Spring 2023 - Epigenetics and Systems Biology
Lecture Outline (Epigenetics and Disease Etiology)
Michael K. Skinner - Biol 476/576

Weeks 13 and 14

Epigenetics and Disease Etiology

- 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
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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 ques-
tion, that originally motivated these projects, appears to have been forgot-
ten 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 prin-
ciples. We argue that there is no tension between the complexity of biologi-
cal systems and the search for organizing principles. On the contrary, it is
the complexity of organisms and the current level of techniques and knowl-
edge 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 sta-
bility” [3], ‘evolvability’ or ‘robustness’ [4-6], is a con-
sequence of non-linear spatio-temporal intra- and
To understand disease-
therefore
methodologies that allow us to study non-linear

inter-cellular interactions.
relevant cellular processes, we
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spatio-temporal systems with multiple levels of struc-
tural and functional organization.

The most recent decades of research in the life sci-
ences 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 phe-
nomena by analysing the lower levels, has been estab-
lished [9]. While some aspects of this ‘zooming in’ are
a pragmatic and indispensible response to biological
complexity, we here demonstrate the negative side-
effects 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

require
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identification and characterization of molecular com-
ponents 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 sys-
tems medicine, a further shift of perspective has to
occur: re-focusing our attention away from pathway-
centred 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 medi-
cine [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, differentia-
tion and apoptosis) to the physiology of organs or the
human body [14]. Multi-levelness is a hallmark of dis-
ease-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 per-
sonal 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 particu-
lar, 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 ques-
tions are addressed by integrating experiments in itera-
tive cycles with mathematical and computational
analysis. Systems medicine should be understood as
application of the systems biology approach to dis-
ease-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 com-
plex 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 under-
stand disease phenomena. Reductive strategies are
indeed an indispensible response to biological complex-
ity, but, as we discuss here, they have negative side-
effects. 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 mole-
cules 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 gener-
alization (de-contextualization) of results.

Below, we describe several reductive strategies used
in biological and biomedical research. We first empha-
size how the use of model organisms and the develop-
ment of new experimental technologies provide key
resources for biomedical research, but also require a
high degree of specialization that may lead to fragmen-
tation. Next, we indicate the difficulties arising from
pathway-centred approaches and mechanistic model-
ling. Finally, we discuss the limitation of cell-centred
approaches in cancer research.

The use of model organisms is one response to biolog-
ical complexity, allowing us to study a complex organ-
ism 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 reduc-
tive approach, which also imply a disciplinary special-
ization 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 atten-
tion 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 tech-
nological developments, allowing us to study molecules
and cells in greater detail and more comprehensively.
The costs and the specialist expertise required to per-
form 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 partic-
ular class of subcellular processes, i.e. gene regulation
(e.g. transcriptomics), signal transduction (e.g. proteo-
mics) or metabolism (e.g. metabolomics). Again, a dis-
ciplinary 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 biomedi-
cal research, there is not only a need for computa-
tional tools that enable integration of data from
heterogeneous sources, but also a need for radically
new methodologies that enable generalization of con-
text-dependent experimental results.

Our next example of a reductive strategy is the focus
on selected pathways or networks. Pathways are fre-
quently defined by practical considerations, meaning
that only a relatively small number of molecules are
considered in experiments. However, for most disease-
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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 usu-
ally 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 inter-
act, this notion of cross-talk raises questions about the
conceptual and experimental isolation of the two sys-
tems. 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 dif-
ferentiation), we require new methodological and con-
ceptual 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 lim-
ited value.

Systems biology is largely defined as an inter-disci-
plinary approach that combines experiments with
mathematical and computational modelling. Like ex-
perimentalists, 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 sys-
tems, the construction of a model and its parameteri-
zation 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-lin-
ear ordinary differential equations are the most fre-
quently used framework, but, for larger numbers of
variables, parameterization and analysis of these mod-
els 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 under-
standing 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 simula-
tion 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 meth-
odologies 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 visuali-
zation of information in data management systems or
data warehouses. However, this would only be a par-
tial contribution to what is the actual scientific chal-
lenge: how can we, from large collections of
information, extract principles, understood as robust
generalizations, independent of the experimental con-
text 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 carci-
nogenesis. 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 con-
structed to answer specific questions, and, while the
assumptions made may be valid in this particular con-
text, it is difficult if not impossible to merge models
for complex multi-level systems. An important chal-
lenge 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 (explan-
atory) models that may be formulated as organizing
principles, including the ‘unitarian hypothesis’ of
monoclonal conversion, the ‘single stem cell hypothe-
sis’ 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 organiza-
tion theory’ to explain carcinogenesis, or the ‘top-
down’ versus ‘bottom-up’ hypothesis of clonal expan-
sion 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 inter-
preting collections of fragmented pieces of informa-
tion. 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 pro-
cess through data management and visualization tools.
In addition, the search for organizing principles should
be supported by systems theoretic approaches, specifi-
cally new forms of mathematical modelling to formal-
ize cross-level relationships from molecules and cells to
tissues and organs.

Our argument here is that a review of current prac-
tice 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 comple-
ment 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 mathemati-
cal general systems theory [22,23]. An interesting prob-
lem 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 possi-
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bilities that link evidence [24]. The move to higher lev-
els 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 for-
ward: 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 pro-
cesses. We argue that, despite its limitations, model-
ling 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 organiza-
tion: changes in the structure and function of a tissue
may be the results of changes within cells (e.g. muta-
tions), leading to cellular malfunction, but, simulta-
neously, tissue organization may also induce changes
within cells (e.g. through epigenetic mechanisms). It
therefore appears obvious that we require methodolo-
gies to investigate systems across multiple levels of
functional and structural organization.

Cancer research is an example that illustrates the
problems arising from reductive approaches, fragmen-
tation 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 metasti-
zation and invasion. These high-level/tissue-level phe-
nomena 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 pro-

5942

0. Wolkenhauer and S. Green

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 infor-
mation. 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 pro-
tein rises above 23 000 [27]. In this famous and pro-
vocative 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 strat-
egy 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 medi-
cal research has been a search for a miracle target
whose malfunction is thought to explain the investi-
gated 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 dis-
ease-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 execu-
tion 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. apopto-
sis), that is then linked to some disease-relevant pro-
cess (e.g. carcinogenesis). However, starting with a
high-level phenomenon, say angiogenesis, one may
easily identify a large number of molecules and path-
ways 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 path-
way-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 hypoth-
esized general principle about tissue organization, to
then identify and investigate cellular functions and
subcellular processes in an effort to validate the origi-
nal hypothesis.

We believe that such a search for organizing princi-
ples 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-men-
tioned 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 spec-
ulate 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 underly-
ing principles’ [25]. In their seminal review article,
Hanahan and Weinberg ‘suggest that the vast catalog
of cancer cell genotypes is a manifestation of six essen-
tial alterations in cell physiology that collectively dic-
tate 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 general-
ization in the sense that it may be acquired by various
cellular mechanisms. Hanahan and Weinberg’s hall-
marks 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 deter-
mination” 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 biol-
ogy require re-thinking. The technological advances
that have enabled us to ‘zoom in’ should be comple-
mented 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 deter-
mined 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 deter-
mine functioning of each other. For instance, the pace-
maker 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 mecha-
nisms but also to understand the organizational main-
tenance 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 func-
tional 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 carci-
nogenesis. 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 num-
ber 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 differenti-
ation of stem cells. At the same time, the behaviour of
these stem cells is coordinated by higher-level phenom-
ena 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 nec-
essarily causally linked [36]. Here, intra-level relation-
ships may be conventional causal interactions, such as
the mechanisms realized through subcellular biochemi-
cal networks, where causality is understood as a prin-
ciple 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 inter-
dependence in which levels are allowed a degree of
autonomy [35,37]. The fact that levels are inter-depen-
dent, but not necessarily causally linked, challenges the
current practice of reductive approaches in experimen-
tation and modelling. While systems approaches have
been quite successful in describing mechanisms under-
lying intra-level relationships or ‘causal interactions’,
we are in need of new ideas when it comes to under-
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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 gener-
alization 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 discase [38].
With cancer research following closely the develop-
ments in molecular and cell biology, pathway- and
cell-centred (reductive) approaches have enforced the
view that sporadic cancers are initiated and largely dri-
ven 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 het-
erotypic interactions between incipient tumor cells and
their normal neighbors’ [25]. Soto and Sonnenschein
[39], who refer to the cell-centred view of carcinogene-
sis 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 ‘carcino-
genesis takes place at the tissue level of biological
organization, as does normal morphogenesis’. Here
cancer is not a cell-based phenomenon but a tissue-
based phenomenon, comparable to organogenesis dur-
ing early development. A startling conclusion is that
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the genetic instability of tumours is likely to be a con-
sequence, not a cause, of cancer. As new deep-sequenc-
ing technologies are pushing forward the reductionist
agenda, we here call for a reflection about the original
questions at tissue level, and ask whether the technol-
ogy-driven reductionism should not be complemented
by an equally well supported research programme into
new, integrative and abstract methodologies. The pur-
chase of technologies that dig deeper into the molecu-
lar 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 interac-
tions between cells and their environment come into
focus, and ordinary differential equations are no
longer sufficient to capture the spatial coupling of bio-
chemical 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. investi-
gate, the functioning at higher levels of tissue organi-
zation? 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 com-
plexity 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 cartogra-
phy 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 accu-
racy [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 lev-
els 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 generaliza-
tion of mechanistic models into more abstract repre-
sentations 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 frame-
work 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 orga-
nization, which may then be used to decide between
the alternative theories of carcinogenesis discussed
above.

The focus here on organizing principles is a re-intro-
duction of an old regulative ideal in systems sciences
dating back to Bertalanffy’s ideals for a general sys-
tems 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 the-
ory [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 generaliza-
tions 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 organiz-
ing principles is not an alternative to bottom-up
approaches, or mechanistic modelling; it is a comple-
mentary approach. For that matter, it is also reduc-
tionist, 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 abstrac-
tion. This ideal is not in opposition to finding biologi-
cal 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 under-
pinning 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 evolv-
ing networks [59]. Furthermore, attempts to develop
abstract cell models and explore the potential of cate-
gory 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 mod-
els 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 divi-
sion 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 reflec-
tion upon the developments that took us from bio-
chemistry 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 con-
text 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 prin-
ciples 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 sup-
ported, we hope that our analysis contributes to a bet-
ter 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-dri-
ven 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 under-
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standing tissue- and organ-level questions. Many dis-
eases 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-lev-
elness 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, path-
way- and cell-centred approaches have severe limita-
tions 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 abstrac-
tion, and we proposed the search for organizing princi-
ples 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 prac-
tical problems. The ideal of general principles has a
long history [49,50,70-72], but is still not fully appreci-
ated [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 mechan-
isms. Their epistemic value lies elsewhere; as higher-
level 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 descrip-
tions 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 sys-
tems theory forces us to be precise about our assump-
tions, 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 can-
cer research, demonstrating that many phenomena at
the level of tissues and organs cannot be reduced to cel-
lular 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 tis-
sue organization, and we argue that if one wants to
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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.

Aug 16, 2018
John D. Loike

ABOVE: © ISTOCK, STEVANOVICIGOR

John D. Loike, a Professor of Biology at Touro College and University Systems, writes
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



Spring 2023 - Epigenetics and Systems Biology
Lecture Outline (Epigenetics and Disease Etiology)
Michael K. Skinner - Biol 476/576

Weeks 13 and 14

Epigenetics and Disease Etiology

- 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

Required Reading

Wolkenhauer and Green (2013) The search for organizing principles as a cure against
reductionism in systems medicine. FEBS ]. 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)

Spring 2023 - Epigenetics and Systems Biology
Discussion Session (Epigenetics and Disease Etiology)
Michael K. Skinner - Biol 476 /576

Week 13 (April 6)

Epigenetics and Disease Etiology

Primary Papers
1. Godfrey, etal. (2007) Pediatr Res. 61(5 Pt 2):5R-10R. (PMID: 17413851)
2. Sun, et al. (2018) Nature Medicine. 24(9):1372-1383. (PMID: 29988127)
3. Garrido, et al (2021) Clinical Epigenetics. 13(1):6. (PMID: 33413568)

Discussion
Student 31 - Ref #1 above
e What is the mismatch concept?
e How does epigenetics apply to the hypothesis?
e What mechanism is involved in the developmental origins of disease?

Student 32 - Ref #2 above
e What preconception exposure was studied?
e What sperm epigenetic effect was observed?
e How was offspring metabolism altered?

Student 33 - Ref #3 above
e What was the experimental design and technology used?
e What EWAS epimutations were detected in sperm?
e What do the observations suggest regarding autism etiology and how it can be used?

Spring 2023 - Epigenetics and Systems Biology
Discussion Session (Epigenetics and Disease Etiology)
Michael K. Skinner - Biol 476 /576

Week 14 (April 13)

Epigenetics and Disease Etiology

Primary Papers
1. Nilsson etal. (2018) Epigenetics. 13(8): 875-895. (PMID: 30207508)
2. King and Skinner (2020) Trends Endocrinol Metab. 31(7):478-494. (PMID: 32521235)
3. Becketal. (2022) Sci Rep. 12(1):5452. (PMID: 35440735)

Discussion

Student 34 - Ref #1 above
e What environmental contaminants were examined?
e What is the transgenerational disease?
e How is the ovarian somatic cell epigenome modified to promote ovarian disease?

Student 35 - Ref #2 above
e Whatis the epigenetic transgenerational inheritance mechanism?
e Could the rise in obesity in the population today be in part due to transgenerational
phenomenon from ancestral exposure?
e Do we have a responsibility to our future generations?

Student 1 - Ref #3 above
e What is the experimental design?
e What are the epigenetic and disease observations?
e How do the observations fit with classic genetic causes for disease?

General Medicine




Lozano R, et al. (2012) Global and regional mortality from 235 causes of death for 20 age groups in 1990 and
2010: a systematic analysis for the Global Burden of Disease Study 2010. Lancet. 380(9859):2095-128.
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Global, i and Nati Cancer Inci ity, Years of Life Lost, Years Lived With Disability, and Disability-
Adijusted Life-Years for 29 Cancer Groups, 1990 to 2017: A Systematic Analysis for the Global Burden of Disease Study.

Global Burden of Disease Cancer Collaboration, et al.

JAMA Oncol. 2019 Dec 1;5(12):1749-1768.
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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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as a Driver of D

Blnessays 2018 Jan;40(1).
Soubry A.

Origins of Health and Disease: Did We Forget the Fathers?

Table 1. di and sperm Few studies have explored epigenetic effects in human sperm from environmental
conditions.

Refererce Study design Subjects Geograghic ares Exposure Epigenetic outcome
Soubry et al, Crosssectional 67 volunteers NC, USA Flarme retardants (OP)  DNA methylation at 12 DMRs

2007

Shnohworian  Retrospective 9 patients (exposed) versus 5 States, USA versus | Chemotherapy DNA methylation at OMRs (MeDIP-Seq
et 3, 201779 9 ron-exposed State, USA analysis)

Soubry et 3, Crosssectional 67 volunteers NC, USA Overweight fobesay DNA methylation at 12 DMRs

2006 @My

Donkin et al. Crosssectional; 23 volunteers; 6 bariatric:  Denmark Obesity; bariatric Genomewide DNA methylation, RNA
2009 Intervertion interventions Intervention expression, Histone positioning
Oechametal,  Intervertion 13 interventions versus Victoria, Australia Exercise (3 monthi) Global DNA methylation, Cenome-wide DNA
2005 11 controls methyation

Marcrlo etal,  Crosssectional 10 volunteers from Ferslty UK Smoking miRNAS

20027 dlinkc

Tunc etal, Intervention 45 infertile men South Australia Supplements of folate  Global DNA methylation

20097 and antioxidants

Ouko et al, Crosssectional 16 volunteers South.  Alcohol (self.rep DNA at 2 OMRs

2009 Africa

may influence DNA methylation. More complex models
are also possible (see for a more detailed d\scuss\on Ladd-Acosta et al).

Adbverse Intrauterine Environment and Cardiac miRNA Expression.
Int J Mol Sci. 2017 Dec 6;18(12).
Lock MC, Botting KJ, Tellam RL, Brooks D, Morrison JL.
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Systomic Medicine
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A DNA methylation clock associated with age-related il and ity is in men with combat PTSD
Yang R, Wu GWY, Verhoeven JE, Gautam A, et al.
Mol Psychiatry. 2020 May 7. doi: 10.1038/541380-020-0755-z.
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Regulated Noise in a Dynamic Epigenetic LandscapeOn the left is a depiction of the classical i on of canalization, in
which the ball rolling down the hillis directed into one of multiple valleys as a consistent endpoint, despite perturbation that might occur on the
way. i a inistic 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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Direct Mechanisms of Disease
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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.
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Environmental Health and Long Non-coding RNAs.
Karlsson O, Baccarelli AA.
Curr Environ Health Rep. 2016 Sep;3(3):178-87.
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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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R
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SRA 5 a potentiol bicerker of steroad-dependent umors
Breast, calorcctil tamons., HOTAIR 1 HOTAIR fisnction as a molocular scaffold 1o ¥nk and targat PRC2 [29, 63, 64]
Prostate cances, ¢l w0 LSDI, loading to chromatin samodcling via IDK27
metyylation and HIK4 demerdylation and sikencisg pencs
hibiting cancer
Breast tusmur, type 2 disbetcs GASS 1 GASS at 2. decory e competes o inding b the DNA-bding (65-67)
doauin ofthe g GA
wrowth st and apoplosis. Docreased serum levels of GASS
has been mscc ated with disberes
. ki ANRIL Several SNP in the ANRIL kocus an chromosom: 9p ane imvelved [68-73]
antery drscase, myocantal i coronary artcry discase, disbetos and cancer. ANRIL binds
infarction PRCIPRC? and regula the tumor suppecssors COKNIAB.
However, the chear mde i the patbogenesis of these conditions
s ye1 30 be undersood
Myocadial infarction, dhabetic MIAT e GOMAFU MIAT is nvolved in pathological angiogencsis asd is suggested ms (38, 74-77)
retimopathy, schizophrenia  prodictor nlmmaml mhﬂn‘ MIAT foems.

SRSFL,
SF-1, md QKL Dmuwu.\lwnu( MIAT leads to stermtve
splicing. suggesting 3 IcRNA<riven mode of gplicingdefect

B

Alrhcimer’s discase BACEL-AS 1 BACE 1-AS incroascs BACE! mRNA suhbility kading to ]
accelermed amykad (42 sccumulation

Autien spoctrm discrder MSNPIAS 1 MSNPIAS regulates the mocsin protein, rogulator of synepsc 19, 80)
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MSNPIAS loces to sutisn spoctnam divorder pathogenceis.
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dysregulsBon of IncRNASs s not cely associsted with several types of cancers bt a variety of hmsn discases

PINT pS3-induced l:)fbmm:g mmn,- HULC highly upreguiatod in Iiver cancer, SRA skerokd reoeplor RNA axtivatoe, HOTAIR HOX. wanscrigt
antiscese RNA, ific 3, ANRIL g RNA in the INK4 bocus, MIUT myocandial isfarction associared manscript,
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astiscess RNA

Hypothalamus
Unknown
Pineal Gland Pituitary Gland
IncSN Family MEG3
2 Thyroid Gland
Brown Adlgose Tissue PTCSC3, NAMA, AKOZ3948
ncl \
M y Gland I
mPincl.0, mPincl.6, {
Zfasl, HOTAIR, LSINCTS
Pancreas
Adrenal Gland HI-LNC25, ANRIL, HOTAIR,
SRAT \ KCNQIOTI, HI9
White Adip
Ovary w7 \ \ Tissue
LSINCTS L) 1 IncRAP Family,
| SRAL naPINK1
Prostate Gland
PCATI, PRNCRI, PCGEM], Testes
CTBPI-AS, ANRIL Unknown
Order and di 3D i ization in human disease.

Anania C, Lupiafez DG
Brief Funct Genomics. 2020 Mar 23;19(2):128-138.

Key Points
* Abnormal 3D chromatin organization can lead to dis-
ease by rewiring interactions between genes and regu-
| latory elements.

are largely ined by the
spatio-temporal activity of regulatory elements and the
identity of the newly associated genes, as well as their
compatibility.

* Mutations on factors organizing chromatin in space
cause widespread effects by global gene misregulation.

* The disruption of 3D genomic architecture at speclfc
loci leads to with a more
nature.
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Human i
Eur J Med Genet. 2017 Nov;60(11): 618-626
Mackay DJG, Temple I

practice, p! and prog

Table 1
Imprinting disonders.
Disorder chromosome(s) prevalence OMIM X gemetic error % chromosomal % imprinting error (% MLID)  references
(SNV/ONV) error (UPD)
Angedman Syndrome (AS)  15q112 1:15000  #105830 705 ONV (delt5mat)  <5% (spdiSpat) <5% (rare) Buiting 2010
15% SNV (UBEZA)
Pradec-Willi syndrome (PWS) 15q112 115000 #176270 70% ONV (deliSpat)  <30% <1%(nk) Buiting. 2010
(updiSmat)
Beckwith-Wiedemann 1p155 110500 #130650 5% SNV (CORNIC) 200 10% HI9/ICK2 IC-DMR Choufani et al. 2010
syndrome (BWS) <5% CNV and SNV of hypermethylation (rare)
HISNGE2 IG-DMR 60% KONQI OT1 TSS-DMR
o (30%)
Silver-Russell syndrome (SRS) 11p155, che?  1:500007 #180860 <1% 10% (upd7mat) 40% (15-38%)
<%
(upd11mat)
Pseudobypoparathyroidism 209133 #603233 27% NV 5% (upd20mat) 61% (rare) Mantovand et al. 2016 B8
type 1h(FHPID) (delSTX 16mat) etal, 2006
L SNV (CNAS)
Transient neonatal diabetes  6q24 1:300000 #601410 40% NV (dupbpat)  40% (updbpat)  20% (50%) Mackay and Temgie, 2010
mellicus type | (TNOM)
Kagami-Ogata syndrome 14932 #6OS140 15% ONV (delldmat) 65X (updidpar) 20% (nk) Ogata and Kagami, 2016:
(K0S) Kagamsi et al. 20
Temple syndrome (TS14)  14q32 #616222 10% ONV (del1dpa)  78% (upd 14mac) 12X (rare)
Mulchandani-&hof Coolin ~ chr20 #617352 nk 100% nk (k) Molchandani et al, 2015
syndrome (MBCS) (upd20mat)
Schaaf-Yang syndrome @15 #615547 100 inactivation of  ~ - Fountain et b, 2017
(SHFYNG) MACEL? (SNVICNV)
Central precocious puberty 2 chrl5 #615436 100% inactvation of - Abred et al, 2013
(CPR2) MKRNJ (SNV)
nk: not known; SNV: singe nucleotide variant: CNV: copy number variant: upd: uniparental disomy. References bere are reviews of individual imprinting disorders. Ref-
erences melti-ocus each ID may be found in Sanchez-Delgado et al. (20163, ; only repoets of MUID post-dating
this review are cted in ths table, OMINE: Online Mendelian Inberitanat in Man (1g:) omimorg).

Table 1
Epigenetics and human diseases

Genefprotein Disease
DNA methylation system
MeCP2 Rett syndrome

MBD2
MBD4

DNMT3b
Epigenctic regulation of genes
FMR-1

IGF2
Imprinted genes

Colon cancer antigen
‘Tumors with microsatellite
instability

ICF syndrome

Fragile X mental retardation
Wilms’ tumor

Prader-Willi & Angelman
syndromes, Beckwith-
Wiedemann syndrome

Tumor suppressor genes Many tumors.
X-Inactivation center Functional disomy of X-linked
genes
Histone acetylation system
3 Rubinstein-Taybi syndrome
300 Gastric cancer, colon cancer,
brain tumor
MOZ-CBP Acute myelocytic leukemia
MLL-CBP Leukemias

Histone modification

Phosphorylation defect of Coffin-Lowry syndrome

histone H3
Chromatin remodeling system

Mi2 Autoantibody in
dermatomyositis

MTAL Metastatic potential of cancer

hSNES/Ini- 1 Rhabdoid tumor

BRGI Tumors

ATRX a-Thalassemia/mental

retardation syndrome, X-linked
Transcriptional control
PML-RAR Acute promyelocytic leukemia

The IncRNA H19
Zhang Y, Li Y, Hu Q, et al.
Nat Cell Biol. 2020 Nov;22(11):1332-1345.
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Syndromic Disorders Caused by Disturbed Human Imprinting
Carli D, Riberi E, Ferrero GB, Mussa A.
J Clin Res Pediatr Endocrinol. 2020 Mar 19;12(1):1-16.
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The emerging role of epigenetics in rheumatic diseases.
Rheumatology (Oxford). 2014 Mar;53(3):406-14.
Gay S, Wilson AG.

Family History Toxins Diet Exercise

Epigenotype
at birth

in utero Toxins, lliness inflammageing
nutrition Drugs &risk
inflammatory
rheumatic
 ——| diseases

Etiology and Risk Factors for Rheumatoid Arthritis: A State-of-the-Art Review.

Romao VC, Fonseca JE.
Front Med (Lausanne). 2021 Nov 26;8:689698.

Risk factors for RA
Environmental factors Host factors

et s o
y ) R s, o, $35um N 8. Low vtamin 07
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Summary of risk factors for the development of rheumatoid arthritis.

Tase 1 Epigenetic alterations in common rheumatic diseases

Cell type Epigenetic difference fro ntrol Reference
RA RASF WDNA methylation of cell adhesion and migration genes (35, 92)
A Histone acetylation and HDAC1 expression [39]
Peripheral blood mononuciear cells  WIL-6 methylation
CD4 T cells WCD40 methylation (43)
0A Chondrocytes VYLeptin, MMP-9, MMP-13, IL-1f and ADMSTS-4 methylation [45, 46, 93]
SLE T cells WDNA and DNMT1 expression {41, 53)
SS¢ Dermal fibroblast ADNA and DNMT1 exp N (58]

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

Table 2. MicroRNA dysregulation in systemic lupus erythematosus

Fundtion miRNA Expression in SLE patients Target gene Reference

Hyperactivation of type | IFN pathway

miR-146a Downregulated in PBMCs IRAK1, TRAFS, IRFS, STAT] [96]
Aberrant cyto/chemokines release

miR-125a Downregulated in PBMCs KLF13 971

miR-23b Downregulated in kidney fissue TAB2, TAB3, CHUK [98]

miR21 Upregulated in CD4* T cells PDCDA4 199]

miR31 Downregulated in CD4" T cells RHOA [100]
DNA hypomethylation

miR-126 Upregulated in CD4* T cells DNMTI [101]

miR-21 Upregulated in CD4™ T cells RASGRP1 [102]

miR-148a Upregulated in CD4™ T cells DNMTI [102]

CHUK, conserved helixdoop-helix ubiquitous kinase; DNMTT, DNA methyltransferase 1; IRAKT, interleukin-1 receptor associated kinase 1; IRF5, inferferon
regulaory foctor 5; KLF13, KruppeHike foctor 13; PBMCs, peripheral blood mononudiear cells; PDCDA4, programmed cell death 4; RASGRPT, RAS guanyl
releasing protein 1; RHOA, ras homolog family member A; STATI, signal ransducer and aciivator of transcription 1; TAB2, TGF-B activated kinasel /MAP3K7
binding protein 2; TAB3, TGF-§ activated kinase1 /MAP3K7 binding protein 3; TRAF, tumor necrosis factor receptor-associated factor 6.
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Update on epigenetics in allergic disease.
J Allergy Clin Immunol. 2015 Jan;135(1):15-24
Harb H, Renz H.
TABLE Ill. of on clinical through current
examples
Effector Clinical Genes (cell type) References
Allergens (OVA) Histone deacetylstion  AA, COPD LAT (CD4") »
Histone acetylation AA PDE4E (CD4Y)
ACLS3 (CD4Y
Microbes/famm environment DNA methylation AA RADS0 (PBMC) .
ILI13 (PBMC)
114 (PBMC)
IFNG (CD4%)
Tobacco smoke DNA methylation COPD GSTMI/GSTP (macrophages) ol
Histone acetylation COPD TNF (macrophages)
Histone deacetylation  COPD
Diesel ic aromatic Histone COPD, AA FOXP3 (CD4%) I
DNA methylation A IFNG (CD4)
FOXP3 (CD4*)
ACSL3 (CD4Y
Folic acid DNA methylation AA ZFP57 (CD4Y) iz
Histone Acatylsion  AA
Fish oil Histone deacetylation  Cellculture analysis  7I6 (macrophages) o
TNF (macrophages)
Lifestyle (obesity) DNA methylation AA CCLS, IL2RA, and TBX21 (PBMC) '™
Stress DNA methylation AA ADCYAPIR1 (PBMC) e
A, Nonallergic asthma; AA, allergic sstma; COPD, chronic obstructive pulmanary disesse; LAT, linker for sctivation of T cells; TEX2/, T-box wamscription factor.

Epigenetics: An opportunity to shape innate and adaptive immune responses.
Liotti A, Ferrara AL, Loffredo S, Galdiero MR, Varricchi G, et al.
Immunology. 2022 Aug 31. doi: 10.1111/imm.13571.
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Epigenetics in B-cell activation.

Missing Causality and Heritability of Autoimmune Hepatitis.
CzajaAJ.
Dig Dis Sci. 2022 Oct 19.

MISSING CAUSALITY

Epigenetic modifications in CD4* T helper subsets.
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Epigenetic modifications in innate immune cells. LA \p—R »
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Environmentally induced epigenetic changes as the causality of autoimmune hepatitis.

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

Table 1 Tmpaired DNA methylation in immune-mediated pulmonary discases

from sarcoidosis patients

Disease Tissuckcells Gene/molecules Methylation Expression Function Contribution o the References
stanss level pathogenesis of discase
Asthma Human blood o saliva ADRB2 t i Beta-adrenergic response Asthma severity, nocturnal asthma, [41]
airway hyperresponsiveness,
lung function
Human paripheral blood zPBP2 1 1 Influence gene expression “The development of “3)
‘mononuclear cell levels in the 17q12-q21 region _childhood-onset asthma
Distal airway tissue from L4 1 t Th2 cell differentiation Th2-driven inflammation [44)
‘mouse model
Human cord blood IL2 (site 1) t 1 Response to virus infection Asthma exacerbation via an 48]
alteration of the response
to rhinovirus
€D+ Teells from mouse models IFNG 1 1 Th cytokine(IFN-y) expression  Thi/Th2 polarization, dominant ~ [36]
phenotype
Idiopathic pulmonary ~ Fibroblasts from lung biopsy PTGER2 t 1 Antifibrotic mediator Increase the PGE2 resistance 180]
fibrosis (IPF) specimens of patients with of fibroblasts
IPF and lung of mouse model
Fibroblasts from patients with IPF Thy-1 t i Cell—cell and cell-matrix interactions Promote myofibroblastic 81
and regulates intracellular differentiation of lung fibroblasts
signaling pathways
TPF lung tissue STKI7B, STK3 4 t Apotosis and nucleosome formation  ND 791
HISTIH2AH
Silicosis Primary macrophages and Genomic DNA of cFb | t Activation of fibroblasts. Fibrosis 138
fibrocytes from rats model
Serum from the patients MGMT 1 1 Tumor suppressor genes Promote the tumorigenesis in fung (139
‘with silicosis Ppl6INK4a
RASSFIA
DAPK
RARb
Sarcoidosis Peripheral blood leukocyles Subtelomere i t Accessory peptide factors Acceleraied telomere shorening  [132)

(1) decreasad, (1) increased, PGE2 prostaglandin E2, ND not determined
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Epigenetics in idiopathic pulmonary fibrosis.
Biochem Cell Biol. 2015 Jan 13:1-12.
Tzouvelekis A, Kaminski N.

: : mil\uc :

Epigenetics in ocular diseases.
Curr Genomics. 2013 May;14(3):166-72.

Liu MM, Chan CC, Tuo J.

Tablel. DNA and Histone in Ocular Diseases.

Geoe Modification Stady Populativa | Tisowe Effect/significance Reference
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motes srpcm ronensory retma levels of GSTMI and GSTMS

CRYAA £CpG | Age L Decressed mRNA and peotess | [15]
inland 1 85610 640 patinets vk of CRYAA

TG\L rCpG | Prery Prerygus tiscue Decrrased sRNA and prolesn | [19]
sites at 268, 32, 29 bp tevels of TGMND

Fr.Y.2) of CpG Prerygium tisse Incresied mENA sed prowin | [19]
siles ol +384 and +602 bp Tevels of MMP2

o of ey s prown | [19])
sites at 809, 762, 631, « levels of CD24
29bp

MSHE, CDee, f Formalin Eynprostic of | 2]

PAXS.ATAS, TP33. | moter segomn pabesty cxsbedded retmoblasicom | hamor seppremon
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RBI, a0d CDRN?

CXCRY Hypenuelylsbon of CpG | Balbic NODSCID | 151747 b Ocular 23]
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chambes

Sod? Tncrmasad HAK Oume) st Retina Decreased Sod? expression | [22]
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and Sy logy App! in the Study of Lipid Disorders
Rev Invest Clin. 2018;70(5):217-223.
Rodriguez A, Pajukanta P.

DNA level
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interactions)

Epigenetics and Disease
(Environmental Epigenetics)
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Table 1. Common endocrine

disuptor

Effect

DDT
Phytoestrogens (e.g. genistein)
DES

Dicofol
BPA

Aflatoxin

Cadmium
Heterocyclic amines
Arsenic

Dioxins (TCDD)
Vinclozolin
Methoxychlor
Phthalates

Reproductive failure

Impaired fertility, reproductive effects, breast cancer protection
Vaginal cancer in humans

Developmental toxicity in hamsters

Abnormal ovarian follicles, high plasma estrogen levels
Prostate cancer

Liver cancer

Lung cancer, reproductive problems

Cancer of colon, stomach and breast

Liver cancer

Mammary tumor

Impaired male fertility

Impaired male fertility

Impairs male reproductive tract and testis

TCDD, 2.3.7.8-Tetrachlorodibenzo-p-dioxin -

<— Metabolic activation

Qs Influenee of enzyme
polymorphism

Alterations of enzyma
activities

. Polycycli . yeli
(NDEA) hydrocarbons (B(z)P) aromatic amines (PhiP)

HyC=CH,

-
»” Coffee -

== " diterpenoids C+K (1)

=7 Vaniliin,
cinnamon aldehyde

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

Hypothesis: ;s
[ Environment

Diet
ST O
N

Fat in cultural diets In utero exposure Bisphenol A

Altered pre-pubertal gland
development and cancer
susceptibility

4nmC

{ ERa

§rme { Proleration

Increased number of terminal end buds in day 21 mammary glands

Increased mammary tumor incidence in adulthood
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Interindividual Variability in Stress Susceptibility: A Role for Epigenetic
Mechanisms in PTSD.

Front Psychiatry. 2013 Jun 26;4:60.

Zovkic IB, et al.

Table 1| A summary of epigenetic modifications reported in rodent models of fear conditioning.

Epigenetic modification measured | Gene Brain region | Effect | Reference
'MEMORY | h AFTER FEAR CONDITIONING)
K Global CA1 " | ¢ | Chwang etal. (2008), Levenson et al. (2004), Miller et al. (2008)
y Bdof V promoter | AL pu [Lisiveta 18
H3 acetylation F t [Tekei et al. {2011)
Homer 1 promoter | Hippocampus + Mahan et al
Global Lateralamygdala | | Monsey et al. (2011), Maddox et al. (2013)
Ha phosphorylation Global CA1 B
Ha i Global CA1 T
HaKame2 Global Entorhinal cortex | 1
Global CA1 t
zif268 promoter CA1 + Gupta et al. (2010)
H3Kame3 BONE| Al x
Homer 1 promoter | Amygdala | | Mahanetal
PP1 | Miller and Sw
Reelin L[| Miller and Sweatt (2007)
DA metyation Bdnf cat L | Lubin et al. (2008)
2if 24 . i !
‘DNA | Cakineurin [ prc [ 4 [ Miller et al. (20100

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

Table 1. MicroRNAs in resp to different i | exp and relation to cardiovascular disease
miRNA/miRNA
Exposure regulatory gene Change/effect of Target/fundtion CVD relevance References
PM, carbon  Dicer polymorphism Minor allele A miRNA biogenesis Correlated with higher [26]
black 13078 serum sICAM-1 and
sVCAM-1 levels
GEMIN 4 polymorphism ~ Minor allele C miRNA biogenesis Higher sVCAM-1 levels
51062923
Air pollution,  miR 222 Increased in peripheral <Kit, p57 (Kip2) Induce vascular smooth  [24]
metal blood muscle cell growth,
pollutants angiogenesis [27];
reduction in eNOS,
vasoconstriction [25]
mik 21 Phosphatase PTEN, Prevents cardiomyocyte
PI3 Kinose pathway apoptosis in MI [28]
Aluminum iR 1460 Increased, in-vitro NF-«B dependent, Cardiomyocyte apoptosis  [30]
experimental model oxidoreductive pathway,  cardiac hypertrophy
ErbB pathway 291
Bisphenol A miR 146a Increased in placental cells B1
Alcohol miR 199a Increased in liver sinusoidal Hypoxia Inducible Factor  Prevents hypoxia injury ~ [32]
endothelial cells HIF-1 a, Siruin 1

CVD, cardiovascular disease; HIF1, hypoxia inducible factor 1; ICAM, intercellular adhesion molecule 1; PTEN, phosphatase and fensin homolog; VCAM-1,
vascular cell adhesion molecule 1.
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impact of on lipid and ap X recepf ic view.
Environ Epigenet. 2017 Oct 1;3(4).
Helsley RN, Zhou C.

A Pl iption of potential
6 — modifications regulating PXR and its target gene
transcription. (A) Potential role of PXR in epigenetic
1 regulation of target genes. Upon ligand activation, PXR
y can bind to DNA regions enriched with epigenetic
% £ 2 ST modifiers (EM) that are considered to be transcriptional
e activators. This schematic proposes a scenario where
1 EDCs bind to PXR and promote PXR interaction with

EMs such as H3K4Me2, p300, and PRMT1. In addition

cYrm CYPIA
o [ 1o CYP3A4 locus showed here, PXR also regulates
— al @ I genes involved in lipid homeostasis and atherogenesis
4 (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.

Metabolic and Molecular Mechanisms of Diet and Physical Exercise in the Management of
Polycystic Ovarian Syndrome.

Physical activity

A . ﬁ e
== Polycystic ovary - o, % \
v "‘.‘A" £ &

Genetic factors

Genetic, environmental and behavioral factors involved in the pathogenesis of PCOS.

Polycystic Ovary Syndrome: A Comprehensive Review of Pathogenesis, Management, and
Drug Repurposing.

Sadeghi HM, Adeli I, Calina D, Docea AO, Mousavi T, Daniali M, Nikfar S, Tsatsakis A, Abdollahi M.

Int J Mol Sci. 2022 Jan 6;23(2):583.
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Summarized scheme regarding the pathophysiology of PCOS.

Impact of the Exposome on the Epigenome in Infl ory Bowel Di Patients and Animal Models
Vieujean S, Caron B, Haghnejad V, Jouzeau JY, Netter P, et al.
Int J Mol Sci. 2022 Jul 9;23(14):7611.
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Summary (adapted from Sawan et al. [323]). The environmental factors epigenetically influencing the occurrence
of intestinal inflammation are breastfeeding, microbiota, diet, smoking habits, drugs, infections, vitamin D and
physical activity. Although present at all times, it is mainly during the prenatal period, at birth and just before the
onset of the disease that these factors play a key role in triggering the disease. These environmental factors, by
inducing DNA methylation, histone modifications and ncRNAs in different cell types, trigger the pathways involved

in IBD pathophysiology and contribute to disease initiation.




Epigenetics in IBD: a conceptual framework for disease pathogenesis.
G N, Zilbauer M.
Frontline Gastroenterol. 2022 Jun 7;13(e1):e22-e27.
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Schematic illustrating factors (genotype, epigenotype and environment) contributing to IBD
pathogenesis. Created with BioRender.com. IBD, inflammatory bowel disease.
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Dietary flavonoids prevent diabetes through epigenetic regulation: advance and challenge.

Han S, LuoY, LiuB,Guo T, QinD, LuoF.
Crit Rev Food Sci Nutr. 2022 Jul 11:1-17.
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HIGHLIGHTS
« “Epigenetic therapy” could reduce the burden of diabetic patients
« “Epigenetic diet” ameliorates diabetes
« Targeting epigenetic regulations by dietary fl ids in the diab p
« Dietary fl ids prevent diab via ional epi ic i itance
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Epigenetics and Disease
(Cancer)

and i origins of cancer.

Int J Cancer. 2018 Mar 1;142(5):874-882.
Herceg Z, Ghantous A, Wild CP, Sklias A, et al.
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Cancer Epigenetics: An Overview.
Recillas-Targa F.
Arch Med Res. 2022 Nov 18:50188-4409(22)00142-4.
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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 Polycomb-
mediated 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 cancer i i ic programs during metastatic progression
Pomerantz MM, Qiu X, Zhu Y, et al.
Nat Genet. 2020 Aug;52(8):790-799.

Table1] Included in the study to tissue and mark

AR FOXAT ~ HOXBI3  H3K27ac  H3K4me2 H3K4me3 H3K27me3 ~ ATAC-seq  All

marks

Total 59 42 2 86 8 10 n 10 268
Normal prostate 13* " 14 37 4 3 4 4 93
epithelium
Primary ar 13 13 32 4 7 7 6 RE]
prostate tumor
mCRPC* 15 5 15 7 0 0 o o 62
Medianno.of 20619 37691 47338 34,609 69,558 33215 (28952~ 254,48 48139 \
peaks (range)  (1577-  (3174-  (1,709- (2,337 (41,095-83,869) 38,447) (112,809~ (25324~

73723)  99041) 90075)  127,042) 316413) 60,232)
ancludes o ARCH “chip-seq

RPC pre RPC iver blopsies.

Unmethylated CpG Island

Activators, Histone Acetyltransferases,

Basal Transcriptional Machinery Protect the Island
i

AN
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FIGURE 2.1  Repetitive DNA sequences and a typical CpG island of a tumor suppressor
gene are shown for a normal and a tumor cell. The presence of dense hypermethylation com-
pletely changes the molecular environment.

Table 3. Some examples of tumor suppressor
genes silenced by DNA hypermethylation in cancer

Cancer type Tumor suppressor gene Refs
Retinoblastoma pRb 72
Breast cancer BRCA1 73
Colorectal carcinoma MLH1, APC 56,74
Melanoma p16INKK4a 75
Haematological neoplasia p15INKK4b 76
Renal carcinoma VHL 77
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Percentage of CpG Island Hypermethylation in 1.Lymphoma
Human Cancer According to the Tumor Type 2.Esophagus
3.Stomach
4.Colon
22 S.Pancreas
25 ¢ ] 6.Leukemia
7.Uterus
8.Liver
15+ 9.Head & Neck
10.Glioma
10 11.Kidoey

12.Breast
5 ‘ 13.Lung
0 RS N 14.0vary

15.Bladder
1 2 3 45 67 8 9 10111213 1415

Percentage of CpG Island Hypermethylation in
Human Cancers According to the Tumor Suppressor Gene
%

30 1. pleixes
2. prsivee

e B 3.DAPK

20 4 hMLH1

5. MGMT

15 6. APC
10 7.GSTP1
8.p73
D 9. pLARF
o : 10. BRCA1

o

Table 1 Genomic features of dif i regions in colon cancer
Overlap with  Overlap with ~ Overlap with Refseq
N No. of CpG. Genomic size  Median size (bp) islands shores mRNA TSS
Normal genome (reference) NA 28.2M 3.106Gb NA 27.7K 55.4K 36,983
Hypomethylated blocks 13,540 16.2M 1.95Gb 39,412 17.6% 26.8% 10,453
Hypermethylated blocks 2,871 485K 35.8 Mb 9,213 13.4% 36.4% 976
Hypomethylated small DMRs 4,315 59.5K 2.91 Mb 401 2.2% 51.0% 1,708
Novel hypomethylated 448 8.35K 367 kb 658 2.9% 19.9% 30
Shift of methylation boundary 1,516 175K 741 kb 261 2.1% 92.8% 1,313
Other 2,351 33.7K 1.80 MB 479 2.1% 29.9% 368
Hypermethylated small DMRs 5,810 403K 6.14 Mb 820 67.2% 17.0% 3,068
Loss of boundary® 1,756 165K 2.36 Mb 1,159 80.9% 3.4% 1,091
Shift of methylation boundary 1,774 96.3K 1.40 Mb 502 60.3% 33.0% 1,027
Other 2,280 142K 238 MB 769 62.2% 15.1% 983

A desribed nth et o of boundary MR werssssciaed withincreas of methylation i the G sland and o decress of mettlatio i he adjscent hore. We scor these .3 single
event and classify them here since there are more CpGs in the islands than in the shores. NIA, not applicable, as cnly ref genome assembly hgl9 wa

Table I. Genes frequently methylated in haematopoietic malignancies.

Acute myeloid leukaemia pl5, E-cadherin, SOCS-1, p73, DAPKI,
HICI, RARB2, ER

Myelodysplastic pl15, E-cadherin, calcitonin, HICI, and ER
syndromes

Acute lymphoid E-cadherin, p16, p15, p73, DAPKI, MGMT
leukaemia

Lymphoma DAPK1, p73, p16, MGMT, GSTP1I,
RARP2, CRBPI

Multiple myeloma pl15, pl16, SOCS-1, E-cadherin, p73,
DAPKI1, PF4

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.
P = i

o v3 e iwatite) - 99900

Toe  Dums  SeweD e

o CHEMTIE GINBO) 8 Sektes

cgprossose

A screenshot showmgrthe “‘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.
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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.
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Enhancer RNAs in cancer:

Lee JH,

and

Xiong F, Li W.
RNA Biol. 2020 Nov;17(11):1550-1559.

Table 1. A list of reported eRNA binding proteins and underlying mechanisms.

eRNA-Binding Proteins

Identification methods

Potential regulatory mechanisms References
Cobesin (RAD21, SMC3) IVT RNA pulidown and RIP-gPCR Modulation of chromatin Looping 119
CICF IVT RNA pulidown and RIP-gPCR Modulation of chromatin Looping (59)
MED1, AR RiP-qPCR Modulation of chromatin Looping (30
NELF-E RIP-qPCR, IVT RNA pulidown NELF complex release 311
wi CLIP-Seq EMSA Transcription factor trapping (32)
PGC1a RiP-Northern blot, RIP-gPCR, EMSA Regulation of PGCla mediated transcription mn
Cydin T1, COK9 IVT RNA pulidown, RIPGPCR, GST-  P-TEFb activation 176)
pulldown
(<2 PAR-CLIP, In vitro protein pulidown,  CBP HAT activity regulation via direct interaction at the catalytic 871
EMSA domain of HAT
COK9 and NELF RiP-qP(R Recruitment of COK9 and removal of NELF complex (88]
hRNPU IVT RNA pulidown Modulation of chromatin Looping (8s]
hnRNPA281, cohesin complex, IVT RNA pulidown Chromatin Remodedting [44]
Integrator
300, NELF-A, CBP, CDK9 RiP-qPCR P300 recruitment and NELF complex release 89]
BRD4, BRD2, BRD3, BRDT, BRG1, RIP-qPCR, EMSA, In vitro protein Promote the interaction between bromodomain and acetylated (62}
BRO7 pulldown histones.
MED12 RiP-qPCR, IVT RNA pulidown Modulation of chromatin looping (86)

RIP: RNA immunoprecipitation, IVT: in vitro transcrption of RNA
and EMSA:

. CLIP: Crosslinking and PAR-CUP;

mobility shift assay,
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DNA methylation and histone modifications as epit i ion in p cancer (Review).
Oncol Rep. 2017 Nov;38(5)_:‘35EB7-2596.

Nowacka-Zawisza M, Wisnil

Table I Genes hypenmethylated in prostate cancer

Clyomosomal Hypermethylation in

Gene location Function prostate cancer (%) Refs

GSTPI 1q13 Detoxification, DNA repair 13-100 (13,16,72-82)

MGMT 10926 Detoxification, DNA repair 076 (17-1935)

CDHI 16q22.1 Cell adhesion 072

D34 Hpl3 Cell-cell interactions, cell adbesion and 20.78
migration

ceNp2 12p13 Regulation of cyclin-dependent protein 8499 (19.7375)
senne/threonine Kinase activity

APC sq21.922 Tumor suppressor; antagonist of the Wit 14.5-100 (19273576,
signaling pathway; regulator of cell migration, 8082 85.87)
adhesion, ranseriptional activation and apoptosis

RARS 17q21 Tumor supp ; regulation of develop 326100 (19.73,75.77)

apoptosis,

and transcniption of clock genes

RASSFIA 3p213 Tumor suppressot, 192100 (19.72.73.86)

Ras protein signal transduction

GSTPI, glutathione-S-transferase 7 1: MGMT, O-6.methylgwanine DNA methyltransferase; CDHI, E-cadberin-1: CD44, CD$4 molecule;
CCND2, ¢yelin D2: APC, adenomatous polyposts coli; RARS. retimoic acid receptor fi; RASSFIA, Ras associated donsain family member |

and Future C

Histone D y and their Inhibi in Col | Cancer Therapy: Current
Garmpis N, Damaskos C, Garmpi A, Nonni A, et al.
Curr Med Chem. 2022;29(17):2979-2994.

Ast-metastatic
action

Auophagy

Decrypting ENCODEGd epigenetic marks of human tRN-A-RS genes in

normal, stem and cancer cell lines.
Mitra S, Samadder A, Das P, Das S, Dasgupta M, Chakrabarti J.
J Biomol Struct Dyn. 2016 Oct 6:1-13.

Epigenomics

Chip S Pk
(FNCOOE)

Figure 1. Pipeline of work

Notes: Epigenetic files of genes retrieved from ENCODE 1w analyse HMs and CSs in cell lines, CS alicration across cell lines, how
HM distnbutions correlate (0 CS, the difterences between (RNAs and pseudo IRNAs, IRNAs m a cedl with wlentical/simibir sequences
may hive vastly different HMs and CS.
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Reis AH, Vargas FR, Lemos B.
Tumour Biol. 2016 Oct;37(10):13029-13038.

Biomarkers of genome instability and cancer epigenetics.

Genetic background Age
Hypermethylation Hypomethylation
modifcasion Yemodeiing | | Nomcoding RNAs
Lifestyle Environment

Cancer epigenetics: Moving forward.
PLoS Genet. 2018 Jun 7;14(6):e1007362.
Nebbioso A, Tambaro FP, Deli'Aversana C, Altucci L.
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Clinical lipidomics in understanding of lung cancer: Opportunity and challenge
Zhang L, Zhu B, Zeng Y, Shen H, Zhang J, Wang X.

Cancer Lett. 2020 Feb 1;470:75-83.
Lipid f ACAT ‘l,
Overload fatty
acids

CEs

Proliferation? cholesterol Lipid droplets
Migration? ‘L &
Invasion? Lung T g
Cancer oxysterol FC -
/ \ lysosome ¢
R-5-P1 deacetylation Mitochondrial  NAPDH-oxidase ehole !
NADPH? ,',"m"'m" chain T

LDLr? HMGCoA-R  LDLr

T EG/’ HDAC4 \ P4
NADPH1—> ROS?T \ /
‘Q R-5-P| Ik  PIKIAKIT — SREBP2!

k7 \
\ =D goptin) | skeser g
k294 mewmnj,l PTEN loss cancer

——> Lipid Overload
== Lung Cancer

~—> Breast Cancer

——> Prostate Cancer

(A) Chr repressive states. R ennched for DNA and histone rm(hyla!lm marks; active states are accessible
mmpnm factors (TFs) and ¢ ennched for hi rk (such as H3Kame3). R netic barriers and blocks cell state transition,
i f Il statos,
(B) Abrrant perissve et i 5 and give rise to hallmarks of cancer.
prof ling of le-i ive bladder cancer
van der Vos KE, Vis DJ, Nevedomskaya E, et al.
Sci Rep. 2020 Jul 2 10(1) 10952.
a

19MEC pasents B — b
RNA-seq 5 e
T e

H3Kéme1 HaK4med HIK27me3

LT LTI L]
Ll bl JLL Ll L]
L.LWLLLLJM

PORAI WR COU KNS RN

o1 wato cou
s 3510 ‘-u e w0 W e e ... e
AT ke AT S T o J8n 1 MR OATIS JeSATE

23



Multi-omic singl 1l reveal multiple i

cell line

j ies to drug ina
Su Y, Ko ME, Cheng H, Zhu R, Xue M, et al.
Nat Commun. 2020 May 11;11(1):2345.
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Critical point analysis and network analysis of two trajectories

Epigenetics and Disease
(Neuroscience)

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.
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pigenome
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CNV, SNPs
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Environmental factor(s) Associsted with

75 disease

Metals {iron, copper, zine, mercury, aluminum) zed risk, inconclusive results
Pe ides sed
Solvents Increased . inconclusive results
Electromagnetic ficlds Increased risk, inconclugve results
Caloric restriction Protectior
Antioxidants Protection
Mediterranean diet, fruit and vogetables rotection
Fish and 13 fatry acids Pratection
Traumatic juries Tncreased risk
Infections and inflarnmation Increased risl
Packinson's disease
Metals giron, copper, mangan dead) Increased risle, conflicting results

1al environment (pesticide: herbicides) [ncressed risk

Protection

Protectior

2

7 ion
Fish Protection
Head injuries with loss of consciousness Increased 1isk

Amyotophic lateral selerosis

Metals flead) [nereased risk
Pesticides and insecticides Increased risk
Electromagnetic fields Increased risk

Some sports (soccer, football) [ncreased risk
Head injuries

Tobacco smaking Increased sisk, in women

Conserved epigenomic signals in mice and humans reveal immune basis of

Alzheimer's disease.
Nature. 2015 Feb 19;518(7539):365-9.
GjoneskaE, et al.

%: g Other call tysaatissues

'nr 0E

Gene-environment interactions in Alzheimer disease: the emerging role of epigenetics.

Migliore L, Coppedeé F.
Na% Rev Neurol. 2022 Nov;18(11):643-660.
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epigenome.
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Omics-based biomarkers discovery for Alzheimer's disease.
Aerqgin Q, Wang ZT, Wu KM, He XY, Dong Q, YuAJT.
Cell Mol Life Sci. 2022 Nov 8;79(12):585. t;k "
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The Potential Connection between Molecular Changes and Biomarkers Related to ALS and
the Development and Regeneration of CNS.

Glavac D, Mladini¢ M, Ban J, Mazzone GL, Samano C, Tomljanovi¢ |, Jezernik G, Ravnik-Glavac M.

Int J Mol Sci. 2022 Sep 26;23(19):11360.
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miRNAs that regulate the expression of genes that
code proteins differentially distributed in P5 and P18
opossum spinal cords and detected in association
mRNA-miRNA-IncRNA network visualization with ALS.
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histone modifications provide
recruitment sites for proteins

Mutation
Dominant.negative truncated CBP

CBP knockout

cep

Cpprwms
CEPA1

p300a1
PCAF knockout

Memory/Plasticity Impaimment

Cued fear condtioning
Passive o
Novel object recognition
Contextual fear conditioning
Novel recognition
Cued fear conditioning (trend only)
LLTP
Novel object recognition
Morris water maze
E‘OV!‘ object recognition
ontextual fear condi
Monts it e s
CO?(;X‘U!‘ fear wﬂd;uo'\mq‘ .
[ erated by: 1 train ELTP +
Nowal Sopct recogpition e
Novel object recognition
Contextual fear conditioning
Morris water maze
Inhibitory avoidance
Novel object recognition

Reterence
Otke et al. 1999

Bourtchouladze et al. 2003
Alarcon et al. 2004

Korzus et al. 2004
Wood et al. 2006
Wood et al. 2005
Oliveira et al. 2007
Oliveira et al. 2007

Maurice et al. 2008

with specialized motifs:
bromo domai acetyllysine
methyl-lysine
methyliysine < |
methyl-lysine Binding
phospho-serine Sites
phospho-serine

histone modifications alter
histone-DNA and
nucleosome-nucleosome
== contacts to increase
nucleosome mobility
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Histone modifications and memory®

Location Functional group/relation to memory Reference

H3 s10 Phosphate; T in response to fear slice Chwang et al. 2006, 2007
H3 K14 Acetyl; T In response to fear ippocampal shice

H3 K14 Acetyl; T In response to treatment with 5.HT in aplysia Guan et al. 2002

H4 K8 Acetyl; T In response to treatment with 5-HT in aplysia

HA KB Acetyl; L correlates with long-term depression

H3 K14 Acetyl; Tin response to fear conditioning Levenson et al. 2004

H4 K5/8/12/16 Acetyl; T in response to latent inhibition training

H3 K14 Acetyl; T in response to fear conditioning + TSA Vecsey et al. 2007

HA KS/8/12/16 Acetyl; T in response to fear conditioning + TSA

I Schizophrenia

| Ir Patient
A B C
§ 3 § ] § ]
No Risk Low Risk High Risk
FIGURE 111 Partial meiotic cpigenetic stability. In this hypothetical family, the fuher is affected
with phreniz and has an on the gene predisposing to phrenia. () The

tion is completely erased in the father's germline and the offspring has no disease. (B) There is partial
erasure of epimutation, which results in a higher risk of developing schizophrenia. (C) The cpimutation
is meiotically stable; in which case, the offspring has a high chance of deseloping schizophrenia

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.
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Development, ageing,
= behavior, cognition,
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Lipidomics of the brain, retina, and bi ids: from the bi i to ial clinical ication in
schizophrenia

Zhuo C, Hou W, Tian H, Wang L, LiR.

Transl Psychiatry. 2020 Nov 9;10(1):391.

Table 1 i in ics studies of biofluids from schizophrenia patients.

Methods for lipidomics  Lipid species identified by lipidomics Biofluids References

UPLC-ESH QTOFMS Trighycerides {ipid cluster, LC4 to LCH Serum Oretit et al

PLCES MS Lysophosphatidyicholines Oretit et al
HPLC-ELSD and GC-FID  Triacylghycerols, free fatty ack sphatidyicholine, phosphatidylethanolamine  Pasma Kaddurah-Daouk et &
TLC and GCi shatidykhotine (n3, n6 McEvoy et al
ESHMY/MS plasm thanola ¥ acid Wood et

UPLC-ESH QTOF-MS ¥

fatty acids, ceramide Fed biood cols

Schwarz et al

ESHMS/MS Choline plasmalogen, ethanclamine plasmalogen, docosahexaenoic acid Platelets Wood
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Elevated ShmC levels characterize DNA of the cerebellum in
Parkinson’s disease
Reinhard Stéger', Paula J. Scaife?, Freya Shephard2 and Lisa Chakrabarti®

5-methylcytosine and the oxidation product 5-hy ine are two promi i ic variants of the cytosine base
in nuclear DNA of ian brains. We levels of 5 and 5 ine by enzyme-linked
immunosorbent assay in DNA from post-mortem cerebella of individuals with Parkinson's disease and age-matched controls.
5-methylcytosine levels showed no significant differences between Parkinson’s disease and control DNA sample sets. In contrast,
median 5-hydroxymethylcytosine levels were almost twice as hlgh (p<0.001) in both male and female Palkmson‘s dsease
individuals compared with controk. The distinct ic profil in bellar DNA of raises
the question whether elevated 5-hydroxymethykytosine levels are a driver or a consequence of Parldnson 's dlseaso_

npj Parkinsons Disease (2017)3:6; doi:10.1038/541531-017-0007-3

Environmental Impact on the Epigenetic Mechanisms Underlying Parkinson's Disease
Pathogenesis: A Narrative Review.

Angelopoulou E, Paudel YN, Papageorgiou SG, Piperi C.

Brain Sci. 2022 Jan 28;12(2):175.

DNA methylation DNA methylation
COMT, TNF -a, CYP2D6 , GSTP1, GSTM1, GSTP1, CYP2D6, CYP2E1, DAT,
LINE -1, PTBP1, SLCGA3, DRD2 DDAH2

Histone modifications
NCRNAs H3 and H4 hyperacetylation

miR-124, miR -26, miR-30,

), HAT, HDACS (SIRT3, SIRTS)
miR-34, MIR-99, MiR-124, ’
miR-125, miR-146, NCRNAs
miR-219, miR -222 = mIR-380-3p, miR-263, miR-343,
Smoking ‘ miR-7, let7a, MR -384-5p, miR-141,
and miR-9
PD

DNA methylation
DNA methylation ’ Coffee Heavy s DRD2,
GBA, Parkin and PINK1 metals Parkin, PINK1,
/ LINE-1

Histone modifications
HDACs (SIRT3) Histone modifications

HAT, HDAC3, HDACA
NCRNAs
miR-144, miR-15b-Sp, miR-30

The epigenetic mechanisms involved in mitochondrial dysfunction: Implication for
Parkinson's disease.

Chen Z, Rasheed M, Deng Y.

Brain Pathol. 2022 May;32(3):e13012.
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The landscape of neurotoxic epigenetic modifications inducing mitochondrial dysfunction in PD.

Schematic representation of the potential impact of environmental factors on epigenetic modifications in PD.|

Asy pp! delivers a i i catalog and expanded targets for seizure suppression in temporal lobe
epilepsy

Veng MT, Reschke CR, Morris G, et al.

Proc Natl Acad Sci U S A. 2020 Jul 7;117(27):15977-15988.
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Environmental stimulation in Huntington disease patients and animal models.

Novati A, Nguyen HP, Schulze-Hentrich J.
Neurobiol Dis. 2022 Sep;171:105725.
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Potential biological mechanisms linking Huntington
disease (HD) pathogenesis with different
environmental stimulation types.

Associations of parental birth characteristics with autism spectrum disorder (ASD) risk in their offspring: a population-
based multigenerational cohort study in Denmark

Xiao J, Gao Y, Yu Y, etal.

Int J Epidemiol. 2021 Jan 7;dyaa246.

Key Messages

* Maternal and paternal birth characteristics, including preterm birth and low birthweight, were associated with an in-
creased risk of sutism spectrum disorder (ASD) in offspring.
+ Parents born very preterm (<32 weeks) marked a nearly 2-fold increase in ASD risk in their children.

* Qur ion analysis that parental ial tal risk and i of the offspring might ex-
plain a small magnitude of the total effect between parental birth characteristics and offspring ASD risk.
* Our findings provide new evi for possible i factors infi g ASD risk that should be sought,

In both men and women, before conception.

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 Systems Biology”

Spring 2023 (Odd Years)
Biol 476/576

Schedule/Lecture Outline —
Week 1 ) January 10&12 i Systems Biology (History/ Definitions/ Theory)

Week 2 Janvary 17 & 19 Systems Biology (Networks & Emergence)
Week 3 Janvary 24 & 26 Systems Biology (Components: DNA to Phenotype)

Week 4 Jan 31 & Feb 2 Systems Biology (G ics / Technology)
Week 5 February 7 & 9 Epigenetics (History / Molecular P )
Week 6 February 14 & 16 Epig ics (Molecular Pr & Integration)
Veek 7 February 21 & 23 Epigenetics (Genomics and Technology)
Week 8 Feb 28 & March 2 Cell & Develop | Biology
Week 9 March 7 & 9 Epigenetics of Cell & Developmental Biology (& Midterm Exam)
Week 10 March 13-17 Spring Break

Week 11 March 21 & 23
Week 12 March 28 & 30
Week 13 April4 &6
Week 14 Aprl 11 & 13
Week 15 Apnl 18 & 20
Week 16 April 25 & 27
Week 17 May2 &4

Environmental Impact on Biology
_ Environmental Epigenetics
Disease Etiology
Epigenetics & Disease Etiology
Evolutionary Biology & Genetics
Epigenetics & Evolutionary Biology
Grant Review/ Study Section Meeting (& Final Exam)
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Spring 2023 - Epigenetics and Systems Biology
Lecture Outline (Epigenetics and Disease Etiology)
Michael K. Skinner - Biol 476/576

Weeks 13 and 14

Epigenetics and Disease Etiology

- 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

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)

Epigenetics and Disease
(Metabolic Syndrome
and Complex Disease)

Obesity II: Establishing causal links between chemical exposures and obesity.
Heindel JJ, Howard S, Agay-Shay K, et al.
Biochem Pharmacol. 2022 May;199:115015.

Sources of
Obesogens

Parabens ' l > I Brominated

Flame retardants
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Epigenetics in adipose tissue, obesity, weight loss, and diabetes.

Adv Nutr. 2014 Jan 1;5(1):71-81.
Martinez JA, et al.

TABLE 1 Examples of nutritional factors having beneficial lic effects that are reg by epi ic mechanisms’
factor disorder Epig h Reference
Methyl donors
Betaine Insulin resistance, liver steatosis Histone and DNA methylation (13)
Choline Liver steatosis Histone and DNA methylation (14)
Folate Insulin resistance, adiposity DNA methylation (15)
Methionine Insulin resistance, obesity Histone and DNA methylation (15)
Vitamin B-12 Insulin resistance, obesity DNA methylation (15)
Phytochemicals
Curcumin Inflammation, obesity Histone acetylation, DNA methylation, and microRNA (16)
Epigallocatechin 3-gallate Obesity, insulin resistance, liver steatosis Histone acetylation and DNA methylation a7)
Genistein Obesity Histone acetylation and DNA methylation (18)
Resveratrol Obesity, liver steatosis Histone acetylation (19)
Sulforaphane Adipocyte differentiation Histone acetylation (20)
Fatty adds
Butyrate and other SCFAs Insulin resistance, inflammation Histone acetylation and propionylation (21)
" Based on (12)

/ ADIPOGENESIS \

METABOLIC FACTORS

Inflammation

Oxidative stress

Hypoxia

Estrogens, Insulin, Glucocorticoids, ..

Endocrine disruptors

S o

7

Free fatty acids
Glucose
Oxidative stress
Inflammation
Stress.

Sleep debt

\Sedentarism

METABOLIC FACTORS

INSULIN RESISTANCE \

PERINATAL EVENTS
Maternal diet
Maternal adiposity and inflammation

Maternal hormone imbalance and stress

TABLE 2 Examples of metabolic processes related to obesity and type 2 diabetes that are regulated by genes whose expression is

controlled by epigenetic mechanisms

Metabolic Gene Common gene Epigenetic
process symbol name
Adipogenesis CEBPA CCAAT/enhancer binding Histone acetylation and methylation (24)
protein ((/EBP) a
PPARA  Peroxisome proliferator-activated  DNA methylation 25
receptor a
Appetite regulation LEP Leptin DNA methylation 6)
MC4R Melanocortin 4 receptor DNA methylation 27)
NPY Neuropeptide Y DNA methylation 28)
POMC Proopiomelanocortin DNA methylation and histone acetylation and methylation (28)
Body weight homeostasis  FTO Fat mass and obesity associated  DNA methylation 29
Glucose homeostasis ADIPOQ  Adiponectin DNA methylation and histone acetylation 30)
GLUT4  Insulinesponsive glucose DNA methylation and histone acetylation 31)
transporter 4
INS Insulin DNA methylation and histone acetylation (32
Hypoxia HIFIA Hypoxia inducible factor 1 DNA methylation and histone acetylation and methylation 33
Inflammation FNG Interferon y DNA methylation (34)
TNF Tumor negosis factor a DNA methylation 35
Lipid storage FASN  Fatty acid synthase DNA methylation 36)
Stress NR3CI  Glucocorticoid receptor Histone acetylation 67
Thermogenesis ucet Uncoupling protein 1 DNA methylation (38

Othaer lipids or
apolipoprotein
fragmonts?

!

DNA de novo

hyl

[ T

Indirect metabolic
effects?

FIGURE 12.3 Possible alternative or concomitant mechanisms mediating aberrant DNA
methylation by triglyceride-rich VLDL particles
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Figure 4.1 DNA methylation pathway.

Nutrition, epigenetics, and
developmental plasticity:
implications for understanding
human disease.

Burdge GC, Lillycrop KA.

Annu Rev Nutr. 2010 Aug 21;30:315-39.

Elevated reactive
lipids, metabolic
stress & adaptation

Excess flux
of FFAs Elevated reactive
lipids, metabolic
Diet, lifestyle 7 Excess flux stress & adaptation
R (@ 2 of FFAs ~ 2 FEFIEN
> s i) Insulin resistance
m s @ > p-cell failure
" Limited capacit i f \
store fat, inflammauon, N =
dysregulated metabolic
pathways Excess flux
of FFAs

3 Elevated reactive
‘@ lipids, metabolic
= - stress & adaptation

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.

Table 1 Top-ranked molecular disease pathways related to the metabolic syndrome, by gene analysis using the ToppFun
application
Pathway PATHWAY ID Source P-value Terms in Terms in
query* genome®
Statin pathway Statin_pathway_pharmgkb MSigDB 5.14e-16 16 18
PPAR signaling pathway hsa03320 KEGG pathway 5.56-12 25 o
Lipoprotein metabolic Pw:0000482 Pathway ontology ~ 6.62e-12 12 13
Nuclear receptors in lipid H_nuclearrspathway CGAP BioCarta 1.91e-10 17 34
metabolism and toxicity
Adipocytokine signaling pathway hsa04920 KEGG pathway 1.85¢-09 2 67
N, ive ligand-receptor interacti hsa04080 KEGG pathway 3.72¢-08 42 256
Altered lipoprotein metabolism pw:0000484 Pathway ontology ~ 1.42¢-06 7 7
GPCRDB class a thodopsin-like gperdb_class_a_rhodopsin_like MSigDB 1.88¢-06 k7] 183
Reverse cholesterol transport pw:0000498 Pathway ontology ~ 3.03¢-06 8 10
ACE inhibitor pathway ace_inhibitor_pathway pharmgkb  MSigDB 1.08¢-05 7 8
Visceral fat deposits and h_vobesitypathway CGAP BioCarta 1.08e-05 7 8
Obesity pathway vobesitypathway MSigDB 1.08-05 7 8
y-Hexachlorocyclohexane degradation  map00361 GenMAPP 121e-05 12 2
Tryptophan metabolism tryptophan_metabolism MSigDB 2.16e-05 %
Leptin system pw:0000363 Pathway ontology ~ 3.03¢-05 8 2

ACE—angiotensin-converting enzyme; CGAP—Cancer Genome Anatomy Project; GenMAPP—Gene Map Annotator and Pathway Profiler;
GPCRDB—G protein-coupled receptor database; KEGG—Kyoto Encyclopedia of Genes and Genomes; MSigDB—Molecular Signatures
Database; pharmgkb—The Pharmacogenomics Knowledge Base; PPAR—peroxisome proliferator-activated receptors

*The number of genes in the training sets belonging to that pathway

" Similar genes according to the Toppfun application
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Fig. 1 Graph obtained from the
Genemania application (gene-
mania.org [37]) for 48 of the 50
genes (gray circles) described in
Table 2 (RXRB and LRPI were
not recognized by the software)
and 20 predicted related genes
taken as an example for the sake
of simplicity (white circles); the
size of these circles corresponds
to their probability of belonging
to the networks assigned by the
program. Of these genes,
49.74% of their products are
predicted to have physical
interactions (blue lines), 34.73%
are co-expressed (purple lines),
12.13% are co-localized (bor-
deaux lines), 2.33% belong to
the same pathways (teal lines)
and 1.07% are predicted to have
direct interactions by smallscale
datasets (tan lines)

Obesity and the reproductive system disorders: epigenetics as a potential bridge.
Hum Reprod Update. 2015 Mar;21(2):249-261.
Crujeiras AB, Casanueva FF.

ENVIROMENTAL STRESSORS
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Early nutrition, epigenetics, and cardiovascular disease.
Loche E, Ozanne SE.
Curr Opin Lipidol. 2016 Oct;27(5):449-58.
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Table 1. Experimental evidence of the effedts of maternal under and overnutrition on the offspring cardiovascular system

High fat/high sugar
(obesogenic)

Caloric restriction

Mouse

Mouse

Rat
Sheep

Sheep

In utero and
lactation

In utero and
lactation

In utero and
lactation

In utero

In utero and

lactation

In utero

In utero

In utero

Gestation and/or
lactation
In utero

Hypertension, cardiac M
hypertrophy, and cardiac
dysfunction ex vivo

Increase in SBP, perivascular M
fibrosis of the coronary artery,
cardiomegaly, and
cardiomyocyte hypertrophy

Endothelial dysfunction M
Elevated blood pressure Mand F
Persistent hypertension and M
endothelial dysfunction across
F1-F3 offspring
Reduced heart weight and F

cardiomyocytes number at birth
Pathological cardiac remodeling, M and F

diastolic dysfunction, altered

Ca?* handling properties in

isolated cardiomyocytes
Hypertension and reduced M
number of glomeruli
Hypertension and impaired M

glomerulogenesis

Left and right ventricular cardiac  F
hypertrophy (fetus and adult
offspring)

[59*,60-62)

[63,64)

[65]
[66]
[67]
[68]

[69%,70]

71
72]
[73.74)

Timing of
Maternal diet Species exposure Cardiovasclar outcome Sex studied Reference
High fat Mouse In utero and Hypertension Mand F [44)

lactation
Mouse In utero and Hyperglycemia, insulin resistance, F 145]
lactation obesity, and hypertension
Rat In utero and Increased lipid peroxidation and  Not available [46]
lactation evidence of mitochondrial
dysfunction
Rat In utero and Vascular dysfunction Not available [47]
lactation
Rat In utero and High SBP and DBP, abnormal Mand F [48-52]
lactation vascular function, reduced
endothelium-dependent
relaxation
Rat In utero Cardiac vulnerability o ischemic M and F [537
injury in adult male offspring
Rat In utero and Increased blood pressure, insulin -~ M and F [54]
lactation resistance, dyslipidemia,
obesity, and mesenteric artery
endothelial dysfunction in adult
offspring
Sheep In utero Fibrosis and collagen deposition M and F [55]
Sheep In utero Impaired cardiac insulin signaling M and F [56]
and impaired left ventricular-
developed pressure in response
to high workload stress.
Sheep In utero Myofibril hypertrophy and Mand F 1571
fascicular disarray
Japanese In utero and Vascular dysfunction manifested  not available [58]
macaque lactation as depressed endothelium-
dependent vasodilatation and
shickanad inti n
Timing of
Maternal diet Species exposure Cardiovasclar outcome Sex studied Reference
Low protein Mouse In utero and Elevated offspring SBP M and F 75]
lactation
Mouse In utero and Cardiac hyperirophy M 76]
lactation
Mouse In utero and Hypertension and vascular M 771
lactation dysfunction
Rat In utero and Reduced cardiac B-adrenergic M 78]
lactation responsiveness
Rat In utero and Increase in the cardiovascular M 791
lactation sympathefic tone
Rat In utero Higher SBP at 4 weeks of age Mand F [80]
Rat In utero and Increased oxidative stress Not available [81]
lactation
Rat In utero Increased SBP, impaired recovery M and F [82]
of left ventricular developed
pressure after ischemia
(Langendorff)
Rat In utero Hypertension and renal Mand F [83]
dysfunction
Goat Late gestation Reduced heart and body weight M [84]
at birth
Low protein and Rat In utero Cardiac DNA damage and M [24,25]
postnatal catch-up oxidative stress
growth
fF. female; M, male.

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.

Nutritional, chemical, social, and physical insults

l
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Table 1 Recent studies of epigenetic linking i i to later onset of obesity
Intrauterine
environmental
agent Epigenetic locus Epigeneti iospeci o, Model Reference
Parenal obesity | CCDCI12, MCOLN3 DNA methylation Gord blood Child BMI Hunan | 31
RXRA, NOS, SODI DNA methylation Cord blood Adiposiy at age 9 Hunan | 15
2§p423, Clely-p, Ppary DNA methylationand expression | Fat Body weight and it mass Rat 6
7423 DNA methylation, expresion, Fat Adipogenic potential of fetal tissve | Mouse | 43
and histone modifications
lec-7g, miR-381, miR-376, miRNA and mRNA Musde and Adipogenic potential of fetal tissue | Sheep. a1
Tufn4, P, Tufer, 16, Tir, mesenchymal sem
Ppary, Cleip cdl line
Tirl, T2, Lat, Demtl, Damt alb | DNA methylation Fat FI-F2 body weight, adipocytesize, | Mause 1
and metabolic dysfunction
Pl DNA methylationand expression | Musdle Fatmass Mowse | 21
miR-503, miR456b-5p, miRNA Sperm Meabolic dysfunction (ghiose Mouse | 26
miR-542-3p, miR652 intolerance and insulin sensitivity)
Hmger, Ls DNA methylation Liver and oocytes | FI-F2 body weight, WAT weight, | Mawse | 40
and metabolic dysfunction
Dictary Global methylation DNA methylation Fat Body weight and it mass Mouse 19
supplement
IUGR Pye-lar DNA methylation and expression | Musdle: Fat mass and mewbolic dysfunction | Rat 44
g2 DNA methylation and expression | Fat Fat mass and meuabdlic dysfunction | Rat 8
Ig1 DNA methylation Liver FI-F2 body weight, fatmass, and | Rat 16
metabolic dysfunction
PAHs Bary, Clelp-p, Cox-2, Fas, DNA methylation and expression | Fat F1-F2 weight gain and fat mass. Mouse | 42
Adipog
BPA g2 DNA methylation and expression | F2 anbryos FI-F2 weight gain, fat mass, and | Mouse 35
metabolic dysfunction
DDT Tubb3, Carm, Sletat DNA methyltion Sperm F3 body weight and fat mass Rat 34
Mahowychlor 37 DMRs DNA methylation Sperm F3 obesity incidence Rat 24
P8 3 DMRs DNA methylation Sperm F3 body weight and fat mass Rat 36
body s index; BPA, T DMR, diferen tally methylated regienF1, 2, and F3, is, second, and third sl generation, respectvly IUGR,
v RNA; PAH, p ocarbor; WAT,

Epigenome-wide association study of body mass index, and the adverse
outcomes of adiposity
Wahl S, Drong A, Lehne B, et al.

Nature. 2017 Ja
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Cross-sectional study
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).

Molecular Mechanisms Underlying the Association between Endometriosis and Ectopic Pregnancy
Zatecka J, Pankiewicz K, Issat T, Laudanski P.
Int J Mol Sci. 2022 Mar 23;23(7):3490.

ENOOMETRIOS!S

ENDOMETRIOSIS ECTOPIC PREGNANCY

P

svesn e sTATOn ST -
s 4 The most common miRNAs involved in the
- i e S pathophysiology of EP and endometriosis.

SriTo

Comparison of potential factors involved in the
pathophysiology of EP and endometriosis. ESR2-estrogen
receptor, PROK1-prokineticin, PROKR1-, PROKR2-
prokineticin receptors, VEGF-vascular endothelial growth
factor, BAFF-B-cell activation factor, AEA-anandamide,
FAAH-fatty acid aminohydrolase, CB1-cannabinoid
receptor, ADM-adrenomedullin.

Genomics and Epigenomics of Gestational Diabetes Mellitus: Understanding the Molecular
Pathways of the Disease Pathogenesis.

Abu Samra N, Jelinek HF, Alsafar H, Asghar F, Seoud M, et al.

Int J Mol Sci. 2022 Mar 23;23(7):3514.

MOTHER

Advanced Maternal Age
History of GDM
History of T2DM

Insulin Resistance = Hyperglycemia = GDM

FETUS
Placental Hormones
Inflammatory factors

Epigenctic Modifications

Risk factors for development of GD.
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Male Infertility

Rolland M, Le Moal J, Wagner V, Royeére 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.
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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.
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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 ClI py DMR ClI L
Y v
X - v
Sperm DMR N=
- i 214 -w v
All Sites 2831 Al -
- i i 194 % yvvw
Multiple Sites 135 8 Fmiise 2
- 4 vw ¥ W -
(p<104) e e
®15 - ¥y w
E 14 - Y. ¥y ¥
813 e S
E12 - vv v
-g TR v v
Chemotherapy Impact Germline Sio | »» w v v v
bt . . 9 v I
Stem Cell Epigenetic Programming 5 | » v y v v v
74 v T WY x
6 ™ ¥ ¥ v v
Germline Transmission Epigenetic b = S ST TR
Alterations to Offspring Possible 3 - vy v v
24 % v v v
1 w 3L v v L A . )
cos080008080808888888
2223233222233 =2=2=22=222
cysosan-sugieazEaazne
$IHYTEYFIRIEEREIIIL
Chromosomal Size (Mb)

Sperm DNA i i i i for Male ility and FSH TI
Lujan S, Caroppo E, Niederberger C, Arce J-C, Sadler-Riggleman I, Beck D, Nilsson E, Skinner MK

Scientific Reports (2019)

Infertility Sperm DMR Chromosomal Locations

Y A B

X - v v v

MT 4 Y

24 ~EExs

21 Frovey

20 | ym v

19 e of 4
18 -r_v ) o /
174 Y™ e w I
6 LY _g¥  wry

15 wy_y o
gu v N
13 L v °
5 12 rrry w ey ﬁo,
S n v v v E

04 Yyww vy v ~

94 ¥ * oy 'l
8 T vy 3—r—x 8 h
7ier_ v wr O =

6 Y v vow =3
s e _wv {
adw PR w P
3 Yy vy _ww gL
24 T TR . Yy v 1
PR ) Y _ww Y v

CranaNn—QNTEONYTLSNTE S
NEIGSUNEETNRILCR2INRI

Chromosorme Size (Mb)

100 50 © 50 100 150

PCA Infertility DMR Signature Analysis

y %
,/
) o
/
. ° ., . .
k )
° .
.
L
A | 20
S .| 10
/ 0
/~10

PC1 - 87.85%

8
PC3 - 1.393%

Epigenetics and Disease
(Epigenetic Therapy Development)

Baylin SB, Jones PA. (2011) A decade of exploring the cancer epigenome - biological and translational

implications. Nat Rev Cancer. 23;11(10):726-34.
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Table 1. Chromatin Modifications, Readers, and Their Function

Chromatin Modification Nomenclature Chromatin-Reader Motit Attributed Function
DNA Modifications
5-methylcytosine smC MBD domain transcription
5-hydroxymethylcytosine 5hmC unknown transcription
5-formylcytosine 5C unknown unknown
5-carboxylcytosine 5caC unknown unknown
Histone i
Acetylation K-ac BromodomainTandem, transcription, repair, replication,
PHD fingers and condensation
Methylation (lysine) K-met, K-me2, K-me3 Chromodomain, Tudor domain, transcription and repair
MBT domain, PWWP domain,
PHD fingers, WD40/p propeller
Methylation (arginine) R-me1, R-me2s, R-me2a Tudor domain transcription
Phosphorylation S-ph, T-ph 14-3-3, BRCT transcription, repar,
(serine and threonine) and condensation
Phosphorylation (tyrosine) Y-ph SH2* transcription and repair
Ubiquitylation K-ub UIM, IUIM transcription and repair
Sumoylation K-su siM® transcription and repair
ADP ribosylation E-ar Macro domain, PBZ domain transcription and repair
Deimination R—Cit unknown transcription and decondensation
Proline isomerisation P-cis =P-trans unknown transcription
Crotonylation Kor unknown transcription
Propionylation K-pr unknown unknown
Butynylation K-bu unknown unknown
Formylation K-fo unknown unknown
Hyroxylation Y-oh unknown unknown
‘O-GlcNAcylation S-GlcNAc; T-GlcNAc unknown transcription
(serine and threonine)

— N — Py Gom mads, — T~ — -
and Ct, citrulline. Reader domains: MBD, methyl-CpG-binding domain; PHD, plant homeodomain; MBT, malignant brain tumor domain; PWWP,
pr yptophan-tryptopt Il in; BRCT, BRCA1 C in; UIM, ubiquitin i i if; IUIM, i iquitin i
motif; SIM, sumo interaction motif; and PBZ, poly ADP-ribose binding zinc finger.
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High-dimensionality Data

lysis of P

Hendrickx JO, van Gastel J, Leysen H, Martin B, Maudsley S.

Pharmacol Rev. 2020 Jan;72(1):191-217.
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Current States of Epigenetic Targets for Inhibitors
In development Preclinical Clinical trials FDA approved

KAT; KMT; RMT; KDM; cnwundnulnif)

CBP/EP300; DOT1L1; EZH2; KDM1A

DNMT; HDAC; JAK2; Aurora, PARP; BET (BRD2/3/4)

DNMT and HDAC

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.

Table 2. for Stroke
Epigenetic isms of Action Agents Relevance to Stroke
Inhibition of DNMT enzyme activity §-Azacyticing Treatment with an inhibitor of DNA methytation reduces the
extent of schemic injury following MCAO
5-Aza-2-deaxycytiding (or decitabing), Mice with recuoad levels of DNMT1 exhibit
ebutaring, and MG98 Intascts following MCAO, compared with control animals
Inhibition of HDAC enzyme activity Trichostatin A Neuropeoloctive mechanisms affectad by HDAC inhiition Include

Subsroytanmice hydroxamic acid, sodium

he critical cellutar processes that control growth and viabiity
and siress responses

Paradigm fo the restoration of impaired neural network
connections and the recavesy of lost neuralagical functions,
Incluing learning and memory

DNMT, DNA

: HOAC, histone : MCAD, micdie ceredral artery occiusion
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Histone deacetylase inhibitors for

cancer therapy.

Kim TY, Bang YJ, Robertson KD.

Epigenetics. 2006 Jan-Mar;1(1):14-23.

Histone tail

Nucleosome ¥ ‘ 1 ‘ 3 ‘» ! i DNA

HDACI Ac Ac Ac Ac

Ac Ac Ac  Ac Ac Ac

Figure 1. Regulation of chromatin condensation and gene transcription by
histone acetylation and deacetylation. The N terminal tails of the core histones
contain positively charged lysine residues. With histone acetyltransferase
activity, or inhibition of HDAC activity by HDACIs, nucleosomal histones
become hyperacetylated (Ac) and the DNA that is tightly wrapped around

them becomes more accessible to transcription factors (TF).

Table 1 of ian histone y (HDACs)
Class | Class lla Class b Class 1l
Yeast HDAC RPD3 HDA1 HDAI SIR2
Human HDAC HDACI-3, 8, 11 HDAC4,5,7,9 HDAC6, 10 SIRT1-7
Distribution Ubiquitous Brain, heart, SM* Testis, liver, kidney Unknown
Localization Nuclear Nuclear/cytoplasmic Mostly cytoplasmic Nuclear
Target substrates Histones, p53, Histones. Histones, Tubulin Histones, Tubulin
HSP p53, TAF
Protein complexes NuRD, SIN3
Co-repressor NCoR, SMRT N.CoR, SMRT
complexes
Interacting profeins RB, p53, MyoD, NFxB, SP11, MEF2 Tubulin, HSP p53
BRCA1, DNMTI, DNMT3ASB, MEF2 Tubulin, HSP p53
MBD2-3, MECP2, ATM
Co-factor n n Zn NAD+
Inhibitor sensitivity st s s NT*=

*, smooth muscle; **,

sensitive; ***, not fested; HD domain, histone deacetylase catalytic domain.

HDAC EEEE=Tew—
HDAC? I |
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HOACS l——
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Table 2 Overview of histone d 1 and their pi i

Structural class Drugs Concentration HDAC Inhibition Isotope Reversibility Clincial trials
Short<hain fatty ocids Sodium butyrate M 1, lia R 1/
Valproic acid mM I lla R i
Epoxides Depudecin mM R
Trapoxin 1 lko R
Cyclic tetrapeptides Apicidin
Depsipeptide
Hydroxamic acids TSA
SAHA
Oxamflatin
Scriptaid
Pyroxamide
LAQ824
BH589
PXD101
Benzamides MS-275
994
HybridsCHAP M 1, lla (HDAC1, 4] 3
SK-7068 M 1 (HDACT, 2) R

1 {HDACT, 2)
1, llo, b
1, llo, llb

i
i

1, lla, b

1, lla, b
1 (HDACT, 3)

~EE22EEEEZ 22 %

“indinct efied; Rreversible; |R:irmversible

Table 3 Tumor-associated proteins whose expression
is altered by HDACI treatment

Upregulation of gene expression
Cell cycle inhibitory gene  p21, p16, p27
Tumor suppression gene p53, VHL, p107, gelsolin, IGFBP-3

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.

VM-CUB1

. [ DVSO

204 I 0.5 pM 4SC-202
[ 2.5 yM 4SC-202
[]2.5 yM SAHA

*=p<0.05
*=p<0.01
**2p<0.001

relative expression

z HOACH MM HEACS HOACH HOACT HOACE KON HOACS
2 UM-UC-3
2 ___2an  _ a8h
k]
§ 8-
5
untreated Ca“/FCS g ]
8
I Vedium [ 0.5 M 4SC-202 £
[ OMSO [12.5uM4SC-202 2

*=p<0.05 **=p<0.01 ***=p<0.001

HDAG! HDAGZ HDAC3 HDAGH HDAC1 HDAGZ HDAC3 HOACE.

Differentiation game RARa, TGF81
Apoptofic gene CDR5, CD95I, TRAIL, DR4, DRS,
Bak, Bax, Bim
Immune Activation MHC-1, MHCHI, CD86
Downregulation of gene expression
Cell cycle gene cyclin D1, cyclin A, TS
Anfiapoptotic gene bel2, bd-XL
Angiogenic factor HIF1a, VEGF, IL2, IL10
Downregulation of protein expression
EGFR Fli:3
ErbB2 Akt
Abl Raf1
Neewal cal Tancar eab Cancer cats Tasta Wt DNA Gemathyianeg agants  Fuampist.
A mena 0 ”W[P i
T P R B P (S [
B mama N3 wgrdesnt changet
= Lo = e
N A [T — A At | e
C misna ¢ Kisceatn
I l —’H[‘ | I - | H"’r‘.! | T

mR3T)
P

Lm% ! [ ﬁﬂl I | JJH]H!]HMFU:LI bt
2 U wie— | e |

Figure 2. Repertory of different DNA methylotion patterns of miRNAs in normal and caner cells, (A) mRNA that are not locaed in o CpG island might
ot be greatly influenced by DNA methykstion changes. {B) miRNAs located in a CpG island that is not methylated either in normol or in cancer cells.
(C) Concerspacific Mlhyiahm Tvmov Suppressor MIRNAs, liko miR-1240, are vamethylated in normol colls but may undergo methylation in cancer cells
Theso mIRNAs are by DNA demeshylating agents, leading 1o mIRNA exprossion and downregulation of oncogenic fargets.
(D) Tissua-spacific mathylation unchang.d In cancer calls. The CpG island of the miRNA is mathyloted in both normal and tumeeal zells, such os miR-127.
As with cancerspecific methyloted miRNAs, these miRNAs can be reactivated by epigenetic drugs. [E) Tissve-specific methylation lost in cancer cells that
might be relaled 1o oncogenic octivily.
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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 pM 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 uM azacytidine (AZA)
or 0.5 pM decitabine (DAC). A significant reduction in pharmacological potency could only be observed after storage of decitabine at
37° C

cytosine methylation level

control Smin

3.0
25
2
1.5
1.0
0.5
0

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 uM 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.

n -
——SLC 28A,22,15 SLC 29A ABC

intracellular metabolism

5-aza-CR §-aza-dCR
l Urd-Cyd kinase dCyd kinase l
5-aza-CMP 5-aza-dCMP

” ribonucleotide reductase n

5-aza-CDP ———————————> 5-aza-dCDP

i )

5-aza-CTP 5-aza-dCTP
l | RNA polymerase DNA polymerase l
RNA DNA

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.

a
cytosine

enzyme release

b
5-azacytosine

enzyme degradatior

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 methy!
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 B-elimination reaction resulting in the release
of the active DNA methyltransferase enzyme. (b)
Mechanism-based inhibition of DNMTs by azacytosine-
containing DNA. The covalent complex at C6 cannot be
resolved through B-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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Scholz B, Marschalek R. (2012) Epigenetics and blood disorders. Br J Haematol.158(3):307-22.

genetic instability increased expression
mobilization of jumping genes of selected oncogenes

T H4K20me

hypomethylated hypomethylated
satellite ONA oncogenes
repetitive DNA sequences _-‘
CpGs in introns "

27?7
TET
£ RUNX1-RUNX1T1
MDS AZA (RNAIDNA) PML-RARA
DAC (ona) 2 MLL fusions
(AML) H3KG b MECOM
3KIme ;
MGCA i /
HDAC
hypermethylated
CpGs in promotors
compounds
H3K4me Drvmmsl DNMT2A == ynder
development

silencing of TS genes
COH1, MLH1, COKN28, CDKN2A, COKNIA, RB1, SOCS1, VHL

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.

Table 1
Epigenetic modifiers of hung disease in preclinical stutles.
Mechanism Disese/model Drug References
DNMTinhibitors Asthma, OVA mouse 5-Azacytidine Wuetal 2013
IPE, bleomycin mouse model Decitabine Dakhlallah et al, 2013
1PF fibroblasts Decitabine Huang et al 2010
Histone acetyltransferase nhibitors Lung cancer 646 Gaoetal 2013
HDAC inhibitors Asthma, OVA mouse Trichostatin A Banerjee et al_ 2012
Alrway smoath muscle OSU-HDAC44 Lietal. 2014
1P fiboblasts LBHS89 and SAHA Coward et al. 2009
1PF fibroblasts Trichostatin A Huang et al 2013
IPE, bleomycin mouse model SAHA Sanders et al_ 2014
1P fibroblasts SAHA Zhang et al. 2013
HDAC upregulation COPD, elastase moise model Quercetin Ganesan et al, 2010
copD Theophylline Cosio et aL. 2004
Histone methykransferase inhibitors 1PF fibroblasts BIX-01294 and 3-Deazane planacin Coward et al_ 2010, 2014
Bromodomain protein inhibitor 1P fibroblasts Q1 Fillppakopoulos, et al. 2010

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 epit ic therapy:
Curr Opin Genet Dev. 2017 Feb;42:68-77.
Kelly AD, Issa JJ.
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Current Opinion in Genetics & Development

Long non-coding RNA H19 in the liver-gut axis: A di: ic marker and
Li X, LiuR.
Exp Mo‘i 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

LiX, LiuR.
Exp Mol Pathol. 2020 Aug;115:104472.

() ‘\ \
O . [7) Hepatocytes
/ (] Hybrid cells
8 (®) \o // 4% Macrophages
\\ = < Cholangiocytes

= Fibroblasts

H19 O
o5\ @66 e
o O epatic stellate cells.
0% ©°
o

siRNA therapeutics: a clinical reality
Saw PE, Song EW.
Sci China Life Sci. 2020 Apr;63(4):485-500.
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Epigenetic therapy induces transcription of inverted SINEs and ADAR1 dependency

Mehdipour P, Marhon SA, Ettayebi |, et al.
Nature. 2020 Dec;588(7836):169-173.
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Epigenetics and Disease
(Epigenetic Transgenerational
Inheritance)

FO mother

F1 foetus

Germ cells

TRENDS in Endocrinology & Metabolism

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.

529 families

2 N

First generation )
Non-exposed pregnancies (n=180) Exposed pregnancies (n=1000)

/ Z N
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(0% hypospadiac) (0% hypospadiac) (0% hypospadiac)

448 exposed boys 552 expased girls

Second generation o) (3.5% hypospadiac, n=16) (28,4% mullerian abnormalitics, ne157)

P<001
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B VINCLOZOLIN (F1-F4) |

Percent Disease Prevalence

Nilsson E, Larsen G, Manikkam M, Guerrero-Bosagna C, Savenkova MI, Skinner MK. (2012) Environmentally
induced epigenetic transgenerational inheritance of ovarian disease. PLoS One. 7(5):e36129.
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Genetics of human female infertility
Yatsenko SA, Rajkovic A.
Biol Reprod. 2019 Sep 1;101(3):549-566.
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Crews D, Gillette R, Scarpino SV, Manikkam M, Savenkova M, Skinner MK. (2012) Epigenetic transgenerational
inheritance of altered stress responses. Proc Natl Acad Sci U S A. 5;109(23):9143-8.
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Manikkam M, Tracey R, Guerrero-Bosagna C, Skinner MK. (2013) Plastics derived endocrine disruptors (BPA,
DEHP and DBP) induce epigenetic transgenerational inheritance of obesity, reproductive disease and sperm
epimutations. PLoS One. 2013;8(1):e55387.

A B Prostate Disease
Testis Disease

% *
712 40148

% E}
: i
]
&
£ z
=3 H
ga v
: i
=
R
N ®
NI S
& & & @
& & o Q@s’
&S &)
< <&

Male Kidney Disease

R kxk

Female Kidney Disease
b 512512

>
w

% Females With Kidney
Disease
% Males With Kidney
Disease

Michael K. Skinner, Mohan Manikkam, Rebecca Tracey, Eric Nilsson, Md. M. Haque and Carlos Guerrero-
Bosagna (2013) Ancestral DDT Exposures Promote Epigenetic Transgenerational Inheritance of Obesity and
Reproductive Disease BMC Medicine.
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Guerrero-Bosagna C, Savenkova M, Haque Md. M, Sadler-Riggleman |, and Skinner MK (2013) Environmentally
Induced Epigenetic Transgenerational Inheritance of Altered Sertoli Cell Transcriptome and Epigenome:
Molecular Etiology of Male Infertility. PLoS ONE

ic Ti ional Inheritance of Sertoli Cell Abnormalities

PIY! g

Endocrine Disrupting » UL Gestating Mother (FO)
Chemical (EDC) )

Q o
YpVee &7F
.4 Male Infortitity
Seminifarous Tubules Leydo
g s Ve Pertubular
@, 5 @~
Y
e
A\i; Sertol
Germinal

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%)

ROLE OF GERM LINE IN EPIGENETIC
TRANSGENERATIONAL INHERITANCE

FO
Generation
(Mechanisms;

Environmental
Factor

Altered DNA

Methylation
(Imprint?)
Primordial
Germ Cell —
DNA Methylation Somatic Cell Adult Somatic Cell Adult
Programming Transcriptome Onset Transcriptome Onset
Alteration Disease Alteration Disease
Gonadal
Differentiation
Sex Determination
F1 Generation F2 Generation F3 Generation

e i i

ENVIRONMENTALLY INDUCED
EPIGENETIC TRANSGENERATIONAL
INHERITANCE

Environmental Toxicants

Vinclozolin (Agricultural Fungicide) Permethrin & DEET (Insect Repellants)

Methoxychlor (Agricultural Pesticide) DDT (Pesticide)
Dioxin/TCDD (Industrial Contaminant) Tributyltin (Industrial Toxicant & Biocide)
Plastic Compounds (BPA & Phthalates) Hydrocarbons (Jet Fuel)

Other Types Exposures

Nutrition (High Fat or Caloric Restriction) Smoking & Alcohol
Temperature & Drought (Plant Health & Flowering) Stress (Behavioral)

0000C00

Plants Flies Worms Fish Rodents Pigs Humans
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i induced epit i i inheritance of disease.

Environ E| I%onel. 2018 Jul 17;4(2):dvy016.
Nilsson EE, Sadler-Riggleman I, Skinner MK.

Table 2: examples of transgenerational inheritance from specife exposures and speciic effects

Exposure Effects Reference
Environmental toxicants
Vinclozolin Impaired male festility; prostate, kidney disease, tumors, immune and reproductive 157,78, 94)
pathologies
Vinclozolin Gender-specific changes in anxiety. lice behavior 185
Methoxychlor Impaired male fertility; kidney disease, ovary disease, and obesity 137,86
PermethrisVDEET Prostate, ksdney disease (2]
Dioxin Prostate, kidney disease, reduced fertility, negative effects on pregnancy outcome (0,123
BPA/phthalates Prostate, kidney disease; obesity ]
Hydrocarbon mixture (et fael) Prostate, Kidney disease; obesity, immune and repeoductive pathologies 148}
Vinciozolin, permethris/DEET, Polycystic avaries, reduced primoedial follicde pool ]
plastics, dicxin, jet fuel
Obesity 45,
Phthalate Disruption of testicular germ cell organization and spermatogonial stem cell 140,124
function, changes in hormones and behavioe
Phehalate Disrupted ovarian function 1)
Tributyltin Increase in fat depot size 1)
BPA Cardiac disease; reduced fertility 148,72
BPA Changes in social behavior and neura! gene expression 2
Atazine Testicular disease, early puberty, lean phenotype 125
Berzo{alpyrene Behavioral and physiological deficits 150}
Mescury Behavior change )
Other exposures
Caloric restriction Casdiovascular mostality
High-fat diet Increased body size: reduced insulin sensitivity, increased mammary cancer
Folate Congenital malformations
Stress Reduced sodial interaction; increased stress resilience; disnupted neural
connectivity, physiology changes increased anxiety
Drought DNA methylation changes
Heat/salt stress Accelerated flowering, increased salt tolerance
Prediabetes/diabetes Impaired ghicose tolerance; reduced insulin sensitivity, male subferslity
Smoking Abnormal pulmonary function
Ethanol Neurological defects; decreased fertlity 1%6.47,130¢
Heat stress Increased Hsp70 production and tolerance to heat stress; wing stnucture changes [131,132)

Epigenetic Inheritance: Intergenerational Effects of Pesticides and Other Endocrine
Disruptors on Cancer Development.

Nicolella HD, de Assis S.
Int J Mol Sci. 2022 Apr 23;23(9):4671.
Table 1. Pediatric and adult cancers resulting from parental exposure to pesticides or endocrine disruptors.
Type of Cancer Pesticide or EDC Reference
Pediatric
Organophosphates
Leukemia Propoxur; Cypermethrin; [14,48,58-63]
Chlorpyrifos
Hodgkin and Occupational pesticide [64,65]
Non-Hodgkin’s Lymphoma exposure d
Brain tumor Organochlon.nv; patil [66,67]
bromide
Residential pesticides, lazinon,
Glyphosate, Malathion, >
J S 2 (ST
Neuroblastoma Parathion, and [68=70]
Tetrachlorvinphos
Ewing Sarcoma and Wilms Occupational pesticide
tumor exposure
Retinoblastoma Residential pesticides [72
Adult
Breast cancer DDT [19,21,43,73-75)
Cell a'derlmcarcmomal of the DES 1791
vagina and cervix
Melanoma DES [79)
Uterine adenocarcinoma DES [80]

EDC, endocrine disrupting chemical; DDT, dichlorodiphenyltrichloroethane; DES, diethylstilbestrol.

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.

Mother (FO) Offspring (F1)

S m gen X1

oo | — [ASTHMA
Letfemales
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[Freonaie] ——
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particles

A subset treated Citemaiss
th e .
WONMTT — crowandmets Offspring (F3)

allergen X1
| [z |
|

Pregnant

allergen X1 NO

neonate ASTHMA

Normal

Schematic of the transgenerational model. FO 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 naive. These
naive females were then mated to normal males, and the study continued to F2, and then similarly to F3.
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path A pathB (path ) (pathD]
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HIGHLOW HIGHLY HIGHLOW
SUSCEPTIBILITY PERSISTENT SUSCEPTIBILITY REVERSIBLE
TRANSMITTED TRANSMITTED TRANSMITTED TRANSMITTED
TRANSGENERATIONALLY TRANSGENERATIONALLY | | TRANSGENERATIONALLY TRANSGENERATIONALLY
(if occurring in the germline) J |, (onselectedgenes,  (not demonstarted in humans)
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McBirney M, King SE, Pappalardo M Houser E, Unkefer M, Nilsson E, Sadler-Riggleman |, Beck D,
@ PLOS one Wmchester P, Skinner MK. (2017) Atrazine induced of disease,

ean and sperm epil biomarkers. PLoS One. 12(9):e0184306.

Transgenerational Sperm Epimutations
i

A of Glyph Induced Epi ic T
Epimutations: Generational Toxicology

Kubsad D, Nilsson EE, King SE. Sadior-Riggleman |, Beck D, Skinner MK
Scientific Reports 2019 23;9(1):6372
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Farhadova S, Gomez-Velazquez M, Feil R.
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Epigenetic Transgenerational Inheritance of Obesity Susceptibility
King SE, Skinner
Trends Endocrinol Me(ab 2020 Jul;31(7):478-494.
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Prenatal Lipopolysaccharides Exposure Induces Transgenerational Inheritance of Hypertension
Cao N, Lan C, Chen C, Xu Z, Luo H, et al.
Circulation. 2022 Oct 4;146(14):1082-1095.
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Schema of the working model of this study

The role of epigenetics in multi-generational transmission of asthma: An NIAID workshop report-based
narrative review.

Wheatley LM, Holloway JW, Svanes C, Sears MR, Breton C, et al.

Clin Exp Allergy. 2022 Nov;52(11):1264-1275.
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Key messages 7
» The risk to health should consider not only parental but also grandparental inheritance and exposures.
» Epigenetic processes might explain transgenerational effects, persisting in the absence of a direct
environmental exposure.
» Multi-generational studies are required to provide insights into transgenerational epigenetic effects in

human

Low miR-92a-3p in oocytes mediates the multigenerational and transgenerational

inheritance of poor cartilage quality in rat induced by prenatal dexamethasone exposure.
Tie K, Zhao Z, Wu Z, Qin J, Zhang J, Pei L, Wang H, Chen L.
Biochem Pharmacol. 2022 Sep;203:115196.
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PDE decreased miR-92a-3p expression in the articular cartilage and oocytes.

Pathogenic Infection in Male Mice Changes Sperm Small RNA Profiles and Transgenerationally Alters Offspring Behavior
Shiraz Tyebji, Anthony J Hannan, Christopher J Tonkin
Cell Rep. 2020 Apr 28;31(4):107573.
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Transgenerational epigenetic impacts of parental infection on offspring health and disease susceptibility

Kleeman EA, Gubert C, Hannan AJ.
Trends Genet. 2022 Jul;38(7):662-675.
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Potential mechanistic pathways involved in the proposed reprogramming of offspring

henotypes due to paternal SARS-CoV-2 infection and immune activation.

Environmental induced transgenerational inheritance impacts systems epigenetics in

disease etiology.

Beck D, Nilsson EE, Ben Maamar M, Skinner MK.

Sci Rep. 2022 Apr 19;12(1):5452.
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“Epigenetics and Systems Biology”

Spring 2023 (Odd Years)
Biol 476/576
Schedule/Lecture Outline —

Week 1 ) January 10 & 12 i Systems Biology (History/ Defimitions/ Theory)
Week 2 Janvary 17 & 19 Systems Biology (Networks & Emergence)
Week 3 Janvary 24 & 26 Systems Biology (Components: DNA to Phenotype)

Week 4 Jan 31 & Feb 2 Systems Biology (Genomics / Technology)
Week 5 February 7 & 9 Epigenetics (History / Molecular Processes)
Week 6 February 14 & 16 Epigenetics (Molecular Processes & Integration)
Week 7 February 21 & 23 Epigenetics (Genomics and Technology)

Week 8 Feb 28 & March 2 Cell & Develop | Biology

Week 9 March 7 & 9 Epigenetics of Cell & Developmental Biology (& Midterm Exam)
Week 10 March 13-17 Spring Break

Week 11 March 21 & 23 Environmental Impact on Biology

Week 12 March 28 & 30 _ Environmental Epigenetics

Week 13 April4 &6 Disease Etiology
Week 14 Aprl 11 & 13 Epigenetics & Disease Etiology

Week 15 Apnl 18 & 20 Evolutionary Biology & Genetics

Week 16 April 25 & 27 Epigenetics & Evolutionary Biology

Week 17 May2 &4 Grant Review/ Study Section Mecting (& Final Exam)
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