sth July 2012.
Oxford from 28th to 30th July 2013.

A monthly online conference according to theme.
Weekly conferences of the work force related to the specific tasks.

Regular work meetings in participant labs with several exchanges.

Use of a web-based communication platforms with project database and forum (see WPS).v

Public conference will be discussed and planned in Oxford in July.




M&D Timeplan in EpiGenSys

The time plane according to the work packages is currently on track

Task
® 1) Nucleosome translocation signals (WP1)

1.1} Nucleosome mapping (MS1.2)
1.2) Sequence annotation (MS1.2)
1.3) ChEC of yeast chromatin (MS1.3)
1.4) Correlation with chromatin signals (parts of MS1.5)
1.5) CpG Analysis (MS1.4)
1.6) Validation mapping (MS1.2)
1.7) ChEC-seq of mammalin remodelers (MS1.5)
1.8} Joint publication
Open and closed chromatin states (WP1-4)
2.1) FISH analysis (MS 2.1,2.2,2.3)
2.2) Confirmation of 3C contacts by FISH
2.3) Computer simulations of a locus (MS 5.5)
2.4) Joint publication
High-resolution 3D structure maps (WP1,2)
3.1) Model design
3.2) Interaction mapping (MS2.1)
3.3) Experimental data
3.4) Simulation framework (MS4.3.4.5)
3.5) Spatial modeling (parts of MS2.3,4.5)
3.6) Joint publication
RNA in transcription factories (WP1,3)
4.1) lsolation of transcription factories
4.2) Nucleosome mapping (MS1.2)
4.3) Correlation with chromatin signals (parts of MS1.5)
4.4) Experimental validation
4.5) Joint publication
TNF« induced chromatin reorganization (WP2,3)
5.1) Microarray Analysis (MS3.1)
5.2) 3D structure maps
5.3) Analysis of chromatin contacts during activation
5.4) 3DFISH (parts of MS3.2)
5.5) Joint publication
Modeling nucleosome (re)positioning (WP4,5)
6.1) Model development (parts of MS4.2,5.2)
6.2) Local fiber geometry predictions (MS5.3)
e 6.3) Sequence annotation (MS1.2)
e 6.4) Nucleosome position analysis (MS1.5)
e 6.5) Joint publication

in respect to the prolongation.
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Nucleosomal Association Changes WP1

Nucleosomal association in relation to the DNA sequence, show that nucleosome position and transcription
factor binding are linked: Nanog binds to a nucleosome whereas c-Myc binds preferentially in the nucleosomal
linker region. For CTCF that is more complicated and after differenciation the association is the opposite.
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Nucleosomal Association Changes WP1

Nucleosomal association in relation to the DNA sequence, show that nucleosome position and transcription
factor binding are linked: Nanog binds to a nucleosome whereas c-Myc binds preferentially in the nucleosomal
linker region. For CTCF that is more complicated and after differenciation the association is the opposite.
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Nucleosomal Association Changes WP1

Nucleosomal association in relation to the DNA sequence, show that nucleosome position and transcription
factor binding are linked: Nanog binds to a nucleosome whereas c-Myc binds preferentially in the nucleosomal
linker region. For CTCF that is more complicated and after differenciation the association is the opposite.
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Nucleosomal Association Changes WP1

Nucleosomal association in relation to the DNA sequence, show that nucleosome position and transcription
factor binding are linked: Nanog binds to a nucleosome whereas c-Myc binds preferentially in the nucleosomal
linker region. For CTCF that is more complicated and after differenciation the association is the opposite.

:

ESC promoters with H3K4me3 and H3K27me3 marks in cluster 1 become active
after removing a nucleosome from position -430.
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Nucleosomal Positioning Prediction WP1

The DNA sequence is analyzed by the most simplest scaling analysis to find unprejudiced patters as e.g.
nucleosome positions as well as chromatin loops and rosettes. The analysis is done using our grid
infrastructures and here especially our volunteer grid.
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Nucleosomal Positioning Prediction WP1

The DNA sequence is analyzed by the most simplest scaling analysis to find unprejudiced patters as e.g
nucleosome positions as well as chromatin loops and rosettes. The analysis is done using our grid
infrastructures and here especially our volunteer grid.
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Nucleosomal Positioning Prediction WP1

The DNA sequence is analyzed by the most simplest scaling analysis to find unprejudiced patters as e.g.
nucleosome positions as well as chromatin loops and rosettes. The analysis is done using our grid
infrastructures and here especially our volunteer grid.
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Nucleosomal Positioning Prediction WP1

The DNA sequence is analyzed by the most simplest scaling analysis to find unprejudiced patters as e.g.
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Transcription Structure-Function Relationship WP3

The transcription within factories depends on nucleosome position, the chromatin fiber conformation, as well as the
3D architecture of the chromatin fiber. Only the systemic integration of nascent-RNA-seq, super-resolution
microscopy, and 4C (or our novel approach) in combination with computer simulations reveals in detail this

structure function relationship in several cycles of refinement.
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Transcription Structure-Function Relationship WP3 =

The transcription within factories depends on nucleosome position, the chromatin fiber conformation, as well as the = R A
3D architecture of the chromatin fiber. Only the systemic integration of nascent-RNA-seq, super-resolution ? e
microscopy, and 4C (or our novel approach) in combination with computer simulations reveals in detail this

structure function relationship in several cycles of refinement.
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Transcription Structure-Function Relationship WP3

The transcription within factories depends on nucleosome position, the chromatin fiber conformation, as well as the
3D architecture of the chromatin fiber. Only the systemic integration of nascent-RNA-seq, super-resolution
microscopy, and 4C (or our novel approach) in combination with computer simulations reveals in detail this

structure function relationship in several cycles of refinement.
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Transcription Structure-Function Relationship WP3

The transcription within factories depends on nucleosome position, the chromatin fiber conformation, as well as
the 3D architecture of the chromatin fiber. Only the systemic integration of nascent-RNA-seq, super-resolution
microscopy, and 4C (or our novel approach) in combination with computer simulations reveals in detail this
structure function relationship in several cycles of refinement.

4C Interaction in the SAMDA4A Locus

min after TNFa

Super-Resolution Microscopy

frequency

8 multi-plexed probes +

SAMD4A

EDN1

i
o+ e
o

60.2%, n=181
i
[j"”#'#

m

61.5%, n=163

2.3%, n=86 |
[\

B

1.2%, n=80 |

SAMDA4A
n=128

2D distance (nm)




Transcription Structure-Function Relationship WP3

The transcription within factories depends on nucleosome position, the chromatin fiber conformation, as well as
the 3D architecture of the chromatin fiber. Only the systemic integration of nascent-RNA-seq, super-resolution
microscopy, and 4C (or our novel approach) in combination with computer simulations reveals in detail this
structure function relationship in several cycles of refinement.
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Transcription Structure-Function Relationship WP3

The transcription within factories depends on nucleosome position, the chromatin fiber conformation, as well as
the 3D architecture of the chromatin fiber. Only the systemic integration of nascent-RNA-seq, super-resolution
microscopy, and 4C (or our novel approach) in combination with computer simulations reveals in detail this
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Transcription Structure-Function Relationship WP3

The transcription within factories depends on nucleosome position, the chromatin fiber conformation, as well as
the 3D architecture of the chromatin fiber. Only the systemic integration of nascent-RNA-seq, super-resolution
microscopy, and 4C (or our novel approach) in combination with computer simulations reveals in detail this
structure function relationship in several cycles of refinement.
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Transcription Structure-Function Relationship WP3

The transcription within factories depends on nucleosome position, the chromatin fiber conformation, as well as
the 3D architecture of the chromatin fiber. Only the systemic integration of nascent-RNA-seq, super-resolutig
microscopy, and 4C (or our novel approach) in combination with computer simulations reveals in detail
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Simulation of Nucleosomes & Chromatin WP4

The position of nucleosomes influence greatly the structure of chromatin fibers done on super-computers. Here a
dedicated workflow is applied, with which overlapping nucleosome populations can be analyzed and the best
positioning of nucleosomes by Monte Carlo simulated annealing can be achieved. For an actual locus in a spherical
confinement then a 3D independent nucleosome fiber conformation can be simulated.
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Simulation of Nucleosomes & Chromatin WP4

The position of nucleosomes influence greatly the structure of chromatin fibers done on super-computers. Here a
dedicated workflow is applied, with which overlapping nucleosome populations can be analyzed and the best
positioning of nucleosomes by Monte Carlo simulated annealing can be achieved. For an actual locus in a spherical
confinement then a 3D independent nucleosome fiber conformation can be simulated.
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Simulation of Nucleosomes & Chromatin WP4

The position of nucleosomes influence greatly the structure of chromatin fibers done on super-computers. Here a
dedicated workflow is applied, with which overlapping nucleosome populations can be analyzed and the best
positioning of nucleosomes by Monte Carlo simulated annealing can be achieved. For an actual locus in a spherical
confinement then a 3D independent nucleosome fiber conformation can be simulated.
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The position of nucleosomes influence greatly the structure of chromatin fibers done on super-computers. Here a

dedicated workflow is applied, with which overlapping nucleosome populations can be analyzed and the best
positioning of nucleosomes by Monte Carlo simulated annealing can be achieved. For an actual locus in a spherical
confinement then a 3D independent nucleosome fiber conformation can be simulated.
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Simulation of Nucleosomes & Chromatin WP4

The position of nucleosomes influence greatly the structure of chromatin fibers done on super-computers. Here a
dedicated workflow is applied, with which overlapping nucleosome populations can be analyzed and the best
positioning of nucleosomes by Monte Carlo simulated annealing can be achieved. For an actual locus in a spherical
confinement then a 3D independent nucleosome fiber conformation can be simulated.
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Simulation of Chromosomes & Nuclei WP4

By parallel super-computer simulations using novel Monte Carlo and Brownian Dynamics approaches simulate
chromosomes and whole nuclei with unprecedented resolution, resulting in novel predictions for the detailed folding
of the chromatin fiber with corresponding impact on the experimental evaluation.
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Simulation of Chromosomes & Nuclei WP4

By parallel super-computer simulations using novel Monte Carlo and Brownian Dynamics approaches simulate
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Systems Biological Result Communcation via Internal
and External Communication Windows WPS5

Three classic internal and external communication windows were opened: i) the EpiGenSys website communicates with the
public, i) the EpiGenSys Wiki functions is used for exchange, and iii) the EpiGenSys SysMO DB archives in a virtual
labnote the data. All allow access to the systems and are the basis for the GLOBE 3D Genome Platform.

echnology Review, Telepolis

System Biological Determination of the Epigenomic Structure — Function Relation Find, share and exchange Data, Models and Processes within the EpiGenSys, EpiSys, CancerEpiSys & MycNet
— EpiGenSys — Consortia.
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Despite our knowledge of the sequence of the human
genome, the relation of its dynamic three-dimensional
architecture with its function ~ the storage and
expression of genelic information — remains one of the
central unresolved issues in biology. However, it

became very clear meanwhile, that this chromatin

architecture (and changes thereof) are central factors for

the epigenetic regulation of gene expression and other : Favouries
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important genomic processes on multiple scales,
comprising: i) the nucleosome, in which 147 DNA base
pairs are wrapped around a histone octamer protein
core, ii) folding of the nucleosome chain into the
chromatin fiber, i) ts higher-order organization into loops and iv) loop aggregates, as well as v) the
chromosorme. Despite recent advancements showing these levels to control holistcally the function of
genomes under normal and disease conditions we still remain unable to predict how active e.g. a
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gene might be when inserted into any one genomic location, i.e. another global context.
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Therefore, EpiGenSys will in a unique interdisciplinary systems biology virtual Iaboratory combine EpiGenSys

experiment with theory to analyze the (epi-Jgenomic structure-function relationships within the Sorver
dynamic organization of several important genetic loci and the genome in general. We will
investigate: ) the nucleosome and chromatin fiber organization, i) 3D architecture of the genome, and
ii) the transcription structure-function relationship. Therefore, we will use advanced high-hroughput
methods and highest-resolution microscopy. With extreme parallel super-computer simulations of the
biological structures/architectures based on the experiments we will be able to evaluate and predict
their outcome. Altogether the experimental and theoretic framework will be combined into a systems
biology model using our GLOBE 3D EpiGenSys Platform — a completely novel virtual ‘paper tool" for
the analysis, manipulation and understanding of complex genome-wide data sets. Consequently, the
relation between DNA sequence, epigenetic modifications and spatial chromatin organization will be
integrated with functional cell states in a truly systems biology approach —an essential requirement to
fullil the dreams for better diagnostics and treatment e.g. by gene therapy in the 21st century.
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EpiGenSys International Large-Scale High-Throughput
Data Analysis Centers and Grid Gateway WPS

The GLOBE 3D Genome Platform consists of individual components: i) the Sequence Archiving System stores complete
genome sequences, ii) the Galaxy platform allows the analysis of genomes, and iii) for data analysis a gateway allows
access to super-computer and grid access as our own established volunteer grid with a high public impact.
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EpiGenSys International Large-Scale High-Throughput
Data Analysis Centers and Grid Gateway WP5S

The GLOBE 3D Genome Platform consists of individual components: i) the Sequence Archiving System stores complete
genome sequences, i) the Galaxy platform allows the analysis of genomes, and iii1) for data analysis a gateway allows
access to super-computer and grid access as our own established volunteer grid with a high public impact.
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Genomes are fantastic keepers of genetic information and are the
outcome of evolutionary replication, mutation and selection. Genomes
organize functions from the cellular level, via the organismic level, up to
the complex basis of mind. In human cells the genetic information
controlling most processes from the cellular level, over embryogenesis
to cognitive ability, manifests in a diploid set of 23 DNA molecules
(chromosomes), combined they consist of ~3x1079 base pairs (bp)
stored in ~2.80 GB of data. This whole genome, whose added molecular
length totals ~2m, is kept in comparably small cell nuclei with typical
diameters of ~10 pm or volumes of 500 pm~3. The sequential
organization of genomes, i.e. the relations between distant base pairs
and regions within sequences, and its connection to the three-
dimensional architectural organization of genomes is still a largely
unresolved problem.

Correlizer has been set up to unravel these mysteries, and we found
long-range power-law correlations on almost the entire observable scale
of 132 completely sequenced chromosomes of 0.5 x 1076 to 3.0 x 10~7
bp. Varying from  Archaea, Bacteria, Arabidopsis thaliana,
Saccharomyces cerevisiae, Schizosaccharomyces pombe, Drosophila
melanogaster, and Homo sapiens. The local correlation coefficients show
a species-specific multi-scaling behavior: close to random correlations
on the scale of a few base pairs, a first maximum from 40 to 3,400 bp
(for Arabidopsis thaliana and Drosophila melanogaster divided in two
submaxima), and often a region of one or more second maxima from
10”5 to 3 x 10~5 bp. Within this multi-scaling behavior, an additional
fine-structure is present and attributable to codon usage in all except the
human sequences, where it is related to nucleosomal binding.

Computer-generated random sequences assuming a block organization of
genomes, the codon usage, and nucleosomal binding explain these
results. Mutation by sequence reshuffling destroyed all correlations.
Thus, the stability of correlations seems to be evolutionarily tightly
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I work in information technology. My primary interest is in the
mathematical projects, but I have recently picked up an interest in some
of the biology projects as well.
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EpiGenSys International Large-Scale High-Throughput
Data Analysis Centers and Grid Gateway WP5S

The GLOBE 3D Genome Platform consists of individual components: i) the Sequence Archiving System stores complete
genome sequences, i) the Galaxy platform allows the analysis of genomes, and iii1) for data analysis a gateway allows
access to super-computer and grid access as our own established volunteer grid with a high public impact.
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Server software version: 23903M / 7 Sep 2011 | 12:34:36 UTC

Server status Computing status

Project Program Host Status Work Users ¢

data-driven svahesrv2 Running . )
Correlizer pages Tasks ready to send with recent credit 435
Background upload/download svahesrv2 Running Tasks in progress with credit 472

server Workunits waiting for validation registered in past 24 hours 4
Publications scheduler svahesrv2 Running Workunits waiting for assimilation Computers #
Contact feeder svahesrv2 Running Workunits waiting for file deletion with recent credit 1,158
Joining transitioner svahesrv2 Running Tasks waiting for file deletion with credit 1,262
file_deleter svahesrv2 Running Transitioner backlog (hours) registered in past 24 hours 16
db_purge svahesrv2 Running current GigaFLOPs 1,422

ego_validator svahesrv2 Running

Acknowledgements
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ego_assimilator svahesrv2 Running Tasks by application
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BioMedical Genome 26,860 45,034 0.48 (0.29 - 1.07) 165
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Your Account
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genome sequences, i) the Galaxy platform allows the analysis of genomes, and iii) for data analysis a gatewg
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Result Dissemination of EpiGenSys

Dissemination Kind

Research Articles

Reviews

IP-Rights

Conference Contributions

New Scientific “Relations”

% New Industry “Relations”

Current Status

20 (17 in prep.) => >32

4 (4 in prep.) =>>8

24 (21 in prep.) =>>45

~3-4 in the end

>70 latest estimate

Initial Projection

~15
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EpiGenSys

Systems Biological Determination of the Epigenomic Structure Function
Relation: Nucleosomal Association Changes, Intra/Inter Chromosomal
Architecture, Transcriptional Structure Relationship, Simulations of
Nucleosomal/Chromatin Fiber/Chromosome Architecture and Dynamics,
and Systems Biological/Medical Result Integration via the GLOBE 3D

Genome Platform

Knoch, T. A.,
Cook, P. R., Rippe, K, Langst, G, Wedemann, G., & Grosveld, F. G.

EpiGenSys Final Meeting and Evaluation Conference, Hotel Angleterre,
Berlin, 27th June, 2013.

Abstract

Although the sequence of the human genome is known, the relation of its three-dimensional dynamic
architecture with its function - the storage and expression of genetic information - remains one of the central
unresolved issues of our time. It has become clear that genomes are tremendous co-evolutionary and interwoven
molecular storage machines able to manipulate and fabricate information: the genetic information is coded in
and along (macro-) molecules that are continually being modified spatially and temporally through a multi-
dimensional interaction and regulatory network. Thus, changes in chromatin architecture are central factors in
the epigenetic regulation of gene expression and other important genomic processes on length and time scales
ranging from 10 to 10° m and 10" to 10° s. Thus, a full understanding of structure-function relationships
requires knowledge not only of the linear base-pair composition, but also of its structural and dynamic
organization.

Therefore, in "EpiGenSys" we have established an unique consortium with the aim of achieving a major
breakthrough in the determination and understanding of the relation between DNA sequence, epigenetic
modification and spatial chromatin organization. Using truly systems approaches, we studied the following:

i)  The investigation of nucleosome and chromatin fiber structure and remodelling.

ii)  The determination of intra/inter chromosomal interactions and chromosomal organization.

iii) The analysis of transcriptional states and their relation to the underlying structure.

iv)  The simulation of nucleosomes, chromatin fibers, and chromosomes to provide theoretical insight.
v)  The integration of i) to iv) into a systems biological model.

We strongly believe that by addressing these fundamental questions using our systems approach to refine our
models through reiterative cycling between experiment and theory, we were able to address a central issue of the
genomic era - the way structure influences gene activity (and vice versa).

Thus, we consider the results achieved to be major breakthroughs in all those above mentioned points. We also
anticipate that our results have great impact on wider research communities, and on the development of methods



useful for disease diagnosis and treatment e.g. as envisioned by stem cell and gene therapy. This is shown by the
number of publications, contributions to conferences and also the still ongoing patenting process.

Thus, we think to have made and still make a considerable contribution to systems biology in the genomic sector
and in general, as well as contribute to e-Science, e-Health, e-Learning, as well as e-Commerce and increase the
awareness and understanding of genomic complexity within society.

Corresponding author email contact: TA.Knoch@taknoch.org

Keywords:

Genome, genomics, genome organization, genome architecture, structural sequencing, architectural sequencing,
systems genomics, coevolution, holistic genetics, genome mechanics, genome statistical mechanics, genomic
uncertainty principle, multilism genotype-phenotype, genome function, genetics, gene regulation, replication,
transcription, repair, homologous recombination, simultaneous co-transfection, cell division, mitosis, metaphase,
interphase, cell nucleus, nuclear structure, nuclear organization, chromatin density distribution, nuclear
morphology, chromosome territories, subchromosomal domains, chromatin loop aggregates, chromatin rosettes,
chromatin loops, chromatin quasi fibre, chromatin density, persistence length, spatial distance measurement,
histones, H1.0, H2A, H2B, H3, H4, mH2A1.2, DNA sequence, complete sequenced genomes, molecular
transport, obstructed diffusion, anomalous diffusion, percolation, long-range correlations, fractal analysis,
scaling analysis, exact yard-stick dimension, box-counting dimension, lacunarity dimension, local nuclear
dimension, nuclear diffuseness, parallel super computing, grid computing, volunteer computing, polymer model,
analytic mathematical model, Brownian Dynamics, Monte Carlo, fluorescence in sifu hybridization (FISH),
targeted chromatin capture (T2C) confocal laser scanning microscopy, fluorescence correlation spectroscopy,
spatial precision distance microscopy, super-resolution microscopy, two dimensional fluorescence correlations
spectroscopy (2D-FCS) auto-fluorescent proteins, CFP, GFP, YFP, DsRed, fusion protein, in vivo labelling,
information browser, visual data base access, holistic viewing system, integrative data management, extreme
visualization, three-dimensional virtual environment, virtual paper tool, human ecology, e-human grid ecology,
society, social systems, e-social challenge, inverse tragedy of the commons, grid phenomenon, micro-sociality,
macro-sociality, autopoietic tragedy of social sub-systems, micro subsystems, macro subsystems, micro
operationality, macro operationality, grid psychology micro riskmanagement, macro riskmanagement.
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