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Biological complexity has forced scientists to develop highly reductive
approaches, with an ever-increasing degree of specialization. As a
consequence, research projects have become fragmented, and their results
strongly dependent on the experimental context. The general research question, that originally motivated these projects, appears to have been forgotten in many highly specialized research programmes. We here investigate
the prospects for use of an old regulative ideal from systems theory to
describe the organization of cellular systems ‘in general’ by identifying key
concepts, challenges and strategies to pursue the search for organizing principles. We argue that there is no tension between the complexity of biological systems and the search for organizing principles. On the contrary, it is
the complexity of organisms and the current level of techniques and knowledge that urge us to renew the search for organizing principles in order to
meet the challenges that are arise from reductive approaches in systems
medicine. Reductive approaches, as important and inevitable as they are,
should be complemented by an integrative strategy that de-contextualizes
through abstractions, and thereby generalizes results.

Introduction
Cell-biological systems are difficult to study because
they are complex in several ways [1]. One aspect of
biological complexity that is particularly important to
systems medicine is multi-levelness: the structural and
functional organization of the human body into organ
systems and tissues composed of cells. From molecules
to organs, levels are inter-related and inter-dependent,
so that the organism is able to conserve and adapt the
integrity of its structural and functional organization
against a back-drop of continuous changes within the
organism and its environment. This capacity, whether
it is described as ‘autoconservation’ [2], ‘functional stability’ [3], ‘evolvability’ or ‘robustness’ [4–6], is a consequence of non-linear spatio-temporal intra- and
inter-cellular interactions. To understand diseaserelevant cellular processes, we therefore require
methodologies that allow us to study non-linear
5938

spatio-temporal systems with multiple levels of structural and functional organization.
The most recent decades of research in the life sciences have been largely driven by development of new
technologies, which have brought about unprecedented
insights into the structural organization of cells [7,8].
Together with these technological developments, a
form of reductionism, i.e. studying higher-level phenomena by analysing the lower levels, has been established [9]. While some aspects of this ‘zooming in’ are
a pragmatic and indispensible response to biological
complexity, we here demonstrate the negative sideeffects of molecule-, pathway- and cell-centred
approaches.
The emergence of systems biology is connected to
the limitations of molecule-centred approaches [10].
Systems biology has shifted the focus from
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identification and characterization of molecular components towards an understanding of networks and
functional activity. As a consequence, dynamic systems
theory has played an increasingly important role in
understanding cellular processes [11,12]. We argue
that, for the transition from systems biology to systems medicine, a further shift of perspective has to
occur: re-focusing our attention away from pathwaycentred approaches to an understanding of complex
multi-level systems. Looking at the developments from
biochemistry to systems biology, it becomes quite
apparent that reductive approaches are rather limited
when it comes to answering questions in systems medicine [13]. In systems medicine, our understanding of
cellular functions must be integrated across multiple
levels of structural and functional organization: from
cells to tissues and organs to whole organisms, and
from cell functions (growth, proliferation, differentiation and apoptosis) to the physiology of organs or the
human body [14]. Multi-levelness is a hallmark of disease-relevant processes, which challenges conventional
dynamic systems theory [15,16]. Here we provide an
example from cancer research that demonstrates the
limitations of pathway- and cell-centred approaches.
Our goal in this review is to evaluate, from a personal and necessarily biased perspective, reductive
approaches and their limitations in answering questions
at the tissue and organ level by conducting experiments
at the molecular and cell level. We first consider how
biological complexity challenges experimentalists and
modellers alike, and then look at how the associated
difficulties have led to specialization, fragmentation
and the contextualization of knowledge. Following a
discussion of reductive approaches and their negative
consequences (in our view), we suggest possible future
directions for research in systems medicine. In particular, we argue that the search for organizing principles
may serve as a cure against the side-effects of reductive
approaches in systems medicine.
While not essential to our arguments, here we
understand systems biology as the science that studies
how biological function emerges from interactions
between the components of living systems, and how
these emergent properties constrain the behaviour of
these components. In practice, systems biology is an
inter-disciplinary approach by which biological questions are addressed by integrating experiments in iterative cycles with mathematical and computational
analysis. Systems medicine should be understood as
application of the systems biology approach to disease-focused or clinically relevant research problems.
A research challenge arising from systems medicine,
that is discussed in detail here, is the fact that, for
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many diseases, it is necessary to study and model complex systems from the molecular to the organ level.

Reductionism and specialization
In studying networks rather than individual molecular
components, some proponents of systems biology have
considered systems biology a ‘holistic approach’ [17–
19]. This unfortunate misconception ignores the fact
that technological advances have continued to enforce
reductive approaches, along with increasing levels of
specialization. Ten years ago, the focus on pathways
rather than single molecules may have been seen to be
a more comprehensive approach, but even today we
are still far down the reductive route, with the current
dominance of pathway-centred approaches to understand disease phenomena. Reductive strategies are
indeed an indispensible response to biological complexity, but, as we discuss here, they have negative sideeffects. One such side-effect is over-specialization,
which, in the current practice of systems biology,
means that the choice of experimental and modelling
strategies is more frequently guided and limited by
personal and practical considerations than by the need
to validate a general hypothesis that underlies the
research project. The approaches chosen are frequently
linked to decisions based on pragmatic considerations
of the associated efforts in terms of time and costs
required for experiments. For example, in research on
metastasis, many projects are focused on single molecules or small pathways, frequently using specific cell
lines. There is a mismatch between the research goal
(understanding mechanisms underlying metastasis in
humans) and the highly specialized projects, whose
results are only valid in a narrowly defined context.
There is an obvious need for integration of results
from individual research projects and a need for generalization (de-contextualization) of results.
Below, we describe several reductive strategies used
in biological and biomedical research. We first emphasize how the use of model organisms and the development of new experimental technologies provide key
resources for biomedical research, but also require a
high degree of specialization that may lead to fragmentation. Next, we indicate the difficulties arising from
pathway-centred approaches and mechanistic modelling. Finally, we discuss the limitation of cell-centred
approaches in cancer research.
The use of model organisms is one response to biological complexity, allowing us to study a complex organism by using another one that is either simpler or easier
to handle in experiments. An example is yeast studies in
cancer research, motivated by questions related to the
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cell cycle and its consequences for carcinogenesis or
tumor progression [20]. The experimental focus on a
particular model organism, the decision to perform cell
line in vitro experiments or the availability of a suitable
in vivo model are our first examples of a common reductive approach, which also imply a disciplinary specialization with separate conferences and journals.
However, research on model organisms also provides
de-contextualized insights. A basic assumption in using
model organisms or cell lines is that, while details may
differ, there are some generalizable principles at work.
We believe that the relationship between reductive
choices, inevitable and successful as they are, and the
generalization of results obtained, requires more attention from scientists, philosophers of science and funding
bodies. For reductive approaches to succeed, they must
be complemented by integrative strategies. We argue
that these integrative strategies also require higher levels
of abstraction than most biological and biomedical
researchers currently feel comfortable with, and this
requires further mathematical research.
What have been heralded as revolutionary advances
in molecular and cell biology are largely due to technological developments, allowing us to study molecules
and cells in greater detail and more comprehensively.
The costs and the specialist expertise required to perform experiments with state-of-the-art measurement
devices have meant that only one or a selection of
technologies are used in any one study for most
research projects. Whether the choice is microscopy,
proteomics, transcriptomics or deep sequencing, their
use requires a high degree of specialization. ‘Omics’
technologies are frequently tied to a focus on a particular class of subcellular processes, i.e. gene regulation
(e.g. transcriptomics), signal transduction (e.g. proteomics) or metabolism (e.g. metabolomics). Again, a disciplinary fragmentation, with specialized conferences
and journals, may be observed. Furthermore, another
enforcement of scientific specialization is linked to the
focus on a particular cell function, such as cell growth,
proliferation, differentiation and apoptosis. It is quite
obvious, albeit not generally appreciated, that, for
application of systems biology approaches in biomedical research, there is not only a need for computational tools that enable integration of data from
heterogeneous sources, but also a need for radically
new methodologies that enable generalization of context-dependent experimental results.
Our next example of a reductive strategy is the focus
on selected pathways or networks. Pathways are frequently defined by practical considerations, meaning
that only a relatively small number of molecules are
considered in experiments. However, for most disease5940
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relevant processes, these pathways are sub-systems of
a larger whole. Rational criteria to identify modules or
sub-systems are largely lacking. In practice, one is usually forced to define a boundary for the network as it
is investigated experimentally. If this pathway is one of
several that contribute to a particular cell function, for
example, the notion of ‘cross-talk’ between pathways
has been used. However, for most pathways that interact, this notion of cross-talk raises questions about the
conceptual and experimental isolation of the two systems. In order to use the experimental results related
to a specific pathway in a wider context (e.g. studying
the Jak–Stat signalling pathway to investigate cell differentiation), we require new methodological and conceptual frameworks to de-contextualize and generalize.
A similar situation occurs when studies at the cellular
level (looking at single cells, cell cultures and single
pathways) need to be related to tissue-level phenomena
and the physiology of an organ. We believe that the
problem of generalization through de-contextualization
and the integration of experimental results requires
more attention and research, as otherwise the currently
favoured pathway-centred approaches will be of limited value.
Systems biology is largely defined as an inter-disciplinary approach that combines experiments with
mathematical and computational modelling. Like experimentalists, who are often not free to choose any
technology they want, most modellers are not really
free to choose a conceptual framework for modelling.
Despite the development of user-friendly tools that
guide the modelling and simulation of biological systems, the construction of a model and its parameterization requires expert knowledge. Although the choice
of an appropriate approach should in principle be
guided by the question under consideration alone,
more often, practical considerations and personal
choices are decisive. Similar to the efforts required to
perform experiments, the construction and analysis of
a model may be challenging, requiring a high degree
of specialization and experience. For example, non-linear ordinary differential equations are the most frequently used framework, but, for larger numbers of
variables, parameterization and analysis of these models is difficult. Dynamic systems theory is particularly
intuitive if systems can be reduced to a few variables.
For systems with only two variables, and for systems
that are linearized around a steady state, the theory is
most powerful and well developed. It is therefore not
surprising that some case studies are selected to fit the
tools, rather than the other way round. In contrast to
differential equation models, agent-based simulation
models handle many variables and represent spatial
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aspects more easily, but the ‘model’ is programmed,
lacking the desirable simplicity of representation. Also,
stochastic approaches, even if the most appropriate,
are often avoided because they require a deeper understanding of the maths by the modeller. The choice of
an appropriate modelling formalism, the construction
of the model, the estimation of parameter values and
subsequent exploration of the model through simulation and formal analysis are aspects of a craft that
requires specialization. Tailoring a model around a
particular question, making various assumptions and
simplifications along the way, will unfortunately also
make it context-dependent.
The creation of large collections of information
from experiments using various experimental models
and employing a wide range of technologies and methodologies requires integrative strategies through which
fragmented information may be put together
[13,21,22]. A pragmatic, computational way forward is
to support integration of information through visualization of information in data management systems or
data warehouses. However, this would only be a partial contribution to what is the actual scientific challenge: how can we, from large collections of
information, extract principles, understood as robust
generalizations, independent of the experimental context of any particular study? Take, for example, our
understanding of cell functions, say apoptosis, for
which numerous studies, using different technologies
and experimental models (e.g. cell lines, genetic mouse
models), have provided pieces of a puzzle that give us
deeper insights into apoptosis in the context of carcinogenesis. Many experiments in molecular and cell
biology are however valid only within a well and often
narrowly defined experimental context, determined by
the choice of technology and the biological model.
Furthermore, most mathematical models are constructed to answer specific questions, and, while the
assumptions made may be valid in this particular context, it is difficult if not impossible to merge models
for complex multi-level systems. An important challenge for systems medicine is thus the integration and
decontextualization of results, to put the pieces of a
puzzle together.
A survey of review articles focusing on epithelial cell
renewal in the context of colon cancer uncovers
numerous speculations about the theories and (explanatory) models that may be formulated as organizing
principles, including the ‘unitarian hypothesis’ of
monoclonal conversion, the ‘single stem cell hypothesis’ or the ‘stem cell niche hypothesis’ in the context of
niche succession, the ‘hierarchical model’ compared to
the ‘stochastic model’ for niche homeostasis, the
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‘somatic mutation theory’ versus ‘tissue field organization theory’ to explain carcinogenesis, or the ‘topdown’ versus ‘bottom-up’ hypothesis of clonal expansion linked to early growth of adenomas, or cancer
progression being discussed in terms of the ‘cancer
stem cell model’ versus the ‘clonal evolution model’
versus the ‘interconversion model’. What this selection
exemplifies is that the formulation of such principles
and arguments for or against them are developed in
exceptionally well-written review articles in biological
journals: leading experts integrate knowledge by interpreting collections of fragmented pieces of information. Very often, the experimental studies are about
cellular processes, but the results are interpreted with
respect to consequences at the tissue level. What we
propose is not simply to support this integrative process through data management and visualization tools.
In addition, the search for organizing principles should
be supported by systems theoretic approaches, specifically new forms of mathematical modelling to formalize cross-level relationships from molecules and cells to
tissues and organs.
Our argument here is that a review of current practice leads us to the proposition that, if you want to
understand a tissue, you need to study it as a whole!
Interestingly, this argument mirrors an aspect in the
transition from biochemistry to systems biology. In
1986, Kacser, commenting on whole–part relationships
in metabolism, wrote ‘to understand the whole, one
must study the whole’ [21]. Here, however, we reach
an apparent contradiction because we also argue that
reductive approaches, focusing on pathways and cells,
are inevitable in the light of biological complexity and
the experimental/technical challenges. How then may
we escape the reductive cul-de-sac? One avenue is to
‘up-scale’ experiments and models, to incrementally
increase the number of molecular components and
pathways to be looked at. However, we have come to
the conclusion that it is necessary to try to complement such reductive strategies by novel approaches
that provide higher levels of abstraction, using systems
theory. Abstraction in mathematical modelling allows
us to link evidence and knowledge of the subcellular
domain or cell level with the tissue and whole-organ
level. A conceptual framework that provides a
straightforward generalization of mechanistic models
and that has been considered elsewhere is mathematical general systems theory [22,23]. An interesting problem that arises in this context is transition of a
mechanistic model as an ‘ontological’ description of a
biochemical and biophysical reality to a mathematical
representation of what we know about the biological
system – an ‘epistemological’ version of logical possi5941
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bilities that link evidence [24]. The move to higher levels of abstraction poses a number of challenges. For
example, abstraction implies generalization, which in
turn implies a lack of specificity – the more abstract
the representation becomes, the less predictive the
models are about a specific experimental context. In
our view, this aspect is in fact showing the way forward: reductive approaches that ‘zoom in’ on cellular
mechanisms in the context of human medicine ought
to be complemented by a search for general organizing
principles at higher levels of structural and functional
organization in tissues and organs.
Below, we identify the challenges specific to systems
medicine, leading up to a proposal for a way forward
that addresses the complexity of disease-relevant processes. We argue that, despite its limitations, modelling is essential not only for systems biology and
systems medicine, but for science in general. In our
view, the response to biological complexity should
not only be a reductive one. To go forward, there is
also a need to strategically focus on the development
of approaches that ‘zoom out’ to help us understand
multi-level systems. Addressing experimentalists and
modellers alike, we wish to proclaim that, to study
disease-relevant processes in tissues, one should also
study tissues through an active search for organizing
principles.

Consequences for systems medicine
Many diseases represent problems of tissue organization: changes in the structure and function of a tissue
may be the results of changes within cells (e.g. mutations), leading to cellular malfunction, but, simultaneously, tissue organization may also induce changes
within cells (e.g. through epigenetic mechanisms). It
therefore appears obvious that we require methodologies to investigate systems across multiple levels of
functional and structural organization.
Cancer research is an example that illustrates the
problems arising from reductive approaches, fragmentation and the dependency of results on a particular
technological and/or experimental context. Hanahan
and Weinberg’s review ‘The hallmarks of cancer’ [25]
may serve as a classification of research efforts. Most
cancer projects focus on a particular cancer and on
either carcinogenesis, tumour progression, or metastization and invasion. These high-level/tissue-level phenomena provide the motivation and background for
the projects, but, in practice, the highly specialized
research in most projects actually does not address
such general questions directly. Instead, the current
practice is rather ‘pathway-centred’, where most pro5942
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jects ask a very specific question, related to a specific
pathway, say the Jak–Stat pathway or an MAPK
pathway, or concentrate on the role of a particular
molecule, say p53 or E2F1 [26]. The ‘zooming in’ on
molecular components has been very important and
has generated enormous amounts of valuable information. The work on a particular molecule, say p53,
is argued to be justified on the basis of its role in a
cellular process, like DNA damage response. This
focus on a particular molecule leads to definition of a
network of molecules linked to p53, small enough to
be experimentally tractable. However, as the cancer
biologist Lazebnik notes: ‘the mystery of what the
tumour suppressor p53 actually does seems only to
deepen as the number of publications about this protein rises above 23 000 [27]. In this famous and provocative paper, Lazebnik asks whether biologists can
meet two challenges described as analogous: fixing a
radio and developing a general characterization of
apoptosis. He comes to the conclusion that the strategy of biologists would fail in both cases, as this most
likely would be to crush the radio down to all its
components and analyse these, just as much of medical research has been a search for a miracle target
whose malfunction is thought to explain the investigated disease. If no such master gene exists that can
explain cancer, Lazebnik argues, the status of research
is like the Chinese proverb alluding to the search for
a cat in darkness that is not even there.
It appears that we have become so preoccupied with
molecular details that we have forgotten to ask how
all the research results relate to answering the big
(higher-level) questions. We believe that, for some disease-related phenomena, we are failing to see the wood
for the trees. It is paradoxical that most cancer
research projects are motivated by a far more general
research question that is largely ignored in the execution of these research programmes. The pragmatic
reductionism that focuses on particular molecules and
pathways creates a fundamental problem. The focus
on a particular molecule or pathway may be justified
by researchers on the basis of its relevance for an
important cellular process (e.g. DNA repair), which in
turn is associated to some cell function (e.g. apoptosis), that is then linked to some disease-relevant process (e.g. carcinogenesis). However, starting with a
high-level phenomenon, say angiogenesis, one may
easily identify a large number of molecules and pathways that are relevant. Therefore, how may any single
project, motivated by a higher-level process but limited
to a particular experimental context, provide any
meaningful contribution? In our view, the current
practice is not sustainable, and requires re-thinking of
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how we go about answering bio-medically relevant
questions in molecular and cell biology.
Systems biology emerged from a shift of focus, away
from identification of cellular components and their
molecular characterization towards an understanding
of functional activity [28,29]. For systems medicine, it
will be of utmost importance to move on from pathway-centred approaches. Rather than starting with
subcellular mechanisms and models thereof, before
generalizing these to the level of cell functions and
their role in phenomena at the tissue level, we wish to
promote an alternative route that starts with a hypothesized general principle about tissue organization, to
then identify and investigate cellular functions and
subcellular processes in an effort to validate the original hypothesis.
We believe that such a search for organizing principles is happening but is mostly hidden in a few review
articles and left to the inspiration of a few scientists.
Cancer research is an area in which review articles play
a particularly important role due to the above-mentioned flood of information about individual molecular
components. Exceptionally good review articles not
only gather and list information in a summarized form,
but the authors try to organize the information to speculate about the larger picture into which the pieces of
the puzzle may fit. Take, for example, the highly cited
review article ‘The hallmarks of cancer’ by Hanahan
and Weinberg [25]. Looking at a quarter of a century of
rapid advances in cancer research, the authors argue
that rather than ‘adding further layers of complexity to
a scientific literature that is already complex beyond
measure’, the search for the origin and treatment of
cancer will not only be driven by developments at the
technical level ‘but ultimately, the more fundamental
challenge will be conceptual’. In 2000, Hanahan and
Weinberg foresaw ‘cancer research developing into a
logical science, where the complexities of the disease,
described in the laboratory and clinic, will become
understandable in terms of a small number of underlying principles’ [25]. In their seminal review article,
Hanahan and Weinberg ‘suggest that the vast catalog
of cancer cell genotypes is a manifestation of six essential alterations in cell physiology that collectively dictate malignant growth’ which ‘are shared in common
by most and perhaps all types of human tumors’. They
refer to the functional capabilities that cancers acquire
during their development as ‘hallmarks of cancer’. A
hallmark of cancer is here understood to be a generalization in the sense that it may be acquired by various
cellular mechanisms. Hanahan and Weinberg’s hallmarks therefore take us some way towards the search
for organizing principles as an epistemological tool.
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As discussed further below, organs and tissues are
multi-level systems manifesting both ‘regressive determination’ and ‘progressive determination’: the whole
(organ or tissue) is the product of the parts (tissue or
cells, respectively), but the parts in turn depend upon
the whole for their own functioning and existence.
Karsenti’s initial definition of self-organization implied
that understanding of functions in living systems
implied an understanding of (self) organization [30].
This also implies that we should focus on principles
rather than on single molecules or pathways alone. In
our view, the current practices in cancer systems biology require re-thinking. The technological advances
that have enabled us to ‘zoom in’ should be complemented by methodologies that allow us to ‘zoom out’:
the microscope of molecular and cell biology should
be complemented by the ‘macroscope’ of systems
theory.

Multi-levelness and the search for
organizing principles
Living systems, from organisms to organs, tissues and
cells are phenomena of organized complexity [31]
whose relationships and properties are largely determined by their function as a whole. The tissues of our
human body are self-organizing systems: every cell
owes its presence to the action of all its surrounding
cells, and also exists for the sake of the others. The
whole (tissue) and its parts (cells) reciprocally determine functioning of each other. For instance, the pacemaker rhythm of the heart is not only caused by the
activity of the ion channels at the molecular level, but
is also dependent on the functioning of the organ, and
even the body, as a whole. The systems biologist Denis
Noble elegantly demonstrated the importance of such
downward determination in simulations of the heart
rhythm, where feedback from cell voltage was removed
and fluctuations in ion current ceased [32,33]. To
understand such phenomena in multi-level systems, it
is not only important to understand molecular mechanisms but also to understand the organizational maintenance of the system at higher levels.
The human body provides the prototypical example
of a multi-level system, where molecules, cells, tissues
and organs are sub-systems of physiological systems
(e.g. the cardiovascular system, the digestive system,
the immune system etc.) The human body is thus
structurally organized into spatio-temporal scales and
functionally organized into behavioural levels (Fig. 1).
A characteristic of the system, as a whole, is its functional stability against a back-drop of continuously
changing and perturbed sub-systems [3].
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Fig. 1. Structural and functional (self) organization of tissues using the intestinal colon as an example.

Take, for example, the large intestine (colon) of the
digestive system, which is also a common site for carcinogenesis. The inner lining of the colon is organized
into millions of crypts [34,35]. The base of the crypts
form a niche and micro-environment for a small number of stem cells that continuously renew the epithelial
layer in order to maintain the physiological function
of the colon (nutrient absorption) and to repair or
avoid possibly detrimental effects from mechanical or
chemo-toxic stress, which may lead to the formation
of neoplasms and possibly carcinomas. The structural
organization of the crypt emerges ‘bottom-up’, and its
function is maintained through division and differentiation of stem cells. At the same time, the behaviour of
these stem cells is coordinated by higher-level phenomena resulting from the need for tissue maintenance and
repair. In the more general framework of multi-level
systems with reciprocal and simultaneous cross-level
determination, levels are inter-dependent but not necessarily causally linked [36]. Here, intra-level relationships may be conventional causal interactions, such as
the mechanisms realized through subcellular biochemical networks, where causality is understood as a principle of explanation of change, not changes of things,
but changes of states, represented with mechanistic
models from dynamical systems theory. Inter-level
relationships, on the other hand, constitute an interdependence in which levels are allowed a degree of
autonomy [35,37]. The fact that levels are inter-dependent, but not necessarily causally linked, challenges the
current practice of reductive approaches in experimentation and modelling. While systems approaches have
been quite successful in describing mechanisms underlying intra-level relationships or ‘causal interactions’,
we are in need of new ideas when it comes to under5944

standing inter-level relationships. Below, we argue that
mathematical general systems theory is one possible
conceptual framework that abstracts conventional
dynamical models and thus provides a basis for generalization from mechanistic models.
Let us consider an example from cancer research,
where the need for identification and understanding of
cross-level principles is of crucial importance. This
example continues our discussion about the negative
side-effects of reductive approaches. A widely accepted
view on cancer is that it is a cell-based disease [38].
With cancer research following closely the developments in molecular and cell biology, pathway- and
cell-centred (reductive) approaches have enforced the
view that sporadic cancers are initiated and largely driven by accumulation of mutations in what may then
be called a ‘cancer cell’ that loses control over its
proliferation. Hanahan and Weinberg state that, ‘By
simplifying the nature of cancer – portraying it as a
cell-autonomous process intrinsic to the cancer cell –
these experimental models have turned their back on a
central biological reality of tumor formation in vivo:
cancer development depends upon changes in the heterotypic interactions between incipient tumor cells and
their normal neighbors’ [25]. Soto and Sonnenschein
[39], who refer to the cell-centred view of carcinogenesis as the ‘somatic mutation theory’, have proposed an
appealing alternative theory that considers cancer to
be a problem of tissue organization. A key premise to
their ‘tissue field organization theory’ is that ‘carcinogenesis takes place at the tissue level of biological
organization, as does normal morphogenesis’. Here
cancer is not a cell-based phenomenon but a tissuebased phenomenon, comparable to organogenesis during early development. A startling conclusion is that
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the genetic instability of tumours is likely to be a consequence, not a cause, of cancer. As new deep-sequencing technologies are pushing forward the reductionist
agenda, we here call for a reflection about the original
questions at tissue level, and ask whether the technology-driven reductionism should not be complemented
by an equally well supported research programme into
new, integrative and abstract methodologies. The purchase of technologies that dig deeper into the molecular details of a tumour sample is the seemingly more
comfortable route. However, if cancer is a problem of
tissue organization rather than of single cells, new
experimental designs will be required. For modelling,
the outlook is as challenging as it is exciting: if cancer
is a problem of tissue organization, reciprocal interactions between cells and their environment come into
focus, and ordinary differential equations are no
longer sufficient to capture the spatial coupling of biochemical and biophysical/mechanical interactions. As
discussed below, modelling complex systems across
multiple scales of spatial and temporal organization
may take two routes.

From multi-scale to multi-level
systems analysis
How does one study multi-level systems, i.e. investigate, the functioning at higher levels of tissue organization? One possibility, proposed by several large-scale
research projects such as the Virtual Physiological
Human Project [14,40] or the Human Brain Project
[41–43] is to simulate organs in physical and chemical
detail, bottom-up, from molecules to organs. However,
the attempt to meet biological complexity with a complexity of models that include ever increasing details
seems somewhat to be analogous to Lewis Carroll’s
and Jorge Borge’s fictions, where the art of cartography attains such perfection that the maps become as
detailed and as big as the countries they represent.
These maps are abandoned as useless, not because of
the lack of precision, but because of their exact accuracy [44,45]. Similarly, it has been argued that the way
forward in the biological and biomedical sciences is
not to try to include all details and to add further levels of complexity to models and the scientific literature,
but rather to develop approaches that zoom out
and focus on key aspects of the phenomena studied
[46–48].
An alternative response to the complexity of tissues
and organs is to abstract away from the biophysical
and biochemical details. The basis for such generalization of mechanistic models into more abstract representations is mathematical general systems theory [23].
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While more abstract, and therefore less specific about
a particular system, these approaches provide a framework to formulate and identify organizing principles
[24,35,37]. An example of what such a theory should
deliver is a formal framework to represent tissue organization, which may then be used to decide between
the alternative theories of carcinogenesis discussed
above.
The focus here on organizing principles is a re-introduction of an old regulative ideal in systems sciences
dating back to Bertalanffy’s ideals for a general systems theory [49], to Rashevsky and Rosen’s notion of
optimality principles [50–52], and to Savageau’s
so-called demand theory for gene expression, which
exemplify design principles in biochemical systems theory [53,54]. The prospects of a more theoretically
grounded biology searching for general and perhaps
even law-like principles of living systems has been the
issue of long debate in philosophy of biology [55–57].
However, the search for organizing principles need not
rest on the widely criticized optimality approach
[37,58,59], but is here understood as robust generalizations that account for the general behaviour of a class
of (often different) systems. This strategy is not an
attempt to reduce away biological complexity with
abstract approaches. Our proposed focus on organizing principles is not an alternative to bottom-up
approaches, or mechanistic modelling; it is a complementary approach. For that matter, it is also reductionist, but in a different sense. Every model or
scientific theory is a reduction of something complex
to something simpler [47]. The search for organizing
principles is a matter of reducing the number of details
and the amount of context-dependent information for
the sake of the generality achieved through abstraction. This ideal is not in opposition to finding biological mechanisms but rather has a different aim, namely
to find out how a class of systems works in principle.
In recent years, interest in general principles underpinning the organization of biological systems has
intensified, and we expect this to continue. Efforts in
network modeling have led to the discovery of general
topological aspects and shared functional constraints
of various networks [54,60–63]. Evolutionary systems
biology has initiated the search for evolutionary design
principles that demonstrate general features of evolving networks [59]. Furthermore, attempts to develop
abstract cell models and explore the potential of category theory and mathematical general systems theory
have recently been initiated [35,37,64–68]. As these
approaches address questions at a higher level of
abstraction, the relationships between theoretical models and experimental practices will be an important
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point of discussion in future biology and medicine
[69]. Another example from our own work is the study
of epithelial cell renewal in the context of colon cancer
[35]. Using simple-order relationships to link the division of stem cells in their niche to the fate of the crypt,
we formulated a theorem that shows how the fate of
the tissue is determined by a single lineage. The
approach does not use any numbers to characterize
the system, but analyses what is logically possible ‘in
principle’ [24]. In such approaches, the definition of
(and assumptions about) variables and the subsequent
formulation of the theorem create an argument about
an organizing principle relating to a tissue. To identify
or suggest a principle is to generalize a phenomenon
from particular instances, to de-contextualize it, for
example, generalizing it beyond a specific experimental
context. We believe that, if the gap between systems
theory and mainstream biology can be bridged
through more research in this direction, theoretical
models may be of high practical value because they
address fundamental properties of the system under
consideration.
In summary, we here considered the transition from
systems biology to systems medicine by personal reflection upon the developments that took us from biochemistry and molecular biology to systems biology.
We noted that advances in molecular and cell biology
were largely technology-driven, leading to high degrees
of specialization and a reduction of the validity of
results to the specific experimental context. In the context of many diseases, which cross multiple levels of
structural and functional organization, reductive
approaches and conventional dynamic systems theory
are limited in facilitating identification of general principles underlying these diseases. Another contribution
of our analysis is the proposal for a strategy that
promotes integrative approaches and the search for
organizing principles. While new technologies are
widely welcome and their development is well supported, we hope that our analysis contributes to a better appreciation of the development of new and
abstract methodologies. We firmly believe that systems
medicine not only requires new means of measuring
things, but also new ways of thinking.

Conclusions
A review of the current practice of molecular and cell
biology reveals negative side-effects of technology-driven reductive approaches. Although much has been
learned about molecular components and subcellular
processes, these sub-systems are part of a larger whole
that is frequently ignored when it comes to under5946
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standing tissue- and organ-level questions. Many diseases are a problem of tissue organization, and require
us to integrate our knowledge from the molecular level
all the way up to the tissue and organ level. Multi-levelness is a hallmark of biological complexity, and, in
our view, is the final frontier and the greatest hurdle in
the success of systems medicine. In our analysis, pathway- and cell-centred approaches have severe limitations when it comes to understanding disease-relevant
multi-level systems. As a consequence, we believe that
the future of systems medicine will rely not only on
technologies, but will also require a strategic focus on
the development of new methodologies. Our analysis
has revealed a need for generalization through abstraction, and we proposed the search for organizing principles as a cure against negative side-effects of reductive
approaches. To this end, we suggest systems theory as
systems medicine’s next stethoscope.
The search for organizing principles is not only of
theoretical value but of high relevance for solving practical problems. The ideal of general principles has a
long history [49,50,70–72], but is still not fully appreciated [24,35,37,66]. The focus on general principles
enables a shift away from molecule- and cell-centred
studies and from what Robert Rosen called ‘thinghood
properties’, towards an understanding of ‘systemhood
similarities’ [57]. Organizing principles do not provide
fine-grained causal explanations of biological mechanisms. Their epistemic value lies elsewhere; as higherlevel abstractions, organizing principles may facilitate
transfer of methods across disciplinary boundaries, and
development of what Bertalanffy called ‘in principle
explanations’ [49]. These are coarse-grained descriptions of the behaviour of a system that may be seen as
templates for how such a system can be investigated.
Organizing principles thus signify an epistemological
framework for understanding complex phenomena.
The formal framework of mathematical general systems theory forces us to be precise about our assumptions, and helps us to check the logical consistency of
the argument made about a biology system [24,35].
Understood this way, they are not fruitful despite their
abstract and often idealized nature, but because of it.
We believe that the limitations of reductive
approaches will be particularly detrimental to progress
in systems medicine. We provided an example from cancer research, demonstrating that many phenomena at
the level of tissues and organs cannot be reduced to cellular events. Tissue organization, the tissue’s structure
and function are emergent properties that reciprocally
determine the behaviour of the cells that make up the
tissue. Cancer provides an example of a problem of tissue organization, and we argue that if one wants to
FEBS Journal 280 (2013) 5938–5948 ª 2013 FEBS
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study tissues, one has to study tissues as a whole and
not only focus on single pathways and single cells.
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Opinion: Consumer DNA Testing Is Crossing
into Unethical Territories
Data don’t support many direct-to-consumer products, from telomere assessments to
bespoke diets based on genetic sequences.
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a regular column on bioethics for The Scientist.
Direct-to-consumer DNA testing has provided genetic information to more than 12 million
individuals, traditionally for exploring ancestry. While such testing does not violate ethical
guidelines, other uses of consumer DNA testing may cross the line. Over the past few years,
many of these DNA testing companies have branched out into the realm of precision health,
treading into ethically dangerous territories.
For example, 23andMe, with US Food and Drug Administration (FDA) permission, now reveals
to consumers whether they possess a whole suite of genetic mutations, including those associated
with Lynch syndrome and breast cancer, under the assumption that awareness will likely
improve the health of its consumers. Other companies advertise that their DNA testing will better
educate customers on what type of diet or lifestyle they should incorporate to lose weight.
The major problems with these tests are two-fold. First, many of the tests lack scientific validity
to support the genetic outcomes revealed to their customers. Not all of the 25 major companies
engaged in direct-to-consumer DNA testing have been Clinical Laboratory Improvement
Amendments certified. Second, there is no professional counseling required before and after the
consumer receives her results.
A single telomere test, even when it is highly accurate, can’t provide a true picture of biological
aging because what is important is how fast the telomeres are shortening.
For example, companies such as Vitagene, TeloYears, and 23andMe use DNA testing to assess a
person’s health and/or longevity. Vitagene claims that its product helps individuals choose which
vitamins are most appropriate for their bodies and will even sell a personalized “optimum”
vitamin regimen for $79/month. TeloYears measures telomere length in blood cells “to help you
stay younger longer.” Helix informs their clients their athletic abilities, diet, and sleep patterns.
23andMe claims to inform the customer about recessive genetic variants that may not affect their
health but could affect the health of their children.
The lack of context attendant with consumer DNA testing for health reasons is a serious and
potentially harmful issue. 23andMe, for example, only tests for three of the most common BRCA

mutations associated with an increased risk of getting breast cancer. In fact, there are almost
1,000 BRCA mutations that need to be assayed to provide an accurate assessment. In addition,
not all of these mutations are deleterious because there are other gene variants that an individual
may carry that mitigate the risk for breast cancer.
In one small study, Ambry Genetics examined 49 samples sent in by physicians whose patients
had been told that they had disease-causing mutations by a third-party vendor. Ambry
Genetics found that 40 percent of the results were wrong. In addition, some genetic variations
classified by these companies as threatening were actually benign. The problem is that the
customers think they are getting the same kind of precision genetic testing that they would get
from a certified clinical laboratory.
The idea of measuring telomere length to estimate longevity has some scientific merit. There are
studies and patents that provide methods of determining human telomere length and correlating
shorter telomeres with an increased mortality rate and increased susceptibility to certain types of
conditions, such as cardiovascular disease. Moreover, unhealthy lifestyle factors, such as
smoking, junk food, obesity, inactivity, and chronic stress, all are associated with shorter
telomeres. However, there is a wide range of “normal” telomere lengths. Scientists have shown
that cells don’t trigger apoptosis unless telomeres get extremely short. In addition, many
consumer companies use quantitative polymerase chain reaction to assess telomere length. This
test has a 20 percent variability rate and sometimes testing on different days can yield different
results. In contrast, clinical labs typically use flow cytometry and fluorescent in situ
hybridization to measure telomere length, a protocol that has a lower variability rate (5 percent).
Equally important is that a single telomere test, even when it is highly accurate, can’t provide a
true picture of biological aging because what is important is how fast the telomeres are
shortening. To determine that rate, a baseline test must be followed up over time by other tests,
something these consumer labs do not generally do.
Equally disturbing are the companies advertising DNA tests designed to inspire their consumers
to develop more personalized diets, workouts, and supplements, often with the overall goal of
weight loss. There are no published scientific data that support the idea that current genetic
testing can help design a bespoke diet that will benefit one’s health. In fact, the few studies
published show absolutely no connection between existing DNA testing and choosing the best
diet to lose weight. Further, scientists have not identified a general “overweight gene,” although
hundreds of weight-associated genes have been identified in genome-wide association studies,
including a few rare obesity genes.
Aside from the accuracy problem, revealing these genetic results to customers may pose serious
psychological and medical ramifications. In my experience, the public does not really understand
the complexities of genetics and epigenetics in predicting disease onset or severity. Will
customers whose DNA testing reveals a deleterious mutation seek out a consultation with a
certified genetic counselor? It is also unclear how many clients will seek medical advice after
receiving news that they carry a genetic disease. Conversely, if customers are told they have no
breast cancer risks, will this information lead them to forgo recommended cancer testing, such as
mammograms, as they age? Testing companies such as 23andMe say they are not at fault,
because they make it clear that their data are not meant to be used for medical diagnoses. Why
then provide such elliptical information to the uneducated consumer?

Understandably, many people want to know about their health or longevity without making that
information available to insurance companies for fear their insurance rates will go up. Yet,
consumer DNA testing companies offering gene health tests promote an illusion of private,
personalized medical information under the aegis of empowerment. However appealing that may
sound, the truthfulness and utility of these tests are not obvious. Who really benefits from such
testing?
The complexity of genetics and disease risks mandates an ethical directive that customers
requesting such tests should also require genetic counseling and education, both prior to doing
the tests and after receiving their results. DNA testing for health by clinically certified
laboratories is the only logical way to proceed. Only certified geneticists should be presenting
genetic results to consumers and patients in a comprehensive manner that reduces the medical
and psychological repercussions of either positive or negative data. The same reason why certain
drugs require a physician’s prescription sets a precedent that DNA testing requires a physician’s
supervision. While medicine is heading towards precision care, direct-to-consumer DNA testing
companies are crossing into unethical territories by not yet providing precision health
information. Therefore, the FDA should warn the public of the potential harm in using these
DNA tests for medical reasons and doctors should discourage patients from taking them until the
science has improved.
Keywords:
23andMe, diet, direct-to-consumer, genetic testing, genetics & genomics, opinion, pharma &
biotech, telomere
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Epigenetic Solutions to Genetic Determinism Failures
Population DNA methylation studies in the Developmental Origins of Health and Disease (DOHaD) framework.
J Dev Orig Health Dis. 2018 Aug 13:1-8.
Felix JF, Cecil CAM.
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Expression

Genome
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(a) The causal mediation model, whereby prenatal exposures (independent variable) partly influence health outcomes in the offspring (dependent variable) via changes in DNA
methylation (mediator variable). Of note, both the (a) and (b) paths are hypothesized to be moderated by genetic effects, as well as additional factors. Furthermore, DNA
methylation may also mediate genetic (as well as environmental) effects. (b) The alternative non-causal model, whereby DNA methylation can serve as a biomarker of, but not a
causal mechanism in, exposure-outcome associations. Note that we present here the two models that are most relevant to the Developmental Origins of Health and Disease
framework; however, it is important to note that other models have also been proposed. For example, DNA methylation may function as a moderator of genetic and
environmental influences on outcomes or as a mediator of genetic influences on outcomes. Moreover, stochastic changes may influence DNA methylation. More complex models
are also possible (see for a more detailed discussion Ladd-Acosta et al.).
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Epigenetics as a Driver of Developmental Origins of Health and Disease: Did We Forget the Fathers?

Adverse Intrauterine Environment and Cardiac miRNA Expression.

Bioessays. 2018 Jan;40(1).
Soubry A.
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Lock MC, Botting KJ, Tellam RL, Brooks D, Morrison JL.
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Epigenetics and Disease Etiology
Overview of the direct and indirect mechanisms
underlying how undernutrition in utero impairs organ
function, leading to the metabolic syndrome. Direct
pathways altered by maternal undernutrition are indicated by
red solid arrows, whereas indirect pathways are indicated by
red dashed arrows. Neonatal intervention strategies are
illustrated by cyan arrows. Abbreviation: ER, endoplasmic
reticulum.
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A DNA methylation clock associated with age-related illnesses and mortality is accelerated in men with combat PTSD
Yang R, Wu GWY, Verhoeven JE, Gautam A, et al.
Mol Psychiatry. 2020 May 7. doi: 10.1038/s41380-020-0755-z.
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Regulated Noise in a Dynamic Epigenetic LandscapeOn the left is a depiction of the classical Waddington representation of canalization, in
which the ball rolling down the hill is directed into one of multiple valleys as a consistent endpoint, despite perturbation that might occur on the
way. Waddington suggested a deterministic model with genes (small black circles below) pulling on the landscape from below to direct these
endpoints. Changes in the landscape would arise by mutations in the genes. On the right, we suggest that modulation of the effects of noise is
regulated during development and in response to external cues, which affects the contour of the epigenetic landscape itself. During
differentiation, as the ball rolls down the hill, nuclear structure changes in a metastable manner through, for example, structures such as LOCKs
and methylated blocks, thus changing the steepness of the valleys. At the same time, new chromosomal interactions could increase localized
variability in ways that were not possible at the ground state—in this case, changing the landscape to open an alternative pathway to diversity
(new bifurcation shown below the ball). The other shapes represent chromatin modifications (red circles), lamin proteins (green), and
chromosome interactome mediators (red pentagon).
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Integrative analysis of 111 reference human epigenomes.
Nature. 2015 Feb 19;518(7539):317-30
Roadmap Epigenomics Consortium, Kundaje A, et al.

Environmental Health and Long Non-coding RNAs.
Karlsson O, Baccarelli AA.
Curr Environ Health Rep. 2016 Sep;3(3):178-87.

Long non-coding RNA: Functional agent for disease traits.
RNA Biol. 2017 May 4;14(5):522-535.
Jain S, Thakkar N, Chhatai J, Pal Bhadra M, Bhadra U.
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Order and disorder: abnormal 3D chromatin organization in human disease.
Anania C, Lupiáñez DG.
Brief Funct Genomics. 2020 Mar 23;19(2):128-138.
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Human imprinting disorders: Principles, practice, problems and progress.
Eur J Med Genet. 2017 Nov;60(11):618-626.
Mackay DJG, Temple IK.
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The lncRNA H19 alleviates muscular dystrophy by stabilizing dystrophin

Syndromic Disorders Caused by Disturbed Human Imprinting

Zhang Y, Li Y, Hu Q, et al.
Nat Cell Biol. 2020 Nov;22(11):1332-1345.

Carli D, Riberi E, Ferrero GB, Mussa A.
J Clin Res Pediatr Endocrinol. 2020 Mar 19;12(1):1-16.

Lv J, et al. (2012) DiseaseMeth: a human disease methylation database. Nucleic Acids Res. 2012
Jan;40(Database issue):D1030-5.
Characterization of functional methylomes by next-generation capture sequencing identifies novel disease-associated
variants
Allum F, Shao X, Guénard F, Simon MM, Busche S, Caron M, et al.
Nat Commun. 2015 May 29;6:7211.

A screen shot of the DiseaseMeth search results for the gene RASSF1. The default view generated by the search tool is shown.
Clicking the ‘Fetch gene-centric information of all genes’ button in the toolbar displays the gene-centric results, where the gene ID,
gene Name, methylation level (from 0% to 100%), the number of relevant data in the database, and the significance of the
methylation difference between disease and normal data sets for the genes are shown. In addition, the relevant reference links are
also included in the overview panel. Concurrent searching of multiple genes is supported. In the gene-centric panel, a link
(Visualization) is available to display the epigenomic data in the genomic context. There is also a ‘Visualize a selected gene’ button
in the toolbar in the default view that does the same task. The whole of the search results can be downloaded by clicking the
‘Download all’ button in the toolbar.

Abstract
Most genome-wide methylation studies (EWAS) of multifactorial disease traits use targeted
arrays or enrichment methodologies preferentially covering CpG-dense regions, to
characterize sufficiently large samples. To overcome this limitation, we present here a new
customizable, cost-effective approach, methylC-capture sequencing (MCC-Seq), for
sequencing functional methylomes, while simultaneously providing genetic variation
information. To illustrate MCC-Seq, we use whole-genome bisulfite sequencing on adipose
tissue (AT) samples and public databases to design AT-specific panels. We establish its
efficiency for high-density interrogation of methylome variability by systematic comparisons
with other approaches and demonstrate its applicability by identifying novel methylation
variation within enhancers strongly correlated to plasma triglyceride and HDL-cholesterol,
including at CD36. Our more comprehensive AT panel assesses tissue methylation and
genotypes in parallel at ∼4 and ∼3 M sites, respectively. Our study demonstrates that MCCSeq provides comparable accuracy to alternative approaches but enables more efficient
cataloguing of functional and disease-relevant epigenetic and genetic variants for large-scale
EWAS.
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The emerging role of epigenetics in rheumatic diseases.
Rheumatology (Oxford). 2014 Mar;53(3):406-14.
Gay S, Wilson AG.

Advances in lupus genetics and epigenetics.
Curr Opin Rheumatol. 2014 Sep;26(5):482-92.
Deng Y, Tsao BP.

Update on epigenetics in allergic disease.
J Allergy Clin Immunol. 2015 Jan;135(1):15-24
Harb H, Renz H.

12

Epigenetics in immune-mediated pulmonary diseases.
Clin Rev Allergy Immunol. 2013 Dec;45(3):314-30.
Liu Y, Li H, Xiao T, Lu Q.

Epigenetics in idiopathic pulmonary fibrosis.
Biochem Cell Biol. 2015 Jan 13:1-12.
Tzouvelekis A, Kaminski N.

Epigenetics in ocular diseases.
Curr Genomics. 2013 May;14(3):166-72.
Liu MM, Chan CC, Tuo J.

13

Cabianca DS, et al. (2012) A long ncRNA links copy number variation to a polycomb/trithorax epigenetic switch in
FSHD muscular dystrophy. Cell. 11;149(4):819-31.

Grace AA, Roden DM. (2012) Systems biology and cardiac arrhythmias. Lancet. 27;380(9852):1498-508.

Genomics and Systems Biology Approaches in the Study of Lipid Disorders

Epigenetic Study in Parkinson's Disease: A Pilot Analysis of DNA Methylation in Candidate Genes in Brain.

Rev Invest Clin. 2018;70(5):217-223.
Rodríguez A, Pajukanta P.

Cells. 2018 Sep 26;7(10).
Navarro-Sánchez L, Águeda-Gómez B, Aparicio S, Pérez-Tur J.
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Epigenetics and Disease
(Environmental Epigenetics)

15

Endocrine disruption of the epigenome: a breast cancer link.
Endocr Relat Cancer. 2014 Mar 12;21(2):T33-55.
Knower KC, et al.

Interindividual Variability in Stress Susceptibility: A Role for Epigenetic
Mechanisms in PTSD.
Front Psychiatry. 2013 Jun 26;4:60.
Zovkic IB, et al.

16

Baccarelli A, Ghosh S. (2012) Environmental exposures, epigenetics and cardiovascular disease.
Curr Opin Clin Nutr Metab Care. 15(4):323-9.

Epigenetic impact of endocrine disrupting chemicals on lipid homeostasis and atherosclerosis: a pregnane X receptor-centric view.
Environ Epigenet. 2017 Oct 1;3(4).
Helsley RN, Zhou C.

Roadmap for investigating epigenome deregulation and environmental origins of cancer.
Int J Cancer. 2018 Mar 1;142(5):874-882.
Herceg Z, Ghantous A, Wild CP, Sklias A, et al.

Schematic description of potential epigenetic
modifications regulating PXR and its target gene
transcription. (A) Potential role of PXR in epigenetic
regulation of target genes. Upon ligand activation, PXR
can bind to DNA regions enriched with epigenetic
modifiers (EM) that are considered to be transcriptional
activators. This schematic proposes a scenario where
EDCs bind to PXR and promote PXR interaction with
EMs such as H3K4Me2, p300, and PRMT1. In addition
to CYP3A4 locus showed here, PXR also regulates
genes involved in lipid homeostasis and atherogenesis
(e.g. NPC1L1, CD36). It is highly likely that similar
mechanisms also work at specific loci harboring those
genes, thereby linking EDC exposure to CVD risk. (B)
Epigenetic regulation of PXR gene transcription. Since
PXR is also an FXR target gene, we propose a scenario
where FXR ligands such as bile acids bind to FXR to
serve as a “chaperone” guiding these EMs to the PXR
locus, leading to increased PXR transcription. Although
we used FXR signaling as an example, PXR
transcription may be epigenetic regulated by EDCs and
other chemicals through different signaling pathways.
These two models provide an overview of how PXR
regulates gene expression through epigenetic
modifications in response to EDC exposure and how
PXR itself is epigenetic regulated.
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Epigenetics and Disease
(Cancer)

Modes of abnormal gene silencing in cancer
The currently suggested routes to abnormally silenced genes in cancer are shown. Genes that are active in cells throughout
development and adult cell renewal initially have active promoter chromatin that is characterized by the presence of the histone
modification, H3K4me (indicated by green circles and dashed arrows), and a lack of DNA methylation (indicated by pale blue circles).
Genes that become silenced (indicated by a red X) can do so either by the acquisition of DNA methylation (indicated by red circles)
and the presence of the repressive mark, H3K9me (indicated by orange circles and black arrows), or by the presence of Polycombmediated repressive chromatin (PRC) marks, H3K27me (purple circles and grey arrows). DNA methylation and H3K9me marks
during tumour progression are shown. The wide yellow arrows at the sides of the figure depict movements that link stem and
progenitor cells and differentiated cells and which can be impeded by epigenetic abnormalities in cancer or which can be corrected
by epigenetic therapy.
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Prostate
Prostate cancer
cancer reactivates
reactivates developmental
developmental epigenomic
epigenomic programs
programs during
during metastatic
metastatic progression
progression

Pomerantz
Pomerantz MM,
MM, Qiu
Qiu X,
X, Zhu
Zhu Y,
Y,et
etal.
al.
Nat Genet.
Genet. 2020
2020 Aug;52(8):790-799.
Aug;52(8):790-799.
Nat
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Baek SJ, Yang S, Kang TW, Park SM, Kim YS, Kim SY. (2013) MENT: Methylation and expression database of
normal and tumor tissues. Gene. 2013 Apr 10;518(1):194-200.
A genomic and epigenomic atlas of prostate cancer in Asian populations
Li J, Xu C, Lee HJ, Ren S, Zi X, et al.
Nature. 2020 Apr;580(7801):93-99.

Abstract
Prostate cancer is the second most common cancer in men worldwide1. Over the past
decade, large-scale integrative genomics efforts have enhanced our understanding of this
disease by characterizing its genetic and epigenetic landscape in thousands of
patients2,3. However, most tumours profiled in these studies were obtained from patients
from Western populations. Here we produced and analysed whole-genome, wholetranscriptome and DNA methylation data for 208 pairs of tumour tissue samples and
matched healthy control tissue from Chinese patients with primary prostate cancer.
Systematic comparison with published data from 2,554 prostate tumours revealed that
the genomic alteration signatures in Chinese patients were markedly distinct from those
of Western cohorts: specifically, 41% of tumours contained mutations in FOXA1 and 18%
each had deletions in ZNF292 and CHD1. Alterations of the genome and epigenome
were correlated and were predictive of disease phenotype and progression. Coding and
noncoding mutations, as well as epimutations, converged on pathways that are important
for prostate cancer, providing insights into this devastating disease. These discoveries
underscore the importance of including population context in constructing comprehensive
genomic maps for disease.

A screenshot showing the ‘Cancer vs Normal’ search result for GSTP1. The patterns of DNA methylation of GSTP1 in each tissue
are shown. Here, GSTP1 methylation in normal and tumor prostate tissues is shown as an example. Users can apply different cutoffs
for DM (differential methylation) and p-value to select tissues meeting the criteria.

Methylome sequencing in triple-negative breast cancer reveals distinct
methylation clusters with prognostic value.
Nat Commun. 2015 Feb 2;6:5899.
Stirzaker C, et al.

Global regulation of H2A.Z localization
by the INO80 chromatin-remodeling
enzyme is essential for genome
integrity.
Papamichos-Chronakis M, Watanabe S,
Rando OJ, Peterson CL.
Cell. 2011 Jan 21;144(2):200-13.

21

Examples of microRNA involved in differentiation

Kunej T, Godnic I, Ferdin J, Horvat S, Dovc P, Calin GA. (2011) Epigenetic regulation of microRNAs in cancer: an
integrated review of literature. Mutat Res. 1;717(1-2):77-84.
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Enhancer RNAs in cancer: regulation, mechanisms and therapeutic potential
Lee JH, Xiong F, Li W.
RNA Biol. 2020 Nov;17(11):1550-1559.

Cancer Genome Atlas Research
Network. Identification of a CpG island
methylator phenotype that defines a
distinct subgroup of glioma.
Noushmehr H, Weisenberger DJ, Diefes K, Phillips HS, Pujara K,
Berman BP, Pan F, Pelloski CE, Sulman EP, Bhat KP, Verhaak RG,
Hoadley KA, Hayes DN, Perou CM, Schmidt HK, Ding L, Wilson RK, Van
Den Berg D, Shen H, Bengtsson H, Neuvial P, Cope LM, Buckley J,
Herman JG, Baylin SB, Laird PW, Aldape K;

Cancer Cell. 2010 May 18;17(5):510-22.

Hypomethylation of a LINE-1 promoter
activates an alternate transcript of the
MET oncogene in bladders with cancer.
Wolff EM, Byun HM, Han HF, Sharma S, Nichols
PW, Siegmund KD, Yang AS, Jones PA, Liang G.
PLoS Genet. 2010 Apr 22;6(4):e1000917.
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Decrypting ENCODEd epigenetic marks of human tRN-A-RS genes in
normal, stem and cancer cell lines.
DNA methylation and histone modifications as epigenetic regulation in prostate cancer (Review).
Oncol Rep. 2017 Nov;38(5):2587-2596.
Nowacka-Zawisza M, Wiśnik E.

Mitra S, Samadder A, Das P, Das S, Dasgupta M, Chakrabarti J.
J Biomol Struct Dyn. 2016 Oct 6:1-13.

24

Biomarkers of genome instability and cancer epigenetics.
Reis AH, Vargas FR, Lemos B.
Tumour Biol. 2016 Oct;37(10):13029-13038.

Cancer epigenetics: Moving forward.

Clinical lipidomics in understanding of lung cancer: Opportunity and challenge

PLoS Genet. 2018 Jun 7;14(6):e1007362.
Nebbioso A, Tambaro FP, Dell'Aversana C, Altucci L.

Zhang L, Zhu B, Zeng Y, Shen H, Zhang J, Wang X.
Cancer Lett. 2020 Feb 1;470:75-83.

Chromatin structure determines gene expression and hallmarks of cancer.
(A) Chromatin can assume active and repressive states. Repressive states are supercoiled and enriched for DNA and histone methylation marks; active states are accessible to
transcription factors (TFs) and enriched for histone marks (such as H3K27ac and H3K4me3). Restrictive chromatin raises epigenetic barriers and blocks cell state transition,
while permissive chromatin reduces epigenetic barriers and determines alternate cell states.
(B) Aberrant permissive and restrictive chromatin states cause cancerogenesis and give rise to hallmarks of cancer.
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Epigenetic profiling demarcates molecular subtypes of muscle-invasive bladder cancer

Multi-omic single-cell snapshots reveal multiple independent trajectories to drug tolerance in a melanoma cell line

van der Vos KE, Vis DJ, Nevedomskaya E, et al.
Sci Rep. 2020 Jul 2;10(1):10952.

Su Y, Ko ME, Cheng H, Zhu R, Xue M, et al.
Nat Commun. 2020 May 11;11(1):2345.

Critical point analysis and network analysis of two trajectories

Epigenetics and Disease
(Neuroscience)
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Histone-acetylation: a link between Alzheimer's disease and post-traumatic stress
disorder?
Front Neurosci. 2014 Jun 24;8:160.
Bahari-Javan S, Sananbenesi F, Fischer A.

Conserved epigenomic signals in mice and humans reveal immune basis of
Alzheimer's disease.
Nature. 2015 Feb 19;518(7539):365-9.
Gjoneska E, et al.
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28

Systems biology and gene networks in neurodevelopmental and
neurodegenerative disorders.
Parikshak NN, Gandal MJ, Geschwind DH.
Nat Rev Genet. 2015 Aug;16(8):441-58.

Lipidomics of the brain, retina, and biofluids: from the biological landscape to potential clinical application in
schizophrenia
Zhuo C, Hou W, Tian H, Wang L, Li R.
Transl Psychiatry. 2020 Nov 9;10(1):391.

29

A systems approach delivers a functional microRNA catalog and expanded targets for seizure suppression in temporal lobe
epilepsy
Venø MT, Reschke CR, Morris G, et al.
Proc Natl Acad Sci U S A. 2020 Jul 7;117(27):15977-15988.

Quantitation of 5mC and 5hmC in DNA of the cerebellum from age-matched control (n = 27; 11 females, 16 males)
and PD individuals (n = 36; 12 females (F), 24 males (M)). Data are presented as box-and-whisker plots and
indicate the full range, interquartile range, and median value in each group. Error bars represent SEM (a, b). The
scatter plot depicts 5hmC and 5mC levels for individuals of the control and PD group (c)

Associations of parental birth characteristics with autism spectrum disorder (ASD) risk in their offspring: a populationbased multigenerational cohort study in Denmark
Xiao J, Gao Y, Yu Y, et al.
Int J Epidemiol. 2021 Jan 7;dyaa246.

Sperm DNA Methylation Epimutation Biomarker for Paternal Offspring Autism Susceptibility
Garrido N, et al., and Skinner MK
Clinical Epigenetics 2021 (13:6 p3-13)
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Epigenetics and Disease Etiology Introduction
Epigenetic Disease
Environmental Epigenetics and Disease
Epigenetics and Cancer
Epigenetics and Neuroscience
Epigenetics and Metabolic Syndrome
Epigenetic Therapy Development
Epigenetic Transgenerational Inheritance of Disease

Epigenetics and Disease
(Metabolic Syndrome
and Complex Disease)

Required Reading
Wolkenhauer and Green (2013) The search for organizing principles as a cure against reductionism in systems
medicine. FEBS J. 280(23):5938-48.
Loike (2018) Opinion: Consumer DNA Testing is Crossing into Unethical Territories. The Scientist. Aug. 16, 2018
Books (Reserve in Library)
Haslberger, Alexander G, and Sabine Gressler. Epigenetics and Human Health: Linking Hereditary, Environmental,
and Nutritional Aspects. Weinheim: Wiley-VCH, 2010. (e-book)
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Epigenetics in adipose tissue, obesity, weight loss, and diabetes.
Adv Nutr. 2014 Jan 1;5(1):71-81.
Martínez JA, et al.

32

Nutrition, epigenetics, and
developmental plasticity:
implications for understanding
human disease.
Burdge GC, Lillycrop KA.
Annu Rev Nutr. 2010 Aug 21;30:315-39.

Schematic illustration of the integrative framework of lipotoxicity in the context of metabolic syndrome. An important component
of this framework is “adipose tissue expandability” [62], which affects the adipose tissue metabolism and flux of free fatty acids
(FFAs) from the adipose tissue to peripheral tissues. When the capacity of adipose tissue is reached, the excess FFAs as
precursors of reactive lipids such as ceramides may in excess amounts interfere with the tissue-specific metabolic and
signaling networks.

Fig. 2. Hierarchy of dependencies of clinical phenotypes on genetic and environmental factors.
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Obesity and the reproductive system disorders: epigenetics as a potential bridge.
Hum Reprod Update. 2015 Mar;21(2):249-261.
Crujeiras AB, Casanueva FF.

34

Early nutrition, epigenetics, and cardiovascular disease.
Loche E, Ozanne SE.
Curr Opin Lipidol. 2016 Oct;27(5):449-58.

35

Developmental Origins of Common Disease: Epigenetic Contributions to Obesity
Kappil M, Wright RO, Sanders AP.
Annu Rev Genomics Hum Genet. 2016 Aug 31;17:177-92.

Epigenome-wide association study of body mass index, and the adverse
outcomes of adiposity
Wahl S, Drong A, Lehne B, et al.
Nature. 2017 Jan 5;541(7635):81-86.

The inflammatory effect of epigenetic factors and modifications in type 2 diabetes
Akbari M, Hassan-Zadeh V.
Inflammopharmacology. 2020 Apr;28(2):345-362.

Relationship between DNA methylation in blood and BMI amongst 1,435 participants of the KORA S4/F4
population cohort. Cross-sectional results (x axis) are for the relationship between methylation in blood and BMI
at each of the 187 sentinel CpG sites in the baseline samples; longitudinal results are for the relationship between
change in methylation (in blood) and change in BMI after 7 year follow-up. Units for both axes are kg m−2 change
in BMI per unit increase in methylation (scale 0–1, in which 1 represents 100% methylation).

36

Rolland M, Le Moal J, Wagner V, Royère D, De Mouzon J. (2012) Decline in semen concentration and
morphology in a sample of 26,609 men close to general population between 1989 and 2005 in France. Hum
Reprod. 28(2):462-70.

Male Infertility

Hammoud SS, et al. (2011) Genome-wide analysis identifies changes in histone retention and epigenetic
modifications at developmental and imprinted gene loci in the sperm of infertile men. Hum Reprod. 26(9):2558-69.

Hammoud SS, et al. (2010) Alterations in sperm DNA methylation patterns at imprinted loci in two classes of
infertility. Fertil Steril. 94(5):1728-33.
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Differential DNA Methylation Regions in Adult Human Sperm following Adolescent
Chemotherapy: Potential for Epigenetic Inheritance (2017) Plos One doi:10.1371
Margarett Shnorhavorian, Stephen M. Schwartz, Barbara Stansfeld, Ingrid Sadler-Riggleman, Daniel Beck,
and Michael K. Skinner
Human Sperm Chemotherapy DMR Chromosomal Locations

Sperm DNA Methylation Epimutation Biomarkers for Male Infertility and FSH Therapeutic Responsiveness
Luján S, Caroppo E, Niederberger C, Arce J-C, Sadler-Riggleman I, Beck D, Nilsson E, Skinner MK
Scientific Reports (2019)
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Baylin SB, Jones PA. (2011) A decade of exploring the cancer epigenome - biological and translational
implications. Nat Rev Cancer. 23;11(10):726-34.

Epigenetics and Disease
(Epigenetic Therapy Development)
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Targeting metabolic pathways for extension of lifespan and healthspan across multiple species
Parkhitko AA, Filine E, Mohr SE, Moskalev A, Perrimon N.
Ageing Res Rev. 2020 Dec;64:101188.

39

High-dimensionality Data Analysis of Pharmacological Systems Associated with Complex Diseases
Hendrickx JO, van Gastel J, Leysen H, Martin B, Maudsley S.
Pharmacol Rev. 2020 Jan;72(1):191-217.

Epigenetic Inhibitors as Cancer TherapiesThis schematic depicts the process for epigenetic drug development and the current
status of various epigenetic therapies. Candidate small molecules are first tested in vitro in malignant cell lines for specificity and
phenotypic response. These may, in the first instance, assess the inhibition of proliferation, induction of apoptosis, or cell-cycle
arrest. These phenotypic assays are often coupled to genomic and proteomic methods to identify potential molecular
mechanisms for the observed response. Inhibitors that demonstrate potential in vitro are then tested in vivo in animal models of
cancer to ascertain whether they may provide therapeutic benefit in terms of survival. Animal studies also provide valuable
information regarding the toxicity and pharmacokinetic properties of the drug. Based on these preclinical studies, candidate
molecules may be taken forward into the clinical setting. When new drugs prove beneficial in well-conducted clinical trials, they
are approved for routine clinical use by regulatory authorities such as the FDA. KAT, histone lysine acetyltransferase; KMT,
histone lysine methyltransferase; RMT, histone arginine methyltransferase; and PARP, poly ADP ribose polymerase.
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Histone deacetylase inhibitors for
cancer therapy.
Kim TY, Bang YJ, Robertson KD.
Epigenetics. 2006 Jan-Mar;1(1):14-23.
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Evaluation of the Therapeutic Potential of the Novel Isotype Specific
HDAC Inhibitor 4SC-202 in Urothelial Carcinoma Cell Lines.
Pinkerneil M, Hoffmann MJ, Kohlhof H, Schulz WA, Niegisch G.
Target Oncol. 2016 Dec;11(6):783-798.
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Modes of action of the DNA
methyltransferase inhibitors
azacytidine and decitabine.
Stresemann C, Lyko F.
Int J Cancer. 2008 Jul 1;123(1):8-13.
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Figure 1. Chemical stability of neutral azacytidine and decitabine solutions. (a) Temperature-dependent decomposition of azacytidine
(AZA) and decitabine (DAC). Compounds were dissolved in neutral 0.9% NaCl solutions, stored at 4, 20 and 37°C, respectively, and
snap-fozen in liquid nitrogen at the time points indicated. Samples were then diluted to 0.45 mg/mL and mixed with adenine as an
internal standard (400 μM final concentration). Analyses were performed on a Beckman Coulter capillary electrophoresis system
(MDQ Molecular Characterization System) with UV detection at 254 nm. Separation occurred in an untreated fused-silica column of
60 cm (effective length 50 cm) in a 10 mM phosphate buffer system, pH 7.0, with 150 mM SDS. Analyses were performed at 25 kV
and a capillary temperature of 25°C. (b) Pharmacological potency of stored azacytidine and decitabine solutions in inhibiting DNA
methylation. Genomic cytosine methylation levels were analyzed by capillary electrophoresis.20 Drug solutions were dissolved in
neutral aqueous buffer and stored under the conditions indicated for 24 hr. HCT116 cells were treated with 2.0 μM azacytidine (AZA)
or 0.5 μM decitabine (DAC). A significant reduction in pharmacological potency could only be observed after storage of decitabine at
37°C.

Figure 3. Membrane transport and intracellular metabolism of azanucleosides. Four candidate transporter protein
families (black and gray arrows) are believed to mediate the transport of nucleosides and nucleoside metabolites across
the cell membrane (double line). After cellular uptake, azacytidine (5-aza-CR) and decitabine (5-aza-dCR) are modified
by different metabolic pathways. It is assumed that 80–90% of azacytidine is incorporated into RNA, because
ribonucleotide reductase limits the conversion of 5-aza-ribonucleotides to 5-aza-deoxyribonucleotides.

Figure 2. Azacytidine-induced DNA demethylation requires extended drug exposure. Global methylation analysis was
performed by capillary electrophoresis,20 after treatment of HCT116 cells with 2 μM azacytidine. Cells were incubated in
drug-containing medium for the time indicated. The medium was then exchanged for drug-free medium and cells were
grown for a total of 48 hr.

Figure 4. Trapping mechanism of azacytosine. (a) A
nucleophilic attack of the protein-thiol group (from a
catalytic cysteine residue of the DNA methyltransferase
enzyme, DNMT) at the C6 position of cytosine drives the
subsequent transfer of the methyl group from the methyl
donor S-adenosyl-L-methionine. The transfer proceeds
through a covalent complex at position C6 between the
DNA and the DNMT protein. The complex is resolved
through a β-elimination reaction resulting in the release
of the active DNA methyltransferase enzyme. (b)
Mechanism-based inhibition of DNMTs by azacytosinecontaining DNA. The covalent complex at C6 cannot be
resolved through β-elimination, because of the presence
of a nitrogen atom at position 5. Covalently trapped
DNMTs are degraded, resulting in the depletion of
cellular DNMTs.
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Chemical regulation of epigenetic
modifications: opportunities for
new cancer therapy.
Zheng YG, Wu J, Chen Z, Goodman M.
Med Res Rev. 2008 Sep;28(5):645-87.
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46

Scholz B, Marschalek R. (2012) Epigenetics and blood disorders. Br J Haematol.158(3):307-22.

Rationale for using AZA, DAC in MDS patients. Myelodysplastic syndrome (MDS) and presumably also acute myeloid leukaemia
(AML) patients exhibit aberrant DNA methylation patterns. These were, e.g., hypermethylated CpG island located in promoter regions
of transcribed genes that cause a shut-down of gene transcription, or hypomethylated repetitive DNA elements or satellite DNA which
confer genetic instability. Treatment with 2-azacytidine (AZA) or decitabine (DAC) helps to remove aberrant DNA methylation patterns
on promoter regions of distinct genes, mostly tumour suppressor genes (TS). Of interest, many known gene fusions associated with
AML also produce wrong DNA methylation patterns. CpG: CG dinucleotides of CpG islands; MeCP2: methyl-CpG binding protein 2.

Epigenetic targets for novel therapies of lung diseases.
Pharmacol Ther. 2015 Mar;147C:91-110.
Comer BS, et al.

Systems biology in drug discovery.
Butcher EC, Berg EL, Kunkel EJ.
Nat Biotechnol. 2004 Oct;22(10):1253-9.
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Epigenetics in human disease and prospects for epigenetic therapy.
Nature. 2004 May 27;429(6990):457-63.
Egger G, Liang G, Aparicio A, Jones PA.

The promise of epigenetic therapy: reprogramming the cancer epigenome.

Long non-coding RNA H19 in the liver-gut axis: A diagnostic marker and therapeutic target for liver diseases

Curr Opin Genet Dev. 2017 Feb;42:68-77.
Kelly AD, Issa JJ.

Li X, Liu R.
Exp Mol Pathol. 2020 Aug;115:104472.
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Long non-coding RNA H19 in the liver-gut axis: A diagnostic marker and therapeutic target for liver diseases

siRNA therapeutics: a clinical reality

Li X, Liu R.
Exp Mol Pathol. 2020 Aug;115:104472.

Saw PE, Song EW.
Sci China Life Sci. 2020 Apr;63(4):485-500.

Epigenetic therapy induces transcription of inverted SINEs and ADAR1 dependency
Mehdipour P, Marhon SA, Ettayebi I, et al.
Nature. 2020 Dec;588(7836):169-173.
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Kalfa N, Paris F, Soyer-Gobillard MO, Daures JP, Sultan C. (2011) Prevalence of hypospadias in grandsons of
women exposed to diethylstilbestrol during pregnancy: a multigenerational national cohort study.
Fertil Steril. 30;95(8):2574-7.
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Transgenerational Disease Etiology
•Spermatogenic Defect (>90%)
•Male infertility (complete ~10%, severe 20%)
•Kidney disease (~30-40%)
•Prostate disease (~50%)
•Increase in mammary tumor formation (~10-20%)
•Behavior (Mate Preference,Anxiety&Stress)(>90%)
•Pre-eclampsia-like during late pregnancy (~10%)
•Premature Ovarian Failure POF (>90%)
•Ovarian Polycystic Ovarian Disease (>90%)
•Female Premature Pubertal Onset (>90%)
•Obesity (~10-50%)
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Environmentally induced epigenetic transgenerational inheritance of disease.
Environ Epigenet. 2018 Jul 17;4(2):dvy016.
Nilsson EE, Sadler-Riggleman I, Skinner MK.

Transgenerational transmission of asthma risk after exposure to environmental particles during pregnancy.
Am J Physiol Lung Cell Mol Physiol. 2017 Aug 1;313(2):L395-L405.
Gregory DJ, Kobzik L, Yang Z, McGuire CC, Fedulov AV.

Schematic of the transgenerational model. F0 mice were exposed at embryonic day (E) E14–E15 to intranasal instillation of environmental particles;
part of their F1 offspring was tested in the X1 low-dose allergen protocol to assess the transmission of asthma risk, while others remained naïve. These
naïve females were then mated to normal males, and the study continued to F2, and then similarly to F3.

McBirney M, King SE, Pappalardo M, Houser E, Unkefer M, Nilsson E, Sadler-Riggleman I, Beck D,
Winchester P, Skinner MK. (2017) Atrazine induced epigenetic transgenerational inheritance of disease,
lean phenotype and sperm epimutation pathology biomarkers. PLoS One. 12(9):e0184306.
Transgenerational Sperm Epimutations
(F3)
Lack Direct Exposure Pathology (F1)

Transgenerational Exposure Pathology (F3)

Need to Examine Transgenerational Pathology for Risk Assessment!!
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Stability and Lability of Parental Methylation Imprints in Development and Disease
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Epigenetic Transgenerational Inheritance of Obesity Susceptibility

Pathogenic Infection in Male Mice Changes Sperm Small RNA Profiles and Transgenerationally Alters Offspring Behavior

King SE, Skinner MK.
Trends Endocrinol Metab. 2020 Jul;31(7):478-494.

Shiraz Tyebji, Anthony J Hannan, Christopher J Tonkin
Cell Rep. 2020 Apr 28;31(4):107573.
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Highlights
• F1 and F2 generation of T. gondiiinfected males display behavioral
abnormalities
• Offspring behavioral changes display
sexual dimorphism
• T. gondii infection leads to changes in
sperm small RNA levels
• Zygotic microinjection of isolated sperm
small RNA recapitulates behavioral
changes
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