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A. Introduction & Summary

The European Molecular Biology Laboratory (EMBL) is a unique institution. It is
an intergovernmental organisation and centre of excellence in scientific research
and training set up by its member states to promote the molecular life sciences in
Europe and beyond. We pursue a set of missions that, in combination, allow
EMBL to complement and provide added value to the activities of member state
scientific communities. EMBL’s five missions are:

1. Forefront research: uncovering the molecular basis of life

2. Providing world-class research infrastructure and services

3. Training and inspiring the next generation of stellar scientists

4. Driving research, innovation and progress through technology
development, interactions with industry and technology transfer

5. Taking a leading role in the integration of life science research in
Europe

EMBL is also unique in the widespread use of fixed-term contracts; only around
11% of its staff members currently have open-ended contracts. This turnover
system generates a constant supply of superbly trained, internationally networked
research, technical and administrative staff members who leave EMBL to take up
positions in its member and associate member states, enriching the national
communities and promoting collaboration in Europe. In addition, turnover ensures
that EMBL’s activities are constantly undergoing renewal and updating on a scale
that is not possible in other research-based institutions. In the past five years
25% of EMBL'’s faculty has turned over, which has led to the acquisition of new
skills and expertise in many areas.
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Figure A.1 EMBL has experienced 25% of faculty turnover in five years. This translates into a
turnover of expertise, and constant renewal and rejuvenation of the Laboratory’s scientific profile.

In addition to the continuous staff turnover, every five years we undertake a major
strategic planning exercise to develop an EMBL Programme, a blueprint of
planned activities that covers all five missions for the upcoming five-year period,
in this case 2017-2021. The EMBL Programme is developed with input from all
parts of the organisation, the scientific faculty and senior technical, service and
administrative staff. It forms the basis for discussion of a budget, or Indicative
Scheme, to align EMBL’s future activities with the collective wishes of our
member and associate member states and ultimately to decide on funding for
them. As forefront biomedical research leads to new discoveries and rapid and
sometimes disruptive change, this future plan is never predictable in detail. This
means that the EMBL Programme serves as a broad guideline rather than a
detailed directive of how EMBL will develop in the next five years. Our service
portfolio and integration activities will be modified by demands coming from our
member states. In our research, we rely on the scientific curiosity and creativity of
our young faculty and therefore must allow them the freedom to pursue the topics
that interest them most. The spirit of discovery together with breakthrough
technology developments and the unique collaborative opportunities available at
EMBL are the driving forces that ultimately determine the scientific challenges
that EMBL will tackle in the future.

We are preparing the EMBL Programme 2017-2021 as we enter a new and
remarkably exciting era of life science research. Molecular Biology is becoming a
fully quantitative discipline across the whole spectrum of life’s organisation, all the
way from the genotype to phenotype, from molecules and complexes over cells
and tissues to whole organisms, communities and ecosystems. This ‘molecular
revolution’, is comparable to the digitisation of all sources of information in our
society and it comes with equally vast opportunities and challenges. The digital
data revolution already affects a broad public. Computational analysis has led to
reasonably accurate predictive models of extremely complex systems ranging
from weather forecasting through to consumer behaviour. Similarly, the molecular
revolution, summarised in the title of our 2017 — 2021 Programme, ‘Digital
Biology’, will allow us to understand and make predictions about proteins, protein
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complexes, supramolecular structures, cells, organisms and, increasingly,
organismal communities in much the same way. These advances will ultimately
lead to new ways to understand, model and predict human health and intervene
in disease.

However, we are also aware that we are preparing the current Programme
against the background of a period in which research and research infrastructure
budgets at EMBL and in most of our member states have either stagnated or
even decreased over an extended period, as a result of the economic crisis. This
situation makes it even more important than usual that the EMBL Programme
2017 - 2021 provides added value to our member states.

In preparing the Programme we have responded to this challenge in two main
ways. First, we have focused on EMBL’s unique strengths — these lie in our
interdisciplinary collaborative culture and our integrative and multi-scale approach
to systematically understand how living systems arise from their molecular
building blocks in terms of structure and function. Our expertise in areas like
guantitative multi-scale imaging, integrative molecular data analysis and
computational approaches to massive data handling, equips EMBL to drive
progress in the new era of Digital Biology in a unique way.

Figure A.2 Digital Biology at EMBL 2017-2021. EMBL's research covers the whole spectrum
of life’s organisation from genomes over molecules and cells to organisms and beyond
towards communities. Research at EMBL bridges these scales thanks to cutting-edge
experimental technologies that visualise and quantify molecular processes, and
computational technologies that integrate data across different scales of organisation.
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Second, EMBL’s main priority for the period 2017-2021 is to strengthen and
expand our service portfolio for the benefit of users from the scientific
communities in our member states. Recent technological progress in several
areas of the life sciences, coupled with financial limitations in research budgets,
have led to an ever-increasing demand from member state researchers that
EMBL should increase its provision of access to interesting new technologies that
are otherwise unavailable to them. Examples include the new ultra-high
resolution electron microscopy methods, combinations of novel methods in
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imaging technology, some of them developed at EMBL, and use for biological
experiments of the European X-ray Free Electron Laser (European XFEL) that
will be available in Hamburg from 2017. These data-intensive technologies all
require new computational tools and infrastructures for data handling, storage
and analysis to integrate them with the massive amounts of genomic and other
data being produced by biomedical scientists. We therefore intend to ask the
member states to provide us with the funding that will be required to meet the
demands of their research communities for access to new and cutting-edge
technologies and infrastructures in these areas.
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Box A.1l: EMBL’s activities at a glance

EMBL is a leader in basic life science research
* 650 publications per year on average (2012-2014) whose overall quality places
us in the top 10 research institutions worldwide (Source: Scimago)
* 4 EMBL publications among the top 100 highest cited papers ever
0 One of them in the top ten
* 75% of EMBL’s close to 2000 scientific publications 2012-2014 have been
published jointly with more than 800 other institutions worldwide
0 65% of EMBL publications are collaborations with member state
institutions
* 21 ERC (European Research Council) grant awards (status 2015)
o0 = 30% of EMBL research group leaders

EMBL is a pioneer in the development of technology and instrumentation

* Advanced imaging technologies, including light sheet microscopy (SPIM) and
correlative light and electron microscopy techniques

* World-leading software for imaging, genomics and structural biology data analysis

* Innovative synchrotron beamline technology and automation

EMBL provides world-class services and cutting-edge infrastructures

* 11 million web requests per day for EMBL-EBI data resources

e 2500 structural biology user visits on average per year at the facilities in
Hamburg and Grenoble

e 1000 Core Facility users (350 of those from outside EMBL) gain access to
cutting-edge technologies and learn about setting up similar equipment and
facilities in their home institutions

* 500 visitors per year on average access technologies, learn methods or carry out
collaborative projects at EMBL

EMBL is a hotbed of innovation

e 17 EMBL spin-out companies since 1997

* 46 patents granted (2012-2014)

* 800 license & collaboration contracts concluded (2012-2014)

EMBL trains Europe’s next generation of leading researchers
e 230 PhD students & 250 postdoctoral fellows steady state
0 95% of PhD students successfully submit their thesis
0 50 PhD graduations every year
* 6700 EMBL alumni
o0 Over 80% of EMBL alumni move on to one of the member states
0 38% of them are now in senior positions
0 76% in academia and 13% in industry

EMBL is a platform for training and scientific exchange
* 180 courses and conferences organised across all EMBL sites (2012-2014)
* Close to 18,000 participants (2012-2014)

EMBL is an instrument for European integration

* 21 member states, 2 associate member states, 4 prospect member states

* EMBL coordinated 20 and participated in 88 collaborative projects funded by
the European Commission Framework Programmes 2012-2014

EMBL serves as arole model of scientific organisations

* 9 EMBL partner institutions in 8 member states have implemented the successful
EMBL model
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Scientific publications in 2012-2014

B 484 g/evsL

B 1471 By emBL with over 800 collaborating
organisations worldwide

. 1 2 8 8 By EMBL in collaboration with organisations
in member states

1955 Total

Number of collaborating
organisations

Number of collaborating
organisations from rest of
the world, by continent

> 151

51-150

1-50

Figure A3 EMBL’s scientific publications 2012-2014. 65% of the close to 2000 papers
published resulted from collaborations with institutes in the EMBL member states.
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1. EMBL’s place in Europe

At a time in which Europe and the way its states work together as a Union in a
range of different fields — political, economical, social and not least scientific - is
frequently questioned, EMBL serves as a success story that demonstrates the
remarkable progress that can be achieved when European countries work
together. EMBL was founded 40 years ago to create a European centre of
excellence for molecular biology. Today this mission has been more than
accomplished: from an organisation of a few hundred biologists EMBL has grown
into an international venture with over 1800 staff (representing over 80
nationalities) across five sites in Europe. Our member states have increased from
10 founding to 21 current member states and two non-European associate
members. EMBL has developed into Europe’s hub for the life sciences (Box A.1),
with a set of missions that goes well beyond research and is designed to add
maximal value to our member states. EMBL'’s five missions, and our goal to excel
in all of them, are key to the success of the laboratory. The missions produce
synergy, benefitting from each other to create a multiplier effect. A major advance
in technology development, for example, will not only drive forward our research
programme but also benefit the user communities of our scientific services, lead
to interaction with industry and inspire new training courses.

Figure A.4 EMBL’s 21 member states and 2 associate member states (dark green) and 4
prospect member states (light green).

» o

This comprehensive spectrum of activities, which both supplement and foster
related activities in the national research communities, allows EMBL to serve
member countries that face different national challenges in the life sciences. We
do so through a system that is not based on the notion of juste retour but that
instead allows us to tailor our activity to countries’ needs. While some countries
gain most from EMBL membership through access to research infrastructure and
technologies not available in their national institutions, others benefit more from
the specialised training programmes offered by EMBL, by attracting large
numbers of our alumni back into their national systems or by setting up an EMBL
partnership institution. This responsive way of operating ensures that EMBL
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provides maximal value to each of its members and the success of the system is
illustrated by the continued interest of countries within and beyond Europe to join
EMBL.

The continued support of our member states, in particular during periods of
financial constraint in many European countries, is another testimony to EMBL'’s
value. We are very grateful for this continued support. It is essential that the
sustainable funding and long-term commitment of our member states allows
EMBL to pursue groundbreaking projects, invest in large-scale infrastructures,
attract the very best scientists and thereby ensure that EMBL maintains its
leading position in the life sciences and can provide maximum benefit back to
Europe and its member states in return.

2. Highlights of EMBL strategy 2017-2021

This section highlights those aspects of EMBL’s five missions where we are
expecting to see change, including potential changes in investment, in the course
of the next Indicative Scheme. The large majority of EMBL'’s activities will build on
our unique strengths and utilise our turnover system to pioneer new directions in
support of EMBL’s five missions. In the later chapters of this document we
provide a report of the considerable progress made over the first three years of
the current Programme and outline the future plans for all of EMBL'’s activities for
the period 2017-2021 in more detail.

2.1 Forefront life science research: uncovering the
molecular basis of life

EMBL is one of the world’s top research institutions in the molecular life sciences.
Excellence is the guiding principle for all our research. We achieve excellence by
applying strict criteria to recruiting only the best young scientists, by mentoring
and training them to realise their full potential and by subjecting them to regular,
stringent review by internationally leading experts under the supervision of
EMBL'’s Scientific Advisory Committee.

Benefitting our central mission to understand how life arises from molecular
building blocks, EMBL’s research portfolio comprehensively covers our mission,
ranging from elucidating the structures and functions of individual molecules to an
understanding of how complex molecular systems organise cells, organs, tissues,
organisms and organismal communities. Underpinning EMBL’s ability to work
across all scales of biological organisation is the interdisciplinary composition of
our research base. Only just over half of EMBL'’s researchers are biologists, the
other half is a mix of chemists, physicists, medical doctors, computer scientists,
engineers and mathematicians. EMBL actively promotes interdisciplinary
collaboration among its researchers to leverage synergies between their diverse
skill sets.
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Digital Biology

We have chosen ‘Digital Biology’ as the theme for the EMBL Programme 2017-
2021 because it unites our increasing ability to quantitatively assess biological
processes at the molecular level with the ensuing opportunities and challenges in
data analysis and integration. EMBL has unique strengths in both of these areas.
Our scientists have been at the forefront of developing, advancing and applying
the experimental approaches that underpin the molecular revolution by producing
guantitative data. This is complemented by world-leading computational expertise
in the life sciences, a field that EMBL entered early and that we have
considerably strengthened and expanded across the whole Laboratory as part of
the current EMBL Programme ‘Information Biology’. This unique combination of
experimental and computational skills forms the foundation on which EMBL will
drive the molecular revolution forward in the era of Digital Biology.

A major result of recent advances in molecular measurement and computational
technologies is that human biology has become more and more accessible to
researchers at EMBL. As a consequence, molecular and cellular research on
human systems has developed from a small activity of a few research groups to a
major cross-cutting research theme in our Programme 2017-2021. We welcome
this change, in particular because it allows us to contribute more and more
directly to advancing medicine while staying focused on our basic research
mandate. Medicine and molecular biology are on converging paths with diagnosis
increasingly moving from the phenotypic description of symptoms towards the
molecular characterisation of patients and disease states. EMBL is not itself a
translational research institute, but its focus on molecular and cellular technology,
coupled with its experience in data management and innovative integrative
analysis, make it an obvious player to help bridge the worlds of basic,
translational and clinical research in the future. In addition, the training available
at EMBL is exactly what is required to provide the knowledge that will support
medical treatments and practitioners as medicine becomes increasingly
molecular and digitised.

Within the overall context of Digital Biology we have identified five broad research
themes on which EMBL will focus over the next indicative scheme. These are
detailed in Section B.2 of this Programme and have been developed to
complement rather than duplicate national research strengths in our member
states. We would like to highlight the following proposed new research activities:

Tissue Biology and Disease Modelling

Following an in-principle decision by EMBL Council in 2014, EMBL will create a
new outstation for tissue biology and disease modelling in Barcelona, Spain. The
new outstation will leverage expertise in the areas of multicellular tissue/organ-
level imaging, image-driven modeling across multiple scales and experimental
genetics on model species and manipulatable human systems to understand
phenotypic variability at the level of tissues and organs. Research will
concentrate on the ‘mesoscopic’ scale, that links molecular and cellular biology to
larger-scale physiology, and will thereby complement research activities in other
EMBL Units and enrich our imaging technology portfolio. The new outstation will
also operate a service facility that provides access to mesoscopic imaging
technologies and services in image-driven modelling to the external scientific
community.
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Neurobiology

Over the next Indicative Scheme, EMBL plans to take advantage of considerable
upcoming turnover to refocus the Mouse Biology Unit in Monterotondo on
neuroscience and the role of epigenetics in neurobiology. This will necessitate
some ‘re-tooling’ of the outstation and its support facilities and, to create
sustainable critical mass, the current 6 groups and 2 teams in Monterotondo
should be gradually increased to 10 groups/teams. Research at the interface of
neurobiology and epigenetics is important to advance our understanding of the
development of neural cell types and the role of genomic plasticity and genetic
variation in neurodegenerative and neurological disorders as well as in
behavioural adaptation. Recent recruitment has already begun to strengthen both
neurobiological and epigenetic work at EMBL's Mouse Biology Unit. Due to
EMBL'’s investigator-driven approach to research and very stringent standards of
recruitment, it is difficult to make exact, detailed predictions about future research
directions at this stage. We will aim to recruit group leaders who can operate at
the interface between epigenetics and neuroscience and who can make good
use of the computational, genomics, structural biology and imaging strengths
available in other EMBL Units and thereby provide unique contributions to the
fields of neurobiology and epigenetics.

2.2 Providing world-class research infrastructure and
services

EMBL operates unique, world-leading research infrastructures that enable
European researchers to achieve breakthroughs across many scientific
disciplines. Building on our scientific strengths, our experience in service
provision and aiming to address current pressing needs among the scientific
community in our member states, EMBL proposes the following future plans for
its service mission:

Bioinformatics services

The European Bioinformatics Institute (EMBL-EBI) is the world’s most
comprehensive source of biological and biomolecular data. Its website receives
over 11 million requests per day (compared to 5 million in 2010) and serves a
broad and growing community of commercial and academic researchers
throughout Europe and the world. To cope with life science data production,
EMBL-EBI's total disk storage has had to increase five-fold since 2010. The trend
towards Digital Biology, new technologies and resulting new data types,
translates into new challenges regarding data processing, storage, and analysis.
We expect genetic variation data, single-cell analysis and the growing need to
provide reference biological datasets for use in medicine to have a major impact
on our Bioinformatics services over the next indicative scheme. Moreover,
dealing with the rapidly increasing wealth of image data will become a priority
over the next years. EMBL is an obvious place to lead the development of image
data repositories and standards that allow effective data sharing and the
integration of images with other data types in Europe, because it combines
expertise in developing data standards and resources with in-depth
understanding of imaging technologies and the needs of imaging communities.
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All of these developments have implications for IT infrastructure and staff growth
at EMBL-EBI.

Over the coming decades the challenge of providing effective bioinformatics
infrastructure will continue to grow. To meet this challenge, EMBL led the
development of ELIXIR, a distributed European infrastructure for biological data
that is now governed by an independent international collaboration agreement.
EMBL-EBI hosts the central, coordinating ELIXIR hub and many of the EMBL-EBI
services funded by the EMBL member states will be integrated with other ELIXIR
services developed in national nodes. In this way, EMBL will work closely
together with ELIXIR to share the data provision tasks as efficiently as possible. It
is possible that ELIXIR will commission additional activities at EMBL-EBI to help
drive aspects of this integration but it is clear that ELIXIR will not provide funding
for any of the ongoing EMBL-EBI core activities and responsibilities.

IT infrastructure and services

EMBL has particularly high demands for IT infrastructure and service support.
The biggest IT requirement (roughly 80%) stems from EMBL-EBI's bioinformatics
services for millions of users and its function as the largest European centre for
the storage, usage and distribution of digital biomolecular data, as described in
the preceding section. At EMBL Heidelberg, extensive activities in genomics,
imaging and computational biology also place considerable demands on IT
infrastructure. The two sites between them currently manage over 60 Petabytes
of data and make use of over 60,000 CPU cores. By 2021, EMBL's IT
infrastructure and staff will need to handle Exabytes of data and, even allowing
for expected developments in processing capacity per core, the number of CPU
cores is expected to rise by a factor of at least four. High-bandwidth connectivity
to external networks is essential to enable the use and sharing of data in these
guantities and its provision, particularly to the EMBL Heidelberg site, is an urgent
necessity.

X-ray based structural biology services

At the X-ray based structural biology sites in Hamburg and Grenoble, EMBL
plans to make a new generation of unique infrastructures available to the life
science community. The ‘ESRF phase Il upgrade’ will convert the Grenoble
synchrotron ring towards being the first diffraction-limited synchrotron facility
worldwide by 2019. Helping exploit this development for structural biology will be
a major task in Grenoble. In Hamburg, in addition to a continuation of the
development of the EMBL@PETRA3 beamlines and structural biology support
infrastructure towards robust service functionality, the European X-ray Free
Electron Laser (European XFEL), the most powerful X-ray laser in the world, will
start operation in 2017. XFEL has the potential to revolutionise structural biology
in a similar way to the first use of synchrotron radiation 40 years ago on the site
of the then-new EMBL Hamburg outstation. EMBL is eager to help make this
opportunity available to a broad user community in Europe and is therefore
playing an important role in the development of a dedicated sample preparation
and characterisation facility for life science users at the European XFEL as part of
an international consortium. We expect this facility to become operational from
the beginning of the next Programme period and will ask the EMBL member
states to fund staff positions required for its operation.
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Access to high-resolution electron and light microscopy

Diverse recent technical developments in electron and light microscopy have
greatly increased both the resolution that each of the methods can individually
reach as well as the possibility to use both methods correlatively. These
advances have led to an enormous demand in the European life science
community for access to the new technologies and support in the accompanying
sample preparation, data acquisition and image processing techniques. Imaging
data is also a frontier where new resources and software must be developed to
allow data storage and provision to the community. EMBL, with its leading
expertise in both electron and light microscopy development and use and its
broad experience in providing services and data resources for the European life
science community, proposes to address this demand through an extension of its
EMBL Heidelberg and EMBL-EBI-based services to external users. In order to
create a multiplier effect that goes beyond simply providing access to a
technology that is in high demand, the proposed facility will, like all EMBL
facilities, have the mission to train users in the operation of the technology as well
as in how to set up and operate similar facilities in their home countries.

Centre for Integrative Structural Modelling

EMBL Centres are horizontal activities that concentrate know-how in specific
topics and techniques. They are an important resource to enable the integration
of methods and insights from multiple disciplines and to combine experimental
and computational approaches. To support EMBL researchers using integrated
structural biology methods for research at the interface between the molecular
and cellular scales, to advise the staff responsible for the molecular and cellular
imaging facilities referred to above and elsewhere in this document, and to
participate in both internal and external training in this area, EMBL plans to
establish a new EMBL Centre for Integrative Structural Modelling.

Core Facilities

EMBL’'s Core Facilities serve internal technology needs and, where capacity
permits, are available to users from the member states. Around one third of our
1000 annual Core Facility users are external users. In addition to providing
scientists with access to cutting-edge technologies, EMBL’s Core Facilities have
an important training function. They not only train users in operating equipment,
but also support them in setting up comparable equipment and facilities in their
home institutions. To cater for the growing need to integrate studies of
metabolism and metabolites, we will establish a Metabolomics Core Facility to
provide services in gquantitative analyses of small molecules based on mass
spectrometry, imaging mass spectrometry and nuclear magnetic resonance
methods. Apart from cutting-edge mass spectrometry equipment, the Core
Facility will require expert staff to provide services.

Support for user access to EMBL facilities

User access to most of EMBL’s service activities has been supported by external
funding from the European Commission for many years. Unfortunately, overall
European funding for user access has diminished in recent years and is now
inadequate to meet the needs of the life science community, particularly for
access to new technologies such as advanced electron microscopy. We believe
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the EMBL member states should consider whether providing such funding for
access to EMBL facilities should be a priority. It would allow all member state
scientists to continue to make use of the cutting-edge infrastructures and
technologies provided by EMBL in future.

2.3 Training and inspiring the next generation of
stellar scientists

EMBL is a centre of excellence for training young scientists and has over its 40
years of history helped launch the careers of several thousand life scientists,
many of whom now have leading positions in academia or industry in our
member states. EMBL trains doctoral and postdoctoral fellows in world-leading
programmes as well as young principal investigators (PIs) who, for the first time,
independently lead research groups or service teams. Our internal training
programmes frequently serve as best practice examples after which similar
programmes in our member states are modelled.

To continue to attract the most talented young scientists, endow them with the
best preparation for their future careers and provide our member states with
highly skilled future scientific leaders, we constantly work to improve our training
programmes. EMBL has paved the way towards truly interdisciplinary training
with the establishment of its EMBL Interdisciplinary Postdoctoral (EIPOD)
Programme, which we are planning to further refine in the period 2017-2021. At
the time of writing, we have just received confirmation of a third consecutive
round of Marie Sklodowska-Curie co-funding for the EIPOD programme from the
EC. Such extended continuous EC funding is very exceptional and reflects the
quality and uniqueness of the interdisciplinary training on offer. Together with
national partners we have also begun to establish further specialised training
schemes, which place fellows at the interface between basic and clinical or wet-
lab and computational research.

Apart from training for our employees, external scientific training is another
crucial service we provide to our member states. We provide ‘continuing
professional development’ or user training in scientific methodology. Over the
past three years more than 18,000 scientists from many sectors, from masters
students to senior scientists, have been trained in 180 courses and conferences.
Many scientists employed in the life science industries also benefit from our
training and EMBL thereby contributes to strengthening the growth of this sector
in Europe. In this Programme we will continue to develop and improve the quality
and breadth of our external training, ensuring that it remains at the forefront of
scientific and technological development.

2.4 Driving research, innovation and progress through
technology development, interactions with industry
and technology transfer

EMBL excels both in discovery research and in innovative development,

particularly in the areas of imaging, structural biology instrumentation and
computational technology, that drives progress in life science research at EMBL

EMBL Programme 2017-2021

17



and beyond. To make our discoveries and inventions broadly available, to benefit
scientists, industry and society at large, EMBL and its knowledge transfer arm
EMBLEM interact closely with industry in multiple ways, including actively
engaging in technology transfer per se. During the 2017 — 2021 period we
envisage two new activities in this area.

Imaging Technology Development Platform

The demand for EMBL’s innovative imaging technologies among European
researchers is high, but at present there is no effective mechanism for EMBL to
provide access to these technologies before they are commercialised and can be
made available through a Core Facility, which frequently takes 5-10 years. EMBL
wishes, provided funding is available, to address this gap through the creation of
a new Imaging Technologies Development Platform. The platform will employ
staff that will provide both the hardware and software expertise to duplicate
advances made in research groups at EMBL in a service setting and thus provide
access to these imaging technologies to a wider community of users prior to
commercialisation. The platform will focus on technologies invented and/or
developed at EMBL, initially ranging from light-sheet and super-resolution
microscopy to correlative light and electron microscopy.

Industry Relations

In the next Programme period EMBL will put further effort into forging new,
mutually beneficial, strategic partnerships with industry to complement its existing
ties with the private sector. Following the successful model of the recently
established Centre for Therapeutic Target Validation - a strategic collaboration
between EMBL-EBI, the Wellcome Trust Sanger Institute and GlaxoSmithKline -
EMBL as a whole will continue to offer its expertise in areas such as data
management and analysis or technology development to complement the needs
of biotechnology, pharmaceutical and agri-food companies in pre-competitive
research areas. In this way EMBL aims to develop additional larger and more
sustained collaborations with commercial partners in order to ensure the
translation of our skills and resources into innovative products that benefit
society.

2.5 Taking a leading role in the integration of life
science research in Europe

Because of its unique structure and role as Europe’s only intergovernmental
laboratory in the life sciences, promoting good relations and active interactions
between EMBL and its member states is of fundamental importance to the
Laboratory. EMBL actively promotes the integration of European science
initiatives and helps shape science policy and strategy in Europe, as evidenced
by its many interactions with member state communities (Box Al), its provision of
pan-European service infrastructures and its leading role in establishing new
European life science infrastructures such as ELIXIR and Euro-Biolmaging.
EMBL proactively engages with its member states and with the broader
European and international scientific communities, European policy-making and
decision-taking bodies including the EIROforum organisations (CERN, ESO,
ESA, ESRF, Eurofusion, European XFEL, ILL and EMBL), the European Strategy
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Forum for Research Infrastructures (ESFRI) and the European Commission as
well as with the general public.

Member State Relations

EMBL’s member states are very different from one another and in recognition of
this our programmes and missions are designed so that we can respond to their
diverse needs. The number of publications and research and service grants that
are collaborative with our member states and the uptake of our infrastructures
and training programmes (Box A1) reflect the fact that scientists in EMBL interact
extensively with and provide important support to national communities.

To help develop and integrate Europe’s scientific landscape in the life sciences
and harness the scientific potential of all European states, the participation of as
many European countries as possible in EMBL is desirable. EMBL is therefore
actively engaged with interested non-member states. In the current Indicative
Scheme, the Czech Republic joined EMBL as its 21%' member state and EMBL
Council also endorsed the membership of Malta (national ratification pending).
Central and Eastern Europe have been and will remain a main strategic focus for
EMBL’s international relations and, together with EMBL and EMBC member
states, a prospect membership policy was developed during the current
Programme period that facilitates the accession of new countries to EMBL.
Prospect membership has already led to Hungary, Poland, Slovakia and
Lithuania joining EMBL, with a view to becoming full EMBL members in the
course of three years. We expect more European states to join EMBL as
prospect and full member states in the period of the next Programme. EMBL also
engages in strategic international cooperation with countries outside Europe in
the context of its Associate Membership Scheme. EMBL will seek to modestly
expand its associate membership, which currently comprises Australia and
Argentina, by integrating the scientific communities of non-European countries
with a well-developed molecular life science programme.

Fostering gender balance in research at EMBL and beyond

Ensuring adequate gender balance among EMBL employees is a major goal of
the laboratory and helps maximise the diversity of experiences, perspectives, and
skills required to conduct world-class science. Increasing gender balance among
EMBL personnel and fostering awareness and skills relevant to its promotion will
contribute to research excellence at the Laboratory and ensure that EMBL serves
as a model for basic research organisations across Europe. For this reason
achieving better gender balance is one of EMBL’s policy priorities for the
Programme 2017-2021.

As a first step towards translating this commitment into action EMBL has
established a Gender Balance Committee that promotes EMBL’s culture of
diversity by developing strategies, policies and other instruments aimed at:

» fostering an environment that values and supports gender equality

* achieving gender balance among EMBL'’s hires

* communicating EMBL’s gender position internally and externally

* preparing EMBL personnel to act as role models in a gender diverse

research environment, within and beyond EMBL
* measuring the effectiveness of its efforts to promote gender equality.
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EMBL Mission: Forefront research: uncovering
the molecular basis of life

1. Backward look 2012-2014

The overall research framework of the EMBL 2012-2016 Programme was
‘Information Biology’ and centred on the challenge of unravelling the principles
and logic of the complex functional organisation that defines living systems by
extracting biological information from large and diverse datasets. This section
illustrates the progress that has been made relative to these objectives by
providing a selection of relevant research highlights. The selection has been
made from close to 2000 publications produced by EMBL scientists in the period
2012-2014, since the beginning of the current Programme.

Our approach to Information Biology aimed to combine EMBL’s traditional
strength in mechanistic studies and hypothesis-driven research, using mostly
real-time imaging, complementary structural biology technologies at different
scales, and biochemical studies, with systems approaches employing unbiased
genome-wide methods and computational biology. A fundamental aspect of this
approach is the requirement for computational methods that allow the analysis of
large biological datasets, modelling networks of gene and protein interaction and
the simulation of biological systems and their defects, for example in disease
states. A major strategic focus for the 2012-2016 Programme has therefore been
to further strengthen EMBL’s expertise in bioinformatics and computational
methods. With the aid of new EMBL Centres, in the last three years the use of
computational tools has increased across the Laboratory and has become
standard across its research Units.

The following section provides a short overview of how far EMBL has come in its
Information Biology endeavour and presents selected highlights from each of the
four thematic research areas outlined in the Programme 2012-2016. Many of the
research examples illustrated below present recent advances in the context of
specific projects that were showcased as concrete, future-oriented research
plans in the 2012-2016 Programme.

1.1 Bridging dimensions: from molecules to cells to
organisms

The overarching goal of research conducted at EMBL is to bridge scales of
biological organisation to gain a holistic understanding of organisms as biological
systems. Thanks to the continuous and rapid development of new technologies,
often spearheaded by our own scientists, and to the breadth of cross-disciplinary
expertise available in-house, major milestones have been reached towards this
goal in recent years. To obtain a deep and comprehensive understanding of the
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properties of biological systems, scientists at EMBL have successfully combined
detailed mechanistic analyses of individual functions at the molecular, cellular
and organismal level with broad genomic-level approaches, thereby integrating a
wide array of methods - from structural biology over biochemical to
computational approaches.

1.1.1 Bridging molecular and cellular resolution: from protein-
protein interactions to networks in cells

1.1.1.1 Determining molecular structures through integrated structural
biology

EMBL has a traditional strength in structural biology, which is the main focus of
the EMBL sites in Hamburg and Grenoble, and a core activity at the Structural
and Computational Biology Unit in Heidelberg. Structure-based mechanistic
understanding of cellular processes is pursued by combining multiple
technologies, including macromolecular crystallography, small-angle scattering,
nuclear magnetic resonance (NMR), electron microscopy and tomography, light
microscopy, proteomics, chemical biology and innovative computational
approaches. This integrated approach to structural biology has allowed EMBL
scientists to solve a number of complex biomolecular structures over the recent
years, and thus to gain structural insight into a variety of biological processes.
Selected examples include:

* Crystal structure of RNA Polymerase |
Scientists at EMBL Heidelberg have determined the high-resolution three-
dimensional structure of RNA Polymerase I, the enzyme responsible for the
production of ribosomal RNA. Their findings help explain the greater efficiency
of this molecular machine relative to its better-studied counterpart RNA
Polymerase II.

Ferndndez-Tornero C. et al. (2013) Crystal structure of the 14-subunit RNA polymerase .
Nature 502:644-649. doi: 10.1038/nature12636

* Architecture of the human general transcription factor TFIID core
complex
Researchers at EMBL Grenoble uncovered the architecture of the core
complex of human general transcription factor TFIID, which controls the
expression of virtually all protein-coding genes in eukaryotic nuclei. For this
analysis they utilised an integrated approach combining advanced protein
expression techniques, proteomics, native and cross-linking mass
spectroscopy, cryo-EM, and data from crystallography and homology models.
This complex has long been a target of structural biologists and new protein
expression technology developed in EMBL Grenoble was key to this success.

Benossiek C. et al. (2013) The architecture of human general transcription factor TFIID
core complex. Nature 493:699-702. doi: 10.1038/nature11791

* Superhelical architecture of the myosin filament-linking protein
myomesin
Members of the myomesin protein family are unusually long and elastic
proteins that function as molecular bridges connecting filament systems in
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muscle. EMBL scientists in Hamburg have unravelled the mechanism of
molecular elasticity by superhelical linkers in these proteins by determining
the overall architecture of myomesin by X-ray crystallography, electron
microscopy, solution X-ray scattering, and atomic force microscopy.

Pinotsis N. et al. (2012) Superhelical architecture of the myosin filament-linking protein
myomesin  with unusual elastic properties. Plos Biol 10:e1001261. doi:
10.1371/journal.pbio.1001261

* Complete structure of the influenza virus polymerase
Using X-ray crystallography, researchers in Grenoble were able, in
culmination of work they had pursued for 25 years, to determine the atomic
structure of the whole influenza virus polymerase. The results of this
groundbreaking work allow researchers to understand how the polymerase
uses host cell RNA to kick-start the production of viral messenger RNA, and
could thus prove instrumental in the design of new anti-influenza drugs.

Pflug A. et al. (2014) Structure of influenza A
_ polymerase bound to the viral RNA promoter. Nature
g W 516:355-360. doi: 10.1038/nature14008

Reich S. et al. (2014) Structural insight into cap-
snatching and RNA synthesis by influenza
polymerase. Nature 516:361-366. doi:
10.1038/nature14009

Figure B.1.1 The complete structure of the influenza
virus polymerase allows researchers to understand how
the polymerase uses host cell RNA (red) to kick-start the
production of viral messenger RNA. Credit:
EMBL/P.Riedinger

1.1.1.2 First protein crystal structure at 0.48 A resolution

In 2011 scientists at EMBL Hamburg set the record in the structural resolution of
a biological macromolecule obtained by X-ray crystallography. The structure of
the small protein crambin was determined to 0.48 A resolution using the PETRA
Il ring at DESY. A wealth of details of crambin’s electronic structure were
revealed by the results of this study, that used the PETRA Il storage ring just
before its conversion to the dedicated synchrotron-radiation source, PETRA III.

Schmidt A. et al. (2011) Crystal structure of small protein crambin at 0.48 A resolution. Acta
Crystallogr Sect F Struct Biol Cryst Commun 67:424-428. doi: 10.1107/S1744309110052607

1.1.1.3 Correlative microscopy of viral and cellular budding systems

The development and application of novel correlative microscopy techniques to
study cellular events at high resolution over time was identified in the Programme
2012-2016 as a major research objective for the current Indicative Scheme
period. A particular focus lay in the study of vesicle budding events, which are
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involved in various cellular processes as well as being used by many viruses to
invade host cells. Correlative microscopy methods have been successfully
exploited at EMBL over recent years to produce high-resolution three-
dimensional molecular-scale ‘movies’ of viral and cellular budding systems, as
exemplified by the remarkable findings outlined below.

* High-resolution retrovirus structure

Upon infection of a target cell, retroviruses such as HIV replicate to produce
new immature viral particles, assembled from a medley of viral and cellular
components. In 2012, scientists at EMBL Heidelberg used a combination of
electron microscopy and computational methods to unravel how the key
proteins of the viral shell assemble to form the immature virus, and how they
rearrange themselves to give rise to its mature form. In subsequent studies,
the same research team combined cryo-electron microscopy and tomography
analysis to explore the structure of the HIV protein lattice and its
rearrangements in even greater detail. The results of this work are of great
significance as, for instance, they provide the basis for investigating the
mechanisms of drugs known to inhibit HIV assembly and maturation.

Bharat T.A.M. et al. (2012) Structure of the immature retroviral capsid at 8A resolution by
cryo-electron microscopy. Nature 487:385-389. doi: 10.1038/nature11169

Bharat T.A.M. et al. (2014) Cryo-electron microscopy of tubular arrays of HIV-1 Gag
resolves structures essential for immature virus assembly. Proc Natl Acad Sci 111:8233-
8238. doi: 10.1073/pnas.1401455111

Schur F.K.M. et al. (2014) The structure of the immature HIV-1 capsid in intact virus
particles at 8.8 A resolution. Nature 517:505-508. doi: 10.1038/nature13838

* Dynamics of endocytosis by correlative light and electron microscopy

Endocytosis, like many dynamic cellular processes, requires precise temporal
and spatial orchestration of complex protein machinery to mediate the
membrane budding required for entry into cells of many essential cellular
constituents. To understand how this machinery works, researchers at EMBL
Heidelberg directly correlated fluorescence microscopy of key protein
components with electron tomography. The resulting 3D ultrastructural
movies accurately define the protein-mediated membrane shape changes
that occur during endocytosis and underline the elaborate dynamics of
recruitment and departure of the required proteins from the site of membrane
budding.

Kukulski W. et al. (2012) Plasma membrane reshaping during endocytosis is revealed by
time-resolved electron tomography. Cell 150:508-520. doi: 10.1016/j.cell.2012.05.046

1.1.1.4 Structure and dynamics of nuclear pore complexes

The nuclear pore complex (NPC) is a highly dynamic and complex protein
assembly, the largest stable protein assembly in the cell, and the organisation of
its individual components has long represented a challenge for molecular
biologists. The study of NPC architecture and function, identified as a key
research topic in the last EMBL Programme, has come a long way in the first
years of the current Indicative Scheme. By combining stochastic super-resolution
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microscopy to directly resolve the ring-like structure of the NPC, with single
particle averaging, to use information from thousands of pores, scientists in
Heidelberg determined the average positions of fluorescent molecular labels in
the NPC with unprecedented accuracy. This approach was applied systematically
to a major motif of the NPC, the Nup107-160 sub-complex, to assess the overall
structure of the NPC scaffold. This work shows that light microscopy can be used
to investigate the molecular organisation of large protein complexes in situ in
whole cells and is the first ever molecular resolution data obtained by light
microscopy of cells. In a parallel study, an integrated approach based on electron
tomography, single-particle electron microscopy, and crosslinking mass
spectrometry was used to determine the structure of the Nupl107 subcomplex,
both in isolation and integrated into the NPC. The arrangement uncovered in this
work may explain how changes in the diameter of the NPC that accommodate
transport of huge cargoes are made possible.

Szymborska A. et al. (2013) Nuclear Pore Scaffold Structure Analyzed by Super-Resolution
Microscopy and Particle Averaging. Science 341:655-658. doi: 10.1126/science.1240672

Bui K.H. et al. (2013) Integrated structural analysis of the human nuclear pore complex
scaffold. Cell 155:1233-1243. doi: 10.1016/j.cell.2013.10.055

1.1.1.5 Systematic silencing of human genes and analysis by microscopy

In 2012 scientists from the Cell Biology and Biophysics Unit in Heidelberg, in
collaboration with the Core Facilities, used an automated time-lapse microscopy-
based RNA interference (RNAI) screen to systematically downregulate over
21,000 genes in cultured human cells. Their analysis revealed an unexpected
variety of genes involved in cargo molecule transfer and secretion, and unveiled
novel links between early secretory pathway function and key signalling
pathways. The combination of quantitative RNAi and automated image analysis
was subsequently used to characterise candidate genes associated with blood
lipid levels, coronary artery disease, myocardial infarction and in regulating
cholesterol levels in cells. In 2013 a similar approach was taken in airway
epithelial cells to investigate the molecular bases of cystic fibrosis. The study
uncovered a large set of genes that had not been previously linked to the disease
and led to the identification of a promising new drug target. Taken together, these
results show that large-scale high-content imaging-based RNAi screens provide
an important resource for the integrative understanding of global cellular
regulation and gene function, and can yield valuable insight into human disease.

Simpson J.C. et al. (2012) Genome-wide RNAI screening identifies human proteins with a
regulatory function in the early secretory pathway. Nat Cell Biol 14(7):764-74. doi:
10.1038/ncb2510

Blattmann P. et al. (2013) RNAi-based functional profiling of loci from blood lipid genome-
wide association studies identifies genes with cholesterol-regulatory function. PLoS Genet
9:€1003338. doi: 10.1371/journal.pgen.1003338

Almaca J. et al. (2013) High-Content siRNA Screen Reveals Global ENaC Regulators and
Potential Cystic Fibrosis Therapy Targets. Cell 154:1390-1400. doi:10.1016/j.cell.2013.08.045
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1.1.1.6 Cellular systems biology of a minimal bacterium

Mycoplasma pneumoniae, the causative agent of atypical pneumonia, carries a
simple genome — consisting of only 689 genes — and yet shares many features
with more complex cells in terms of molecular organisation and interactions.
Hence, this human pathogen was chosen as a model organism to obtain the first-
ever blueprint of a minimal cell. As reported in the Programme 2012-2016, EMBL
scientists and collaborators from the EMBL-CRG Systems Biology Partnership
Unit in Barcelona conducted a comprehensive and quantitative analysis of the
bacterium’s proteome, metabolic network, and transcriptome. This dataset has
served, over the period of the current Indicative Scheme, as the basis for further
interdisciplinary efforts at EMBL, aimed at deducing general principles underlying
a variety of regulatory processes and networks. Selected examples of these
studies are provided below.

e EMBL scientists from the Structural and Computational Biology Unit in
Heidelberg used M. pneumoniae to systematically investigate the interplay of
protein phosphorylation with other post-translational regulatory mechanisms,
particularly lysine acetylation. The results of this work imply that previously
unreported layers of post-transcriptional regulation, such as crosstalk
between different kinds of post-translational modifications, is very likely to
play an important role in defining the functional state of a cell.

Van Noort V. et al. (2012) Cross-talk between phosphorylation and lysine acetylation in a
genome-reduced bacterium. Mol Syst Biol 8:571. doi: 10.1038/msb.2012.4

* In collaboration with the EMBL-CRG Systems Biology Partnership Unit,
scientists at EMBL Heidelberg reported the genome-wide identification in M.
pneumoniae of small RNAs associated with transcription start sites (TSSs),
termed tssRNAs. The evidence they present suggests that tssRNAs, found in
several bacterial phyla, may represent a universal mechanism to halt bacterial
transcription.

Yus E. et al. (2012) Transcription start site associated RNAs in bacteria. Mol Syst Biol
8:585. doi: 10.1038/msb.2012.16

» EMBL scientists in Heidelberg and their collaborators in Barcelona took a
systems biology approach to analyse the complex molecular events that
regulate biological function and cellular responses to environmental
perturbations in M. pneumoniae. Their study sheds light on these
fundamental regulatory mechanisms by providing a detailed integrative
analysis of cellular protein abundances and the dynamic interplay of mRNA
and proteins under various external conditions.

Mair T. et al. (2011) Quantification of mMRNA and protein and integration with protein
turnover in a bacterium. Mol Syst Biol 7:511. doi: 10.1038/msb.2011.38

1.1.2 From cells to organisms: dynamic organisation and imaging
1.1.2.1 Self-directed migration in zebrafish

Many research projects carried out at EMBL focus on understanding how cells
aggregate and move within developing organisms to form differentiated tissues
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and organs during embryogenesis. Two collaborative studies by scientists from
the Cell Biology and Biophysics, Genome Biology and Structural and
Computational Biology Units in Heidelberg have revealed important aspects of
developmental signalling dynamics using the zebrafish lateral line primordium as
a model. As the zebrafish embryo develops, cells migrate along chemoattractant
gradients, leaving behind rosette-shaped clusters of cells which give rise to
mechanosensory organs. In the first study, scientists applied a fluorescence
timing approach to the chemokine Cxcll2a, a key guidance molecule, and
combined it with intravital two-photon microscopy to show, remarkably, that the
chemokine gradients driving the migration of cell collectives are self-generated by
the clusters of migrating cells. The second study, which applied correlative light
and electron microscopy, found that luminal signaling, particularly by fibroblast
growth factor (FGF), is linked to the generation of novel forms of cell architecture
that are involved in generating high local concentrations of signaling molecules
and thus in control of the self-assembly of cells into the mechanosensory
clusters. These findings, along with the innovative imaging methods that enabled
them, pave the way for similar studies to investigate cell migration and self-
organisation in other contexts, such as wound repair or cancer invasion.

Dona E. et al. (2013) Directional tissue migration through a self-generated chemokine
gradient. Nature 503:285-289. doi: 10.1038/nature12635

Durdu S. et al (2014) Luminal signalling links cell communication to tissue architecture during
organogenesis. Nature 515:120-124. doi: 10.1038/nature13852

Figure B.1.2 Visualising
actin dynamics (Life-Act-
GFP) within the migrating
primordium of the
zebrafish lateral line
Credit: EMBL/C. Moehl

1.1.2.2 The control of developmental timing by biological clocks

A fundamental yet largely unanswered question in molecular biology is how
inherent timing mechanisms ensure that biological processes occur in the right
order and at the appropriate pace to obtain the correct functional output in order
to generate correct multicellular organisation as organs and tissues differentiate.
Following the research plans outlined in the last Programme, EMBL scientists
have set out to unravel the basic principles of such biological clocks — particularly
those controlling the temporally tightly regulated process of embryonic
development. The somite segmentation clock, which controls the formation of the
pre-vertebrae in early mouse development, has been the object of intense study
by scientists in the Developmental Biology Unit at EMBL Heidelberg. By
combining a novel in vitro segmentation assay with real-time imaging of gene
activity, they identified a mechanism by which signalling oscillations allow
mesoderm segments to remain proportional — that is, to scale — to overall
embryonic size and thus ensure that embryos of different overall sizes are
nevertheless perfectly organised internally The novel quantitative experimental
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approach applied in this study opens new avenues for investigating how
information is encoded at the level of signalling dynamics and how signalling
oscillations are employed during embryonic patterning.

Lauschke V.M. et al. (2012) Scaling of embryonic patterning based on phase-gradient
encoding. Nature 493:101-105. doi: 10.1038/nature11804

1.1.2.3 Regulators of body plan development

Formation of the correct body plan in the Drosophila embryo strictly relies on
localised protein synthesis which in turn depends on the kinesin-dependent
transport of maternal mMRNAs. Researchers from the Developmental Biology Unit
in Heidelberg have identified an mRNA structure which assembles when two
RNA segments are spliced together in the nucleus. This structure is crucial for
localisation of the oskar mRNA, and thus the oskar protein, to the posterior pole
of the developing oocyte. This study implicates RNA splicing, whose disregulation
can cause developmental defects and disease, in the regulation of mRNA
localisation by promoting the formation of specific structures whose production
can vary in different tissues.

Ghosh S. et al. (2012) Control of RNP maotility and localization by a splicing-dependent
structure in oskar mMRNA. Nat Struct Mol Biol 19:441-449. doi: 10.1038/nsmb.2257

Figure B.1.3 oskar mRNA (red) is transported to the posterior pole in a normal Drosophila egg cell
(left), but not in an oocyte with a mutated splicing tag (right).
Credit: EMBL/S. Ghosh

1.1.2.4 Understanding microglial migration towards injured neurons

Cells termed microglia are the resident phagocytes of the brain that are
responsible for the clearance of injured neurons, an essential step in subsequent
tissue regeneration. Scientists from the Developmental Biology Unit in Heidelberg
have used the optically transparent zebrafish larval brain to uncover the relay of
molecular signals that attract these cells toward sites of injury. By combining
forward and reverse genetic approaches with quantitative imaging the
researchers revealed a mechanism controlling microglial targeted migration to
neuronal injuries that is initiated by glutamate and travels across the brain in the
form of a Ca®* wave. They also went on to show that microglia engulf dying
neurons by extending cellular branches that form phagosomes at their tips, and
identified two receptors that, through their combined action, allow microglia to
remove dying neurons. This work provides important insight into processes that
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lie at the heart of many neuronal degenerative disorders, such as Alzheimer’'s
and Parkinson’s diseases.

Sieger D. et al. (2012) Long-range Ca2+ waves transmit
brain-damage signals to microglia. Dev Cell 22:1138-1148.
doi: 10.1016/j.devcel.2012.04.012

Mazaheri F. et al. (2014) Distinct roles for BAI1 and TIM-4 in
the engulfment of dying neurons by microglia. Nat Commun
5:4046. doi: 10.1038/ncomms5046

Figure B.1.4 Microglia (green) respond to brain injury by
migrating towards injured neurons (top). This response is
impaired when sensing of the molecular signals that attract
microglia to the site of injury is impeded by knockdown of the
relevant receptor (bottom).

CreditEMBL/F. Peri

1.1.2.5 Regulation of cell and tissue shape during embryonic development

During morphogenesis, remodelling of cell shape requires the expansion or
contraction of plasma membrane domains. By combining high-resolution imaging
with genetics and biochemistry, EMBL scientists in Heidelberg have identified a
mechanism underlying the restructuring of the apical surface during epithelial
morphogenesis in Drosophila. This work resulted from collaboration between
researchers from the Developmental Biology Unit, who developed a new strategy
for imaging the Drosophila embryo, and their colleagues from the Structural and
Computational Biology Unit, who combined light and electron microscopy to
observe the membrane remodelling events in detail. These findings provide
mechanistic insight into the control of cell shapes during embryonic development
and could help understand how different cell types take on the specific shape
required to perform different tasks, as well as how cell shape becomes abnormal
during cancer progression.

Fabrowski P. et al. (2013) Tubular endocytosis drives remodelling of the apical surface during
epithelial morphogenesis in Drosophila. Nat Commun 4:2244. doi: 10.1038/ncomms3244

1.1.2.6 Mechanisms of early mouse development and lineage segregation

A combination of quantitative live-imaging microscopy and single-cell
transcriptomics has allowed scientists at EMBL Heidelberg to fully characterise
the transition from meiosis to mitosis and the molecular profile of lineage
segregation during early mouse development. The surprising finding was that the
transition from meiosis to mitosis progresses gradually throughout the
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preimplantation stage in the mouse embryo. The researchers from the
Developmental Biology Unit, in collaboration with colleagues from the Genome
Biology and Structural and Computational Biology Units, went on to investigate
the genetic cues that determine cell fate — particularly those that distinguish the
embryo from extra-embryonic tissue. By profiling the genetic activity of individual
cells at different stages of development, they identified the exact time point at
which random variations in gene activity give rise to two distinct cell populations,
and characterised their genetic signatures. As a result of this work a new model
was postulated that proposes a possible role of cell-to-cell expression
heterogeneity in lineage segregation.

Courtois A. et al. (2012) The transition from meiotic to mitotic spindle assembly is gradual
during early mammalian development. J Cell Biol. 198:357-370. doi: 10.1083/jcb.201202135

Ohnishi Y. et al. (2014) Cell-to-cell expression variability followed by signal reinforcement
progressively segregates early mouse lineages. Nat Cell Biol 16:27-37. doi: 10.1038/ncb2881

1.2 Unravelling biological complexity

A major challenge in the study of biological systems is the need to account for the
combined action of multiple molecular or cellular components — ultimately, for the
complexity of living beings — in the effort of linking genotype to phenotype. Over
the current Programme EMBL scientists have made considerable progress in this
direction by analysing and integrating systematic global measurements of diverse
biological molecules (DNA, RNA, proteins, etc.) with bioinformatics and
computational biology approaches, and uncovered fundamental aspects of
genome organisation and transcriptional regulation.

1.2.1 Sequencing the HeLa genome

HeLa cells are the most widely used model cell line for studying human cellular
and molecular biology, and have long served as a standard human model for
understanding many fundamental biological processes. In a collaborative effort
involving three different research groups, scientists from the Genome Biology
Unit have successfully sequenced the DNA and RNA of a HelLa cell line to
analyse its mutational portfolio and gene expression profile. Their work provides
a high-resolution genomic reference that reveals striking differences between the
HeLa genome and that of normal human cells. The scientists’ analysis of the
HelLa genome revealed a remarkably high level of aneuploidy, the loss of healthy
copies of genes, and numerous large structural variants (genome
rearrangements like deletions, duplications and translocations). The analysis of
the HelLa transcriptomic profile revealed that several pathways, including cell
cycle and DNA repair, exhibit significantly different expression patterns from
those in normal human tissues. These results provide the first detailed account of
genomic variants in the HeLa genome, yielding insight into their impact on gene
expression and cellular function, as well as their origins. This resource could
enhance the quality of basic research in human biology, as the knowledge of the
genetic landscape of HelLa cells can inform the design and interpretation of future
studies using these cells thereby strengthening the biological conclusions that
can be drawn from them.

Landry J.J. et al. (2013) The Genomic and Transcriptomic Landscape of a HeLa Cell Line. G3
(Bethesda) 3:1213-1224. doi: 10.1534/93.113.005777
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Figure B.1.5 Since 1951, Hela cells have been a fundamental resource for scientists; their use has
produced significant impact in many areas of biomedical research.
Credit: EMBL/J. Landry

1.2.2 Understanding transcriptome regulation

EMBL scientists in Heidelberg have revealed an astonishing and previously
hidden level of variation in the structures of individual transcript molecules
generated from a single genomic sequence. These findings were enabled by the
development of a new high-throughput sequencing based technology that allows
to precisely map mRNA boundaries, and thus to quantify individual transcript
isoforms in yeast. This work represents the first-ever effort to measure
transcriptional heterogeneity by whole genome isoform profiling, and sheds new
light on transcriptome regulation and the importance of mMRNA boundaries in
determining the functional potential of genes.

Pelechano V. et al. (2013) Extensive transcriptional heterogeneity revealed by isoform
profiling. Nature 497:127-131. doi: 10.1038/nature12121

1.2.3 Variability and expression at the single-cell level

Single-cell transcriptomic analyses are affected by unavoidable technical noise
owing to the low amount of starting material. Through a joint effort across EMBL
Units, researchers in Heidelberg and Hinxton developed a quantitative statistical
method to distinguish true biological variability from these high levels of technical
noise. Their approach, which determines the statistical significance of observed
cell-to-cell variations in expression strength separately for each gene, was
illustrated and validated using independent datasets from single-cell RNA
sequencing experiments performed on plant and mouse cell populations.
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Brennecke P. et al (2013) Accounting for technical noise in single-cell RNA-seq experiments.
Nat Methods 10:1093-1095. doi: 10.1038/nmeth.2645

1.2.4 Mapping the mRNA interactome

In 2012 EMBL scientists in Heidelberg used a systematic and unbiased approach
to define the mRNA interactome — the whole set of protein-mRNA interactions —
of proliferating HelLa cells. Their analysis revealed over 300 RNA-binding proteins
(RBPs) that had previously not been thought to bind RNA, and shed light on
diverse aspects of RNA biology including RBPs in disease, RNA-binding kinases
and RNA-binding architectures. The researchers’ list of newly discovered RBPs
included a large number of metabolic enzymes that, if functionally relevant, could
broadly connect intermediary metabolism with RNA biology and post-
transcriptional gene regulation. This work offers an informative snapshot of RNA
biology, and describes a novel approach that can be broadly applied to study
MRNA interactome composition and dynamics in different biological settings.

Castello A. et al. (2012) Insights into RNA biology from an atlas of mammalian mRNA-binding
proteins. Cell 149:1393-1406. doi: 10.1016/j.cell.2012.04.031

1.2.5 Advancing the understanding of enhancers

Over the past years EMBL scientists have engaged in elucidating enhancer
function and its role in the regulation of gene expression, thereby making
important contributions to the field. In 2012, researchers from the Genome
Biology Unit in Heidelberg found that enhancer activity is precisely regulated by
chromatin state during Drosophila embryogenesis. Using a novel approach, they
obtained and used cell type specific information on chromatin modifications and
RNA Polymerase Il occupancy to make accurate predictions of dynamic
enhancer activity during embryonic development. In collaboration with scientists
at EMBL-EBI they also proposed a new model for enhancer function, showing
that transcription factors can act in a highly cooperative manner at enhancers,
with minimal DNA sequence requirements. Recently, new properties governing
enhancer-promoter interactions and their dynamics during fruit fly embryogenesis
have been uncovered. The finding that contact between the enhancer and its
target promoter is established long before enhancer activation fundamentally
changes the current view of transcription initiation. Furthermore, the observation
that the prevalence of long-distance action and the degree of complexity of
enhancer interactions are comparable to those seen in vertebrates carries
important evolutionary implications.

Bonn S. et al. (2012) Tissue specific analysis of chromatin state reveals temporal signatures
of enhancer activity during embryonic development. Nat Genet 44:148-156. doi:
10.1038/ng.1064

Junion G. et al. (2012) A transcription factor collective defines cardiac cell fate and reflects
the developmental history of this cell lineage. Cell 148:473-486. doi:
10.1016/j.cell.2012.01.030

Ghavi-Helm Y. et al. (2014) Enhancer loops appear stable during development and are
associated with paused polymerase. Nature 512:96-100. doi: 10.1038/nature13417
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Figure B.1.6 Chromatin modifications (green flags) are chemical tags that activate enhancers
(yellow), which in turn act as remote controls turning genes (red) on or off.
Credit: EMBL/P. Riedinger

1.3 Exploring biological variation

Biological variation was incorporated as a new research theme in the 2012-2016
Programme, following enormous advances in DNA sequencing technology which
transformed the degree to which the genetic variation between species, and
between individuals of the same species, and thus the genetic basis of healthy
and diseased states, can be analysed. In the ongoing Indicative Scheme period a
number of projects have successfully addressed how genetic variation influences
basic biological function and organisation and its effects on complexity at various
levels.

1.3.1 Evolution: inter-species variation
1.3.1.1 Evolution of the chordate notochord

Work by researchers in the Developmental Biology Unit at EMBL Heidelberg has
provided new insights into the evolution of the notochord, the first vertebrate
skeleton. The scientists identified the genetic signature of notochord cells, and
found a group of cells showing similar gene activity in the developing larva of a
marine worm. State-of-the-art light sheet microscopy, developed at EMBL,
revealed that such cells give rise to a longitudinal muscle, whose morphology and
location is similar to the notochord. The molecular relatedness strongly suggests
that the vertebrate notochord has evolved from this ancestral muscular structure
and thus has a much older evolutionary origin than previously assumed.

Lauri, A. et al. (2014) Development of the annelid axochord: Insights into notochord
evolution. Science 345:1365-8. doi: 10.1126/science.1253396
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1.3.1.2 Comparative analysis of model organisms

In the first three years of the current Programme, scientists at EMBL-EBI have
participated in several international efforts aimed at investigating the evolutionary
origin of given animal species, as well as how they genetically relate to higher
vertebrates. One example is provided by a study that generated and analysed the
draft genomes of the soft-shell turtle and the green sea-turtle to gain insight into
the development and evolution of the unique turtle-specific body plan. In parallel,
a similar study was conducted using zebrafish, a popular model organism for the
study of vertebrate gene function and human genetic disease, to understand the
extent to which zebrafish genes and gene structures are related to orthologous
human genes. In the context of these studies, that heavily relied on the Ensembl
data resource, which is jointly operated by EMBL-EBI and the Wellcome Trust
Sanger Institute, genomic organisation and annotation, as well as comparative
gene expression analysis and identification of orthology relationships, were
obtained.

Wang Z. et al. (2013) The draft genomes of soft-shell turtle and green sea turtle yield insights
into the development and evolution of the turtle-specific body plan. Nat Genet 45:701-706.
doi: 10.1038/ng.2615

Howe K. et al. (2013) The zebrafish reference genome sequence and its relationship to the
human genome. Nature 496:498-503. doi: 10.1038/nature12111

1.3.1.3 Evolution of mouse gene expression

In recent years, researchers at EMBL-EBI have led studies aiming to investigate
the contribution of different regulatory mechanisms to divergence in gene
expression. For example, they took first steps to elucidate the evolution of
transcription factor binding, and the underlying mechanisms, in mammals by
characterising the binding profiles of three tissue-specific transcription factors in
livers from six inbred rodents. The study revealed large, qualitative differences in
the genomic regions bound between these closely related mammals, which
contrasted with the smaller, quantitative binding differences among Drosophila
species. This study points to the different population genetics of flies and
mammals as a driver of profound differences in transcription factor binding
stability between species, and could have implications for understanding
differences in human gene regulation and in disease susceptibility between
individuals.

Stefflova K. et al. (2013) Cooperativity and rapid evolution of co-bound transcription factors in
closely related mammals. Cell 154:530-540. doi: 10.1016/j.cell.2013.07.007

1.3.2 Genetic variation: intra-species variation

1.3.2.1 Map of human variation

In 2012 the 1000 Genomes Project achieved a major milestone towards the
understanding of genetic contribution to disease by characterizing the geographic
and functional spectrum of human variation at different scales — from single
nucleotide polymorphisms to structural variants. Using a combination of whole-
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genome and exome sequencing, the genomes of 1,092 healthy individuals from
14 populations were described. This vast dataset is an invaluable resource for
studies ranging from biomedical research to human evolution, and has been
made freely and publicly accessible to researchers worldwide. The great success
of the 1000 Genomes Consortium is largely shared by scientists at EMBL-EBI
and in Heidelberg that took lead roles in different areas of the project (i.e. the
Data Coordination Centre and the Structural Variation Group). Recently, samples
of 462 individuals from the 1000 Genomes Project were subject to deep
sequencing and analysis of messenger RNA and microRNA, offering the largest-
ever dataset linking transcriptome variation to the landscape of functional human
genetic variation. The data produced in this study is available though the
ArrayExpress functional genomics archive, led by scientists at EMBL-EBI.

The 1000 Genomes Project Consortium et al. (2012) An integrated map of genetic variation
from 1,092 human genomes. Nature 491:56—65. doi: 10.1038/nature11632

Lappalainen T. et al. (2013) Transcriptome and

genome sequencing uncovers functional variation in

enomes humans. Nature 501:506-511. doi:
10.1038/nature12531

‘t Hoen P.A. et al. (2013) Reproducibility of high-

throughput mRNA and small RNA sequencing
across laboratories. Nat Biotechnol 31:1015-1022.

&C doi: 10.1038/nbt.2702

GATGTCAGACG ”GTD{VGCAC Figure B.1.7 The 1000 Genomes Project is the first

project to sequence the genomes of a large number of
individuals, to provide a comprehensive resource on
human genetic variation.

Credit: EMBL-EBI/S. Phillips

1.3.2.2 Cancer Genomics

Scientists in the Genome Biology Unit at EMBL Heidelberg use genetic variation
as a starting point to unravel disease mechanisms, particularly those giving rise
to cancer. In this context, our researchers aim at characterizing the extent, origin
and consequences of these DNA variations, with a particular focus on genomic
structural variants, and their links to different cancer types. This research, which
combines experimental and computational techniques, has vyielded several
important findings over the past three years, as outlined below.

e EMBL scientists found that the development of medulloblastoma, the most
common malignant brain tumor in children, frequently involves a process
known as chromothripsis, where localised chromosomal shattering and
reassemble in a one-off, massive DNA rearrangement event. Furthermore, an
association between a hereditary mutation in the tumor suppressor TP53
molecule and chromothripsis in medulloblastoma was uncovered, that has
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significant implications for diagnosis and treatment of particularly aggressive
cancer subtypes.

Rausch T. et al. (2012) Genome Sequencing of Pediatric Medulloblastoma Links
Catastrophic DNA Rearrangements with TP53 Mutations in Cancer. Cell 148:59-71. doi:
10.1016/j.cell.2011.12.013

* Progress has been made in understanding the etiology of early-onset prostate
cancer, the initiation of which was found to be largely driven by androgen-
mediated somatic structural variants. These findings represent the first
description of an age-related DNA alteration process in a common cancer,
and could have clinical consequences for this common cancer.

Weischenfeldt J. et al. (2013) Integrative genomic analyses reveal androgen-driven
somatic alteration landscape in early-onset prostate cancer. Cancer Cell 23:158-170 doi:
10.1016/j.ccr.2013.01.002

* The proteins GFI1 and GFI1B were identified as two novel oncogenic drivers
of Group 3 medulloblastoma, one of the most common medulloblastoma
molecular subgroups. It was shown that oncogenic activity is triggered by a
series of recurrent, highly disparate genomic structural variants, which place
these genes in proximity to highly active enhancers, by a mechanism termed
‘enhancer hijacking’. Importantly, these results were supported by evidence
from the first mouse models of human medulloblastoma.

, 4 "Q Northcott P.A. et al. (2014) Enhancer hijacking
Sne ¥ "“»c,.é :é activates GFI1 family oncogenes in medulloblastoma.
e Nature 511:428-34. doi: 10.1038/nature13379

Figure B.1.8 A massive chromosomal shattering and gene
rearrangement event, termed chromothripsis, is linked to
different cancer types, including human medulloblastoma.
Credit: EMBL/P. Riedinger

1.3.3 Disease models and mechanisms
1.3.3.1 Mouse models of human diseases

EMBL has a traditional strength in the generation of mouse models as a means
to decipher mechanisms underlying biological and disease processes. Our long-
standing expertise, along with an expanding repertoire of genetic technology, has
allowed scientists at EMBL to accurately model a number of human diseases
over the recent years. Selected examples of findings enabled by newly generated
mouse models are listed below.
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Anxiety

By combining the use of transgenic mice with behavioural tests, researchers
in Monterotondo showed that functionally independent populations of neurons
process different types of fear, such as fear of pain, of predators, and of
aggressive conspecifics. These findings could have implications for
addressing pathological fear including phobias and panic attacks in humans.

Silva B.A. et al. (2013) Independent hypothalamic circuits for social and predator fear. Nat
Neurosci 16:17311733. doi: 10.1038/nn.3573

Male infertility

Researchers at EMBL Grenoble found that disruption of the catalytic activity
of a small RNA-guided endonuclease by a single point mutation caused male
infertility and increased transposon activity, thus showing that the Piwi-piRNA
pathway of small RNAs is critical for transposon control and fertility. Notably,
mutations in this pathway that affect fertility in humans have also been
described.

Reuter M. et al. (2011) Miwi catalysis is required for piRNA amplification-independent
LINE1 transposon silencing. Nature 480:264-267. doi: 10.1038/nature10672

Autism

Microglia are phagocytic cells that invade the brain during early development,
and whose functions include actively engulfing and eliminating synapses.
EMBL scientists in Monterotondo used genetically engineered mice to show
that microglia that fail to prune synapses efficiently during development cause
reduced functional brain connectivity and behaviours commonly linked to
autism. These findings open the possibility that disruptions in microglia-
mediated synaptic pruning could contribute to neurodevelopmental and
neuropsychiatric disorders.

Zhan Y. et al. (2014) Deficient neuron-microglia signaling results in impaired functional
brain connectivity and social behavior. Nat Neurosci 17:400-406. doi: 10.1038/nn.3641

Cleft lip/palate

EMBL researchers in Heidelberg genetically engineered a large region of the
mouse genome, orthologous to a DNA interval associated with increased risk
of cleft lip and/or cleft palate in humans. In collaboration with researchers in
EMBL-EBI, they found that this DNA interval contains remote enhancers
controlling expression of the regulatory Myc gene in the developing upper lip,
and that deletions in this region cause mild changes in face morphology and
greater susceptibility to facial clefts. This work provides insight into the
genetic pathways accounting for the influence of this region in human facial
development.

Uslu V.V. et al. (2014) Long-range enhancers regulating Myc expression are required for
normal facial morphogenesis. Nat Genet 46:753-758. doi: 10.1038/ng.2971
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1.4 The need for and use of Bioinformatics and
Computational Biology

Computational approaches guide experimental research by generating new
hypotheses and models, and are an indispensible requirement for meeting
today’s challenges in the molecular life sciences. The scope of bioinformatics and
computational biology in EMBL'’s research landscape is broad and, accordingly,
computational research is interwoven with many of the research projects
illustrated in previous sections. Here we present a few examples of mainly
computationally driven research to give a flavour of the variety of themes and
applications encompassed by in silico analysis and modelling.

1.4.1 Map of human metabolism

An understanding of metabolism is fundamental to comprehending the
phenotypic behaviour of all living organisms, including humans, where
metabolism is integral to health and is involved in many aspects of human
disease. High quality, genome-scale ‘metabolic reconstructions’, representing the
entire network of metabolic reactions known for a given organism, are at the
heart of systems biology analyses and instrumental to future biomedical studies.
As part of a large international consortium, scientists at EMBL-EBI have
presented Recon2, a community-driven, consensus metabolic reconstruction,
which is the most comprehensive computational model of human metabolism to
date. Recon2 contains verified information on thousands of metabolites and
reactions. The metabolic model has been made available in the BioModels
Database, hosted at EMBL-EBI, and contains thousands of cross-references to
other databases such as ChEBI and UniProt. Enabling this kind of intra-network
view of genes and their products — enzymes, hormones, nutrients, etc. — could
give researchers a close-up view of a wide range of biological phenomena,
including how diseases develop and which drugs may prevent or cure them.

Thiele I. et al. (2013) A community-driven global reconstruction of human metabolism. Nat
Biotechnol 31:419-425. doi: 10.1038/nbt.2488

1.4.2 Using DNA to store digital information

Researchers at EMBL-EBI have tested a reliable and scalable method for using
synthetic DNA to store data. By translating binary digital files into non-repeating
strings of A,T,G and C in a four-base code that they devised and applying an
error-correction algorithm the scientists encoded several large computer files,
and subsequently manufactured them as DNA using synthetic biology
techniques. Remarkably, the original files were reconstructed with 100%
accuracy upon sequencing of the DNA sample. Such a DNA-based storage
scheme could be scaled far beyond current global information volumes and offer
a realistic technology for large-scale, long-term and infrequently accessed digital
archiving in the future.

Goldman N. et al. (2013) Towards practical, high-capacity, low-maintenance information
storage in synthesized DNA. Nature 94:77-80. doi: 10.1038/nature11875
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Figure B.1.9 Practical, high-capacity storage of digital information in synthesised DNA is becoming a
reality. Credit: EMBL

1.4.3 Metagenomics

The growing field of metagenomics responds to the need of incorporating
information on environmental context in order to gain a complete understanding
of the human body as a biological system. The power and the huge potential of
this approach were already highlighted in the context of the research themes for
the Programme 2012-2016. In the current Programme period EMBL scientists
have contributed significantly to this area of research, particularly with studies
focusing on the microbial communities in the gut. Innovative computational tools
were developed to analyse the gut metagenome, that is the collection of
genomes of all the microbes in the human intestinal tract, at high resolution. It
was found that each human carries a unique set of bacterial strains and
mutations, which is stable over time. By analysing faecal samples, the
researchers identified three principle community compositions, termed
enterotypes, and uncovered microbial genetic markers that correlate with traits
like age and weight. Furthermore, the first disease association was discovered:
variations in the gut microbiome are associated with increased risk of obesity-
related conditions. These findings could lead to the development of new
approaches in the disease diagnosis and, in the longer term, may open new
therapeutic avenues.

Schloissnig S. et al. (2013) Genomic variation landscape of the human gut microbiome.
Nature 493:45-50. doi: 10.1038/nature11711

Arumugam M. et al. (2011) Enterotypes of the human gut microbiome. Nature 473:174-180.
doi: 10.1038/nature09944

Le Chatelier E. et al. (2013) Richness of human gut microbiome correlates with metabolic
markers. Nature 500:541-546. doi: 10.1038/nature1250
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1.4.4 Protection against mutations

A central tenet in evolutionary theory is that mutations occur randomly with
respect to their value to an organism, and that selection then governs whether
they are fixed in a population. This principle has recently been challenged by the
work of researchers at EMBL-EBI, who used a novel approach combining
phylogenetic and population genetic techniques to study how mutation rates vary
between different sites within the genome of the bacterium Escherichia coli. Our
researchers observed that mutations occurred non-randomly — at a lower rate in
highly expressed genes and in those undergoing stronger purifying selection (i.e.
those showing signs of having been subject to selective pressure) — thus
suggesting that the mutation rate has been optimised to reduce the risk of
deleterious mutations. Understanding the extent to which this takes place and the
mechanisms that modulate genetic mutation rate in different organisms is
important for our understanding of the evolution of genomes as well as the bases
of many human diseases.

Martincorena I. et al. (2012) Evidence of non-random mutation rates suggests an evolutionary
risk-management strategy. Nature 485:95-98. doi: 10.1038/nature10995

Figure B.1.10 A unique set of
bacterial strains is harboured within
an individual’s gut.

Credit: EMBL

1.4.5 ENCODE

Researchers at EMBL-EBI led the analysis of the data produced in the context of
the ENCyclopedia Of DNA Elements (ENCODE) project, carried out by an
international consortium as a contribution towards generating a comprehensive
catalogue of all components of the human genome that are crucial for biological
function. In 2012 ENCODE presented a systematic and detailed genome map
including regions of transcription, transcription factor association, chromatin
structure and histone modification. These data enabled researchers to annotate
80% of the genome as being involved in one or more of these function-
associated processes, many sites lying outside of the well-studied protein-coding
regions. The analysis uncovered many candidate regulatory elements and
identified elements corresponding to sequence variants linked to human disease.
In a joint effort between the Genome Biology Unit in Heidelberg and EMBL-EBI in
Hinxton, EMBL researchers combined the transcription factor binding maps
generated by ENCODE with other sources of genomic variation data for
Drosophila and humans to specifically investigate transcription factor binding site
variability. Overall, the ENCODE project provides new insights into the
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organization and regulation of our genes and genome, and represents an
extensive resource of functional annotations for biomedical research.

Encode Project Consortium (2012) An integrated encyclopedia of DNA elements in the

human genome. Nature 489:57-74. doi: 10.1038/nature11247

Spivakov M. et al. (2012) Analysis of variation at transcription factor binding sites in
Drosophila and humans. Genome Biol 13:R49. doi: 10.1186/gb-2012-13-9-r49
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Figure B.1.11 The
ENCODE project aims at
generating a
comprehensive catalogue
of all components of the
human genome and
providing insight into their
biological functions.

Credit: Nature journal
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2. Research themes 2017-2021

2.1 Analysing biological data: from molecules to
organisms and beyond

Biological research is being increasingly dominated by technologies that generate
Big data (as, for example, illustrated by Figure C.1.3 in Section C.1). Next-
generation sequencing is already providing a flood of data, and with whole-
genome programmes emerging around the world, this trend will only increase
(Sections B.2.2 & B.2.3). In addition, high-throughput imaging technologies are
developing rapidly (Sections B.2.4 & E.1.1.2) and soon image data will compete
with genome data in quantity. The output from other areas like proteomics and
metabolomics is also rapidly increasing in both quantity and quality. For the first
time in the history of biology the challenge of data gathering is matched by the
challenge of data interpretation.

The data challenge is multifaceted. Biological data are complex, heterogeneous,
often interdependent and biased and contain significant technical noise due to
new technologies. The processes they describe result from molecular interactions
and networks in space and time, with multiple levels of control. The data cover
multiple different organisms, from small viruses and bacteria to humans and even
entire ecosystems approaching a planetary scale (Box B.2.1). Data quantities are
overwhelming: for example, the increasingly affordability of sequencing an
individual's genome coupled to the medical use of this information will see us
move from having a single reference human genome ultimately towards having 7
billion genomes, one for every human being on the planet. This introduces new
research areas and applications, including studying the effects of individual
mutations or monitoring the impact of the environment. As with all complex
systems, it is the emergent properties that define how the organism as a whole
operates, given certain environmental conditions. In addition to the more complex
biological problems that come into reach with new data types and quantities, the
sheer amount of data — rapidly approaching and soon perhaps even exceeding
the data magnitudes seen in high-energy physics and astronomy — imposes a
multitude of challenges (Section C.1) that have to be addressed if we are to use
the data collected to efficiently further our knowledge.

Another major foreseeable shift is the number of potential ‘near-market’
applications in the health, agricultural and biotechnological sectors with expected
shorter translational phases. The increase in quantitative molecular data and
therefore rational understanding of living systems is bringing basic research
closer to the commercial interface and this again brings opportunities and
challenges. The opportunities include the introduction of genomic medicine, the
potential to develop improved crops with better nutritional value and stress
resistance, and the potential for green chemistry in industry. The challenges are
to harness the data, to abstract the knowledge and to translate it for everyone’s
benefit. For this purpose, EMBL strongly encourages the open sharing of data to
optimise translation, with commercialisation downstream. Thanks to new internet
technologies, the public will have much more direct involvement in science, from
selective ‘crowd-funding’ to information provision via social networks or ‘citizen
science’, participation in distributed digital and educational experiments.

EMBL Programme 2017-2021

41



B. Research

2.1.1 Computational biology and bioinformatics at EMBL

Making sense of Big data in biology requires interdisciplinary scientists with
expertise not only in data handling, analytics and interpretation, but also in
specific biological fields. EMBL has a strong tradition in computational biology
and bioinformatics and in recent years, this area has become increasingly
important across the board in biological research. The importance of
computational approaches and expertise in everything done at EMBL is the
reason we have chosen this chapter to begin the description of our research
activity in detail. Today, almost every research group in EMBL is involved in
some aspect of computational biology, whether as users or developers. Clearly,
EMBL-EBI has the greatest concentration of bioinformaticians but already more
than 40% of the scientists in EMBL Heidelberg spend more than 50% of their
time using computers for scientific work. Regardless of whether all these people
are classified as bioinformaticians, modern life science research relies heavily on
computational biologists involved in data integration and data interpretation. In
addition, it is becoming increasingly important that computational and analytical
considerations are integrated into experimental research early on to inform
experimental design and choices. This is particularly critical for those areas that
are not yet benefitting from high-throughput technologies and where data is still
comparatively sparse. For this reason, while some EMBL research groups focus
exclusively on computational biology, most are increasingly involved with active
data gathering and interpretation. Similarly, the majority of experimental groups
arm themselves with bioinformatics expertise to be able to cope with the data
they generate. This brings infrastructure and training challenges and we have
therefore established several computational biology Centres (Section B.3.1) to
provide expertise in identified subfields and the Bio-IT Project (Section B.3.2) to
coordinate the various biocomputing activities in the experimental labs. In this
way, EMBL, which was at the forefront of the development of bioinformatics as a
discipline, has retained a leading position in computational biology, which we
believe is instrumental in EMBL'’s success in all its research areas.

The increasing quantification of biology enlarges the complexity of biological
systems that can be studied and makes them accessible to computational
analysis. Bioinformatics already integrates a large range of data types at all
spatial scales in biology, ranging from modelling individual molecules or
complexes, such as the nuclear pore complex or the endocytosis machinery
(Boxes B2.6 and B2.7), to modelling the properties of whole organisms (Section
B.2.4.3) and communities (Section 2.4.5). Thus, computational biology functions
as a bridge between historically disparate biological disciplines such as
molecular, structural, cellular, developmental and organismal biology and also
reaches out to ecology and research areas beyond biology.

During the current Indicative Scheme, EMBL has made major contributions in
many of these areas by developing computational methodologies that enable the
integration and interpretation of many different types of data to enhance our
biological understanding. Broadly, our work follows the overall scheme of starting
with data capture, following the genetic information flow (genomes to
transcriptomes to proteomes, etc.) and from there across spatial scales from
molecules to organisms, with bioinformatics being required throughout. We have
developed methods for genome assembly and annotation and have proposed a
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practical scheme to use DNA as a data-storage medium (Section B.1.4.2). We
continue to study and model individual molecules and their properties, including
the effects of post-translational modifications and the classification of enzyme
mechanisms. Our interpretation of transcriptome data has revealed great
evolutionary divergence in the regulation of gene expression, even between
relatively closely related organisms and, by careful statistical analysis, helped to
differentiate normal and cancer cells and even identify possible carcinogens. We
have discovered how to establish pristine stem cells by re-programming human
induced pluripotent stem cells (iPSCs), which can then be induced to differentiate
in vitro into any cell type. With the advent of single-cell technology, new methods
to decipher noisy data have enabled novel discoveries, for example in the
homeostatic control of T-cell differentiation by the secretion of a steroid molecule
(Box B.2.2). New computational methods to deconvolute confounding factors and
to enable correlated image and single-cell data hold great promise for bridging
the scales between molecular, cellular and whole organism data, as exemplified
in whole brain images. Increasingly, we are involved in the analysis of medical
genotypes, such as pan-cancer genomes (Box B.2.4), and phenotypes, such as
changes in heart structure or in studying the effects of drugs on normal and
cancer cell growth. Lastly, the analysis of metagenomic data has offered
glimpses of how the human microbiome is organised and associated with
diseases (Box B.2.12) and has provided examples of how the interactions
between organisms and the environment affects life on earth (Box B.2.1).

2.1.2 Computational biology and bioinformatics at EMBL, 2017-
2021

We envisage that during the next Indicative Scheme, computational biology will
continue to develop rapidly at EMBL, integrating and abstracting knowledge from
public and in-house data (Box B.2.1). We envisage a time when we will
understand life and its underlying complex processes at the molecular level and
be able to model them in silico, predicting the outcomes of genetic variation,
infectious diseases and therapeutic agents. Although there is still a long way to
go towards this goal, major advances are expected in the next five years in
crossing from molecular to cellular scales, by combining molecular and imaging
data (Section B.2.4.1) and understanding how genetic and environmental
variations can lead to disease. Below we highlight the key areas in which we
expect computational biology and bioinformatics at EMBL to play a major role,
often coupled with the expected emergence of Big biological data.

Genes, genomes and their variation

As technologies for improved genome sequencing develop, we will work on
algorithms to interpret long-read sequence data, which is predicted to become
the new standard technology over the coming years. Using our current expertise
in phylogenetics, we will be involved in the analysis and interpretation of
pathogen genomes as a basis for clinical decision making. Furthermore, medical
data increasingly presents challenges in linking genomic information and high-
dimensional clinical phenotypes, (e.g. the structure of the heart) and we will
develop computational methods to explore causality and predict outcomes.
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Regulation of gene and protein expression and their variation

Computational biology at EMBL will benefit from single-cell genomics efforts in
Hinxton and Heidelberg, and will explore how to incorporate spatial and temporal
information to understand phenotype by integrating population-level variation and
single-cell variability (Section B.2.2.1). These projects will generate huge
amounts of sequence data that will require careful analysis and interpretation. We
see many applications in human iPSCs, evolution, development (e.g. the roles
and regulation of mRNAs; IncRNAs, proteins and chromatin) and in
understanding cancer. We also anticipate further exploration, using systems
approaches, of transcription factor-binding sites using CrispR technology to
determine evolutionarily conserved and species-specific regulatory wiring and
disease-causing variants. Beyond method development for the analysis of
genomic, epigenomic and transcriptional regulation as well as their variations, we
will also incorporate data on translational control (e.g. via ribosome profiling) for
furthering our understanding of all the regulatory contributions to protein
expression. Variation will be analysed between cells, cell types, organs and
individuals, to differentiate between stochastic processes and regulatory
constraints.

Proteins, proteomes and their variation

New proteomic technologies, including novel computational methods to increase
both the sensitivity and interpretability of the data, will be used to chart the
architecture of different cell types and states. Developing methods to combine
these data with new structural data will help us to understand the organisation of
proteins into complexes, as described in Section B.2.4.1, in a cell type- and cell
state-specific manner. Based on this ‘proteotyping’ of cells and its variation
between individuals, we will further improve our functional understanding of a
cell's molecular machinery as well as its evolution using bioinformatics
approaches. We will perform large-scale analyses of the various post-
translational modifications (PTMs) that considerably influence the functional
potential of a protein. Only the entirety of expressed proteins with their various
PTMs, resolved at spatiotemporal resolution, and their interactions with other
small molecules such as metabolites and macromolecules including other
proteins, lipids or RNAs, will reveal the organisational principles of a cell state. As
a step towards this goal, we will interpret the effects of proteome variation among
cell types, cell states and individuals, considering stability, interactions, function,
PTMs, localisation and abundance, and develop models to explore intermediate
phenotypes of interest and their links to diseases.

Beyond proteomes: chemical biology

A particular focus of the coming years will be the large-scale spatiotemporal
study of metabolites and their integration with proteomes, mostly via enzymes or
other proteins that interact with small molecules (Section B.2.2.4). This will also
involve the perturbation of cells by exogenous factors such as drugs. For
example, we will study the effect of target variation on drug response or the
pharmacogenetics of pro-drug activation. We will develop new, more sensitive,
methods for mass spectrometry and nuclear magnetic resonance (NMR)-based
metabolomics as well as imaging mass spectrometry for providing spatial context.
Metabolic modelling will be instrumental for deducing the fluxes and to
understand variations between organisms, organs and cell types, as well as the
differences observed during the lifetime of cells and the aging of the organisms to
which they belong.
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Interactions, networks and pathways

Here, we will continue to develop tools to handle complex novel datasets
including single-cell proteomics and transcriptomics. We envisage specific
applications in epigenetics in stem cells, single-cell RNA-seq in T cells, and
transcription pathways and drugs in cancer. In the future we will perform
integrative  single-cell studies, correlating imaging, proteomics and
transcriptomics. We will use and integrate such multi-omics data to uncover
underlying biochemical pathways and mechanisms and modelling techniques to
both validate and predict features of the systems that will be experimentally
studied. The models will become increasingly complex as both cellular
interactions and larger complexes continue to be elucidated but will be essential
to explain key biological processes such as development, the cell cycle and
infection and disease, including in humans. We aim to computationally integrate
more measurements in model organisms, in which we also have access to organ
functionality and organismal biology. We envisage an explosion not only in data
around such topics but also in multi-scale modelling to combine inter-molecular,
intra-cellular and increasingly also inter-cellular interactions to bridge molecular
and higher-order processes.

Beyond the cell: cell-cell and species—species interactions in the context of
populations and environment

Driven by data on cell-cell communication or shotgun sequencing of entire
microbial communities, computational biology at EMBL will increasingly tackle the
interactions between cells or (single-cell) organisms at molecular resolution
(Section B.2.4.5). Spatiotemporal information, provided by imaging, mass
spectrometry, microfluidics and longitudinal studies, will be used computationally
to deduce and model networks of cells and species within environments,
analogous to the modelling of molecules within cells discussed above.
Populations of cells reveal stochastic and self-organisational elements, which are
important for understanding processes such as development or the evolution of
multicellularity. Modelling such systems requires a controlled environment to
allow the study of adaptation to particular exogenous factors or perturbations
introduced experimentally. Such studies will reveal basic interaction principles as
well as identifying specific interactions within populations of cells or species. In
many ecosystems, the environment can be considered as a variety of
physicochemical parameters and other abiotic factors that can often be defined
and measured. However, outcomes are also influenced by lifestyle or interactions
with other species. Capturing and modelling these effects, by learning how to
abstract knowledge from heterogeneous datasets that all attempt to describe the
environment, is a major challenge ahead that we are working towards.

Taken together, EMBL'’s strategy is to exploit computational biology to advance
our scientific understanding of basic biology — from molecules to organisms to
ecosystems — using computational approaches to capture, analyse and interpret
large amounts of quantitative molecular data. In this way, borders between
disciplines will diminish as information, such as medical and environmental data,
become part of the integration and modelling process. The overarching role of
bioinformatics, bridging between scales and fields, will also ensure that the
common molecular foundation underpinning all life, captured as data, resources
and derived knowledge, will empower future developments in a wide range of
applied disciplines such as agriculture, biotechnology and medicine. The key to
all these advances in the years to come is the handling, integration and
interpretation of Big data.
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Box B.2.1: Data integration at various spatiotemporal scales - Tara Oceans project

Biological research in the 21% century has become increasingly quantitative and public
repositories are being populated with data at an exponential rate. Biological systems range
from individual proteins — whose structures are determined at atomic resolution and whose
dynamics are modelled in femtoseconds — via cells, tissues, whole organisms and even to
entire ecosystems, which are studied in an evolutionary context that covers the 4 billion or so
years of evolution on earth. All these systems are interrogated by an array of ‘-omics’
technologies, tracking molecular processes that capture the information flow that is inherent in
life, from the genome via the transcriptome, to the proteome and metabolome and capturing
changes over many time-scales. While DNA, RNA, proteins and metabolites all represent
cellular components, the readouts are not restricted to cells per se, but they can spatially
comprise any biological system ranging from single cells, whole tissues and organisms to
species communities or even entire ecosystems.

The vast amount of these different types of data being collected provides a unique opportunity
for integrative bioinformatics to unveil biological patterns across multiple scales — both spatial
and temporal — in previously unimaginable ways. Some challenges and opportunities of multi-
omics integration across space and time are illustrated by the Tara Oceans project, which was
initiated by researchers at EMBL and advocates a holistic approach to advance our
understanding of ecosystems. During a four-year journey, the research schooner Tara
systematically collected more than 35,000 biological samples, which were subjected to
molecular, cellular, morphological, environmental and geochemical analyses. The latter
provide context for the organisms captured in those samples, for example in the form of
microscopic pictures or DNA profiles. The wealth of heterogeneous data and metadata
collected is unprecedented and will remain in use for integrative analyses for years to come.

So far, Tara Oceans has provided environmental ‘shotgun’ sequencing of plankton from all
over the world, encompassing organisms ranging in size from small DNA viruses to fish
larvae, and complemented these efforts by single-cell sequencing of some of the most
abundant but poorly described organisms on earth. Researchers at EMBL have already
compiled an extensive ‘parts list’ of the species and genomic content of hundreds of sites in
the oceans, which has been made available to the scientific community. Correlating genomic
data with imaging-derived morphological features provides a new method to better
characterise the unknown fraction of organismal life. Integration of contextual and
metagenomic data has already revealed temperature as a main driving factor for species
compositions and the evolution of populations; complementary metatranscriptomic sequencing
provides information on the physiological responses of plankton, e.g. in response to the
natural fertilisation of ocean waters in the wake of islands.

One huge future challenge will be to better understand evolutionary adaptation to changing
environmental conditions on a global scale. For example, with the rising seawater
temperatures caused by global warming, microbial communities in the oceans will be
considerably reshaped and it will be important to develop methods to predict the
consequences. Taken together, multi-omic integration through space and time provides the
framework to comprehensively address the fundamental question: “Who is doing what, where,
when, and why?”, which becomes particularly important given our goal of understanding and
predicting the impact of contemporary climate change on global ecosystems.
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2.2 Decoding molecular processes: understanding how the
genome gives rise to cellular, organismal and disease
States

Genomics — the study of the genome and its derivative products (such as RNA, proteins
and metabolites) — has played a major methodological role in advancing life science
research over the past decade. The ongoing development of next-generation
sequencing (NGS) has had a dramatic impact, permeating almost all research domains
including cell, developmental, and organismal biology. Genomic research at EMBL
therefore spans multiple Units, with the aim of understanding how the genetic blueprint
of the genome ultimately gives rise to form and function in living systems and, through
its variation, to individuality and evolution.

During the current and past Programmes, EMBL scientists have, for example, charted
genomes of model organisms and humans, discovered pervasive non-coding
transcription, defined enhancer architecture, identified genes that control cell-cycle
events, uncovered catastrophic genomic rearrangements in cancer patients and
identified the populations of microorganisms that are present in human gut samples
(Section B.1). Although the technical limitations to sequencing have been dramatically
reduced — enabling the enormous recent expansion in our knowledge of which parts of
the genome are transcribed into RNA and which bind to regulatory factors — we are still
trying to catch up in our understanding of genome function, with the role of only a very
small percentage of this sequence in humans currently being defined. One major
challenge is to identify the function of the 98.5% of the genome that is not protein
coding. There is increasing evidence that these regions contain many segments with
diverse regulatory roles, but it will take extensive research to untangle these functions.
This is true not only in humans but also in model systems, and at EMBL we have, for
example, recently identified general and specific roles for non-coding RNAs, including
yeast antisense RNAs and vertebrate long non-coding (Inc)RNAs. EMBL also leads the
data analysis efforts in the international ENCODE (Encyclopedia of DNA Elements)
effort that aims to identify all functional elements in the human genome sequence. To
achieve breakthroughs, the development and application of new genomic approaches
remain at the core of EMBL'’s aims in this still young, yet rapidly advancing, field.

EMBL is well positioned to continue its contribution to biological discovery through the
application of genomic technologies due to the interactive structure between its creative
research groups and the Core Facilities (Section C.3), which disseminate these
technologies not only within EMBL but, capacity allowing, also to scientists in our
member states. EMBL scientists have played a major role in innovative use of genomic
technologies, such as tiling arrays and NGS applications, and have made important
contributions to the development of new computational methods for the analysis of
different emerging data types. The synergy and close proximity between research
groups developing new experimental methods, the workshops that help to implement
them, the Core Facilities, and computational groups that provide the statistical expertise
to analyse the data, provides a unique environment. In the examples below, specific
areas are highlighted in which we expect major developments over the course of the
next EMBL Programme and in which EMBL is in a strong position to take a leading role.
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2.2.1 Single-cell diversity

Recent studies have uncovered a surprising degree of heterogeneity in gene expression
between individual cells within ‘homogenous’ populations. Together with the known
genetic evolution of somatic tumour tissues, this observation makes it increasingly clear
that irrespective of whether they are healthy or diseased, single cells differ in their
genetic composition or in how they utilise their genomes for gene expression. This
heterogeneity can have important phenotypic consequences. For example, changes in
gene expression can provide additional means for single cells to acquire fitness
advantages over their neighbours, even when they are genetically identical.
Understanding differences between individual cells will be important for the treatment of
human diseases (Section B.2.3). Cancer, for instance, results from single cells escaping
regular growth control, and reoccurs by single cells escaping therapy. These escapers
proliferate to cause tumours. Studying the genetic and molecular composition of
individual cells will therefore be informative for understanding and treating cancer.
Today, single-cell sequencing of DNA or RNA using next-generation sequencers
enables the detection of cellular differences at high resolution and provides new insights
into how single cells of the same type function, sometimes differentially, in the context of
their microenvironment.

EMBL has made significant contributions to this new era of single-cell genomics. It has
contributed to analysing heterogeneous cell samples, characterising transcript isoform
diversity, correlating transcriptomic and in situ data, and dissecting cell-lineage
relationships. Our investment into microfluidic methods that can be used, among other
things, to separate single cells from a variety of sources have contributed to our ability to
study diverse systems in this area. Currently, for example, single-cell RNA sequencing is
being applied to understand heterogeneity in gene expression in cells of the thymus,
where heterogeneity seems to be crucial for the development of self-tolerance in the
immune system. Advanced computational tools and statistical models for the analysis of
these challenging datasets have been developed at EMBL. These enable biological and
technical variations to be reliably distinguished, and identify and correct for interesting
and unavoidable biological confounding factors such as cell-cycle effects during data
analysis. In addition, EMBL scientists have applied these methods to study cellular bet-
hedging strategies by which individual cell-to-cell variation can be used as a means to
promote survival of the population of cells (and in many cases the organism) when
environmental conditions change. While it is well known that bacteria exploit gene
expression ‘noise’ to implement such evolutionary bet-hedging strategies, the
characterisation of the extent and consequences of transcriptomic variability in higher
organisms, even in yeast, has only recently begun. Recent studies by EMBL scientists,
which are currently being extended, indicate that such stochastic cell-to-cell expression
heterogeneity followed by signal reinforcement underlies lineage separation events in
the early mouse embryo.

Given the current technical challenges, and the fast pace of methods development,
groups interested in single cells at several EMBL sites will continue to exchange ideas
and technologies. In 2013, the Sanger Institute-EBI Single-Cell Genomics Centre was
established on the Wellcome Trust Genome Campus in Hinxton, UK, to pioneer
technological and computational approaches for single-cell genomics.

In the next Indicative Scheme, these tools will be applied to different biological questions
(Box B.2.2), including a detailed analysis of bet-hedging strategies in clonal populations
of single-celled organisms, cell-fate decisions during the development of multicellular
organisms and cancer-cell survival strategies that lead to cancer recurrence. Future
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projects will also allow the characterisation of rare cell types, such as microbes from
mixed populations that cannot be cultured, and thereby provide molecular insights into
organisms that have so far escaped laboratory analysis. A major future goal is also to
combine different types of single-cell information (e.g. DNA and RNA sequencing,
bisulphite sequencing to identify epigenetically regulated DNA methylation sites, etc.) to
understand the relationship between DNA sequence, RNA expression and epigenetics
at single-cell resolution. Combination of these methods with single-cell imaging
technologies, including imaging mass spectrometry, also has the potential to provide the
link between the genome expression status of an individual cell, aspects of its
environment and its phenotype.

Cellular decisions are often thought of as intrinsic autonomous events, especially in the
light of recent studies using embryonic stem cell models. In reality, a cell within a
multicellular organism rarely acts in isolation but rather continuously interacts, via bi-
directional signalling, with its three-dimensional environment (Section B.2.4.3).
Examples of this are cues provided by cellular niches to give stems cells their pluripotent
properties or inductive signals that trigger cell identity or reciprocal contact-based
inhibition to reinforce and maintain cell states. Also, tumour cells are influenced by, and
in turn influence, the surrounding ‘normal’ tissues. Tackling this inherent multicellularity
poses a major future challenge. In the coming years, several EMBL groups across
multiple Units will develop new strategies to combine single-cell RNA sequencing of
animal model embryos with three-dimensional spatial information from imaging cell
positions (brainbow, RNA FISH) to map a cell’'s molecular fingerprint back into its
original in vivo position in the tissue or embryo from which it was isolated. New methods
in large-scale quantitative in situ hybridisation will also be explored. To complement
these efforts, expertise in modelling how cells are organised into three-dimensional
tissues will be strengthened and developed through the creation of a new EMBL
outstation for Tissue Biology and Disease Modelling (Section B.2.5). Together, these
approaches will link gene expression and genome regulation to spatial position and
thereby aid our understanding of how cells respond differentially within a tissue or a field
of cells depending on their environment (e.g. distance to a gradient source of a diffusible
signalling molecule, developmental history) and facilitate the prediction of developmental
trajectories.

Perturbation-based studies will be used to measure the functional relevance of
expression changes at the single-cell level. Efforts in this direction will include using
light-activated switches in gene expression that can be triggered in single cells within an
organ or organism at precise developmental stages. The ability to generate such tools
builds on EMBL’s complementary expertise in cell, genome and organismal biology, our
access to Core Facilities in the area of genomics and advanced light microscopy and to
the Sanger Institute-EBI Single-Cell Genomics Centre, which provides state-of-art
analysis platforms.

2.2.2 Analysis of causality and mechanism

In parallel to dramatic increases in data quantity, the past decade has seen a revolution
in the qualitative and quantitative nature of large-scale data acquisition. In the study of
gene expression, for example, new advances in NGS have enabled quantitation of
single transcript molecules simultaneously for all transcripts that are expressed in a cell
at a given state. NGS provides crucial information on where the regulators of gene
expression, such as transcription factors, bind throughout the genome with base-pair
resolution, a degree of precision that was unobtainable only five years ago. This shift to
more quantitative and high-resolution data is opening up new possibilities in genomics,
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facilitating mechanistic insights into how the genome is utilised and regulated. During the
next Programme, we will continue to develop and make use of advanced technologies to
move from correlation to causation, combining exploration with new mechanistic
insights. EMBL aims to play a leading role in three key areas:

Deciphering fundamental principles in the regulation of gene expression

The information stored within the genome defines the totality of programmes available to
regulate biological processes. Understanding the precise regulation of gene expression
is therefore essential and requires information on multiple steps, including the
transcriptional, post-transcriptional and post-translational levels. EMBL has a long
tradition in deciphering mechanisms that act on these processes. Recent examples
include new models of how enhancers (cis-regulatory elements) function, the discovery
that antisense transcription is both pervasive and regulatory, and a new understanding
of how a specific type of non-coding RNA — Piwi-interacting RNAs (piRNAs) — can
silence regions of the genome.

In the next five-year Programme, our goal is to link each regulatory step of gene
expression, from transcription-factor binding, chromatin remodelling, RNA polymerase I
recruitment and elongation, mRNA capping and processing, all the way to the
recruitment of the mRNA by the translational machinery. Many of these steps could
previously only be studied using single-gene approaches, but they can all now be
measured genome-wide. At the chromatin level, EMBL scientists will, for example,
integrate genomics, biochemistry, structural biology and cell biology to understand how
mutations in histone-modifying enzymes, commonly found in patients with
neurodevelopmental disorders and cancer, affect histone function and cellular
phenotypes (Box B.2.11, see also Section B.2.4.4). They will also study mechanisms
involved in the regulation of untranslated regions of mRNAs in various contexts ranging
from single-celled organisms to embryonic development and embryonic stem cell
differentiation.

Measuring dynamics and real-time kinetics of genome regulation

Currently, very little information is available on the kinetics and dynamics of how the
genome is regulated in real time. This includes both the tight deployment of protein
function in time and space to regulate genome activity throughout development, as well
as stochastic and sporadic properties of transcription at the single-cell level. However,
this temporal dimension is essential to understand and model the inherent robustness of
cellular decisions and phenotypes.

One exciting recent development is the ability to investigate how chromatin structure is
organised in three dimensions within the nucleus. New developments in single-cell
genomic technologies and super-resolution imaging, such as 3D single molecule
localisation microscopy (STORM and PALM), open up the possibility to study some of
these processes in real time (Section E.1.1.2.3). During the next five-year Programme,
EMBL will invest in pushing the resolution at which genome regulation can be studied to
its limits, making use of our strengths in genomics, imaging and bioinformatics. Several
EMBL groups across multiple Research Units will image different aspects of genome
topology and gene expression in cell culture-based systems and in developing
Drosophila and early mouse embryos. This will involve new technology development to
facilitate, for example, the study of enhancer looping to determine its properties and
dependencies during transcriptional regulation (Box B.2.3). For this purpose, new super-
resolution microscope development, as well as strategies to tag specific genes, loci and
transcripts, both for visualisation and targeted biochemistry, will be developed.
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Causality modelling

Identifying the molecular consequences of genetic variation is central to decoding
genome function, predicting phenotypic effects and developing therapeutic interventions.
It is hampered by the difficulty of identifying the causal pathways that mediate a genetic
variant’'s effect on phenotype and distinguishing these from pathways modulated as a
consequence of either the phenotype itself or of other sources of variability such as
environmental conditions. Molecular profiling is an excellent approach to address this
issue and EMBL has played a leading role in this area, making important contributions to
the study of natural variation in model organisms, genomic abnormalities in cancer, and
genetic variants that predispose individuals to inherited diseases. During the past five
years, many studies (often involving EMBL scientists) have successfully linked
molecular data from transcriptomics, proteomics or metabolomics with specific DNA-
sequence variants (Section B.1l). The challenge now is to identify the causal
relationships within these extensive correlative datasets. Recently, we have been
successful in deriving causal inference from linked molecular datasets for gene
expression traits measured in yeast segregants by determining which among multiple
genetic variants that lead to quantitative differences in the levels of expression of genes
(eQTLs) were causally important for fithess. The conclusion of this work was that it was
necessary to study a large population of yeast genetic variants in multiple environmental
conditions to identify which were causal. These studies have implications for the
interpretation of cell-to-cell variability in multicellular organisms, for example in the
choice of which of the potential targets identified in genomics studies should be used for
intervention in precision medicine. In the next Programme period, we therefore wish to
extend this approach to more complex eukaryotic systems.

Similar causality modelling will be used in the context of the Pan-Cancer Analysis of
Whole Genomes project, an international consortium co-directed by EMBL scientists that
aims to integrate all human cancer data into the largest world-wide resource to date that
links genome information to phenotype (Section 2.3.5, Box B.2.4). EMBL is working on
collecting extensive genomic and molecular data for several tumour samples and using
causal inference to identify the molecular pathways that lie immediately downstream of
genetic variants. Given EMBL'’s role in integrating these data, its expertise in generating
guantitative large-scale data and its strength in computational analysis and statistical
modelling, we are well positioned to make a strong contribution to the derivation of
predictive models of biological processes and their perturbation by sequence variation.

2.2.3 Synergistic application of proteomics with other genomics
technologies

Despite the enormous success of NGS technologies, the predictive power of how
transcriptional regulation ultimately affects the proteome remains limited. mMRNA and
protein abundances are frequently poorly correlated because translation rates and
degradation of proteins are often regulated independently from transcription. Post-
translational modifications, small molecule interactions and the formation of complex
protein-RNA interaction networks are examples of processes that further modulate
protein function. Therefore, the synergistic combination of proteomics and genomics
technologies is required to ultimately understand how genomic variation and gene
expression lead to phenotypes.

Mass spectrometry-based proteomics has become increasingly comprehensive and can
provide quantitative information on protein abundance and post-translational
modifications. EMBL scientists have developed new mass spectrometric techniques to
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study protein-RNA interactions, protein-lipid interactions and the architecture of protein
complexes. In the past three years at EMBL, these technological advances facilitated
e.g. the discovery of hundreds of novel RNA-binding proteins (see below), a new
mechanism of lipid transport from the ER to the cytoplasmic membrane and the
elucidation of nuclear pore complex architecture (Box B.2.7). Proteomics technologies
hold great potential to bridge across different disciplines and to integrate genome and
proteome research with cell, structural and developmental biology. In the next Indicative
Scheme, the Proteomics Core Facility will continue to work closely together with scientist
from all Units to develop novel experimental workflows tailored to their specific
requirements.

Although mass spectrometry-based proteomics is not yet applicable to the single cell
level, EMBL scientists have made critical contributions to making protein and proteome
analysis more sensitive. Thanks to these advances, samples of limited availability, such
as small pools of hundreds of cells can nowadays be analysed. In the 2017 - 2021
period, we anticipate that these advances will contribute to a more rapid and
comprehensive proteotyping, potentially even in a clinical setting. The integration of
proteomic state information on protein isoform expression, post-translational
modifications, conditional protein localisation, molecular interactions and protein
conformation with data from structural models, genome expression, imaging and
metabolome data will open new avenues to understanding complex regulatory networks.

2.2.4 Integrating metabolism and genome regulation

Although metabolism has been studied in isolation as a ‘housekeeping’ function for
decades, an emerging view emphasises that metabolic activities and cellular functions
are tightly intertwined and interdependent. How the metabolic state is affected by
environmental cues and how it is connected to the cellular state, and especially the
elucidation of the underlying molecular mechanisms and functional role of these
interconnections, is a common interest among several EMBL groups across multiple
Units. Metabolites represent about 50% of the content of a cell, yet we understand very
little about their localisation, activity and function. The interpretation of the relationship
between genomes and phenomes is hampered by the absence of a comprehensive
analysis of all cellular building blocks and in this respect, charting metabolites is crucial.

Metabolites have widespread functions beyond being building blocks or metabolic
intermediates. Many metabolites are essential co-factors for post-translational and
epigenetic modifications. Metabolic intermediates exert unexpected signalling roles, for
instance as ligands for G-coupled receptors, and several families of lipid-derived small
molecules participate in a broad range of cellular processes. In addition, many metabolic
enzymes have moonlighting (that is, additional) functions in the regulation of gene
expression, as highlighted by a recent EMBL study that integrated our strengths in
biochemistry, genomics and bioinformatics to identify hundreds of new RNA-binding
proteins, many of which are ‘classic’ metabolic enzymes. This led to the hypothesis that
RNA, enzymes and metabolites are tightly functionally linked and that RNA may have a
regulatory role in controlling enzyme activity as, for example, observed in T-cell
activation. In the next Indicative Scheme, we will use a new proteomic technology
developed at EMBL to determine the sites at which these so-called ‘enigmatic RNA-
Binding Proteins’ (enigmRBPs) interact with RNA. In addition, a collaborative project,
involving several Research Units and the Proteomics Core Facility, whose aim is to
comprehensively identify the RNAs that are bound by the hundreds of enigmRBPs as
well as the exact position of binding sites within each RNA, will be undertaken. The
project will record metabolic profiles of strategically chosen mutants and investigate the
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interaction of enigmRBPs with (effector) RNAs through structural studies. In select
cases, the investigation of clinical specimens could be informative regarding human
(metabolic) disorders. The resulting information will determine whether genomes can
directly affect the functions of mature proteins via effector RNAs, and may provide a
fundamental link between diet and genome usage.

In the next Programme, EMBL will focus on visualising, measuring, and annotating
metabolic activities, identifying molecular mechanisms linking metabolism and cellular
functions, and studying the physiological effects of metabolic state/environment in their
in vivo context, using high-sensitivity metabolomic and dynamic flux measurements. To
enhance these efforts, a new group in imaging mass spectrometry has been recruited
who will be able to visualise spatiotemporal dynamics of metabolites and metabolic
activities. Linked to this research group, a new Metabolomics Core Facility will be
established to provide access to these technologies. Novel fluorescent sensors for key
metabolites and in vivo testing using model organisms will also be developed (Section
E.1.1.2.1). Community standards and databases for metabolomics data will be
generated at EMBL-EBI. Ultimately the data for transcriptomes, proteomes and
metabolomes will need to be analysed collectively and, as further elucidated in the
section Analysing Molecular Data (Section B.2.1), many of the most difficult challenges
in this area lie in computational biology.

2.2.5 Conclusion

In summary, genomic science has permeated most life science research domains
through the precision and comprehensiveness afforded by systematic, comprehensive
molecular measurement. Recent developments have been particularly facilitated by
ongoing advances in NGS and mass spectrometry. As these methods enable accurate
measurements across thousands of genes, genomics can reveal patterns in biological
processes that are not detectable by single-gene level analyses. Thus, it is only through
genomics that many biological mechanisms have become apparent. Examples include
the universality of bidirectional promoters and the extensive functional importance of
what was previously considered ‘junk’ DNA. Over the next EMBL Programme, we expect
further advances in the resolution of genomics that will enable population measurements
to move towards the single-cell level. This step will provide insights into bio