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The stem cell epigenome reflects a delicate balance of chromatin (de-)modification processes. During cancer development
this balance becomes disturbed, resulting in characteristic changes. Among them are changes of the DNA methylation profile.
It has been demonstrated that these changes share common features with changes observed during stem cell ageing. Recently,
we proposed that chromatin remodelling during stem cell ageing originates in the limited cellular capability to inherit histone
modification states, and thus is linked to cell proliferation. This suggests that increased proliferation activity and associated
loss of histone modification may represent a generic cause of the changes observed in cancer DNA methylation profiles.
Moreover, additional changes of these profiles due to mutations of chromatin modifiers are expected to act on this background.
We study the implications of these assumptions, introducing a computational model which describes transcriptional regulation
by cis-regulatory networks, trimethylation of histone 3 at lysine 4 and 9 and DNA methylation. By simulation of the model
we analyse how mutations that change the proliferation activity and histone de-modification rates impact DNA methylation
profiles. We demonstrate that our hypotheses are consistent with experimental findings, and thus may provide a mechanistic

explanation of DNA methylation changes during ageing and tumour expansion.
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Introduction

During development and differentiation, chromatin
undergoes global remodelling. This process involves mod-
ification both of histones and DNA. Histone modifica-
tions can be rapid, on a timescale of seconds to hours
(Hayashi-Takanaka et al. 2011), being accompanied by
rapid changes in gene expression. These changes are,
however, largely reversible. In contrast, changes in DNA
methylation require cell proliferation (Velicescu et al. 2002)
and confer long-term gene silencing that can be stable for
months or years (Raynal et al. 2012).

There is increasing evidence for an intimate cross-
talk between histone modifications and DNA methylation
(D’Alessio & Szyf 2006). For example trimethylation at
lysine 4 of histone 3 (H3K4me3) directly suppresses recruit-
ment of DNA methyltransferases (DNMTs) (Ooi et al.
2007) and, in turn, DNA methylation impairs recruitment
of the histone methyltransferases (HMTs) of H3K4me3
(Thomson et al. 2010). Conversely, trimethylation at lysine
9 of histone 3 (H3K9me3) has been suggested to recruit
DNMTs (Feldman et al. 2006) and H3K9 HMTs have the
potential to bind to methylated DNA (Fujita et al. 2003).
We here focus on this kind of interplay and look at its role
during ageing and tumour expansion.

We hypothesize that the observed changes of the DNA
methylation profile originate in changes of the modification
status of associated histones. In order to support this idea,
we studied these processes in computer simulations (in sil-
ico), where all properties of the system are in our hands.
For this purpose we introduced an artificial genome-based
computational model of epigenetic regulation during age-
ing and tumour expansion based on a multi-scale model of
transcriptional regulation (Binder et al. 2013).

Ageing has been demonstrated to be accompanied by
genome-wide changes in epigenetic states. Recently, we
proposed a model of epigenetic ageing that is capable of
explaining such changes, assuming a limited inheritance
of the histone modifications H3K4me3 and H3K9me3 that
control DNA methylation by the mechanism mentioned
above. In particular, the model is capable of explaining
age-related local hyper- and global hypo-methylation of the
DNA (Przybilla et al. 2012). Such epigenetic changes have
been suggested by many experimentalists to increase sus-
ceptibility to tumour development. They provide a possible
explanation for age, being the greatest risk factor for can-
cer. In fact, it has been demonstrated that these changes
share common features with changes observed in cancers.
For example, Teschendorff et al. (2010) observed that the
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Figure 1. (Colour online) Sketch of the regulatory principals of the model. A negative feedback loop between H3K4me3 modification and
DNA methylation and a positive one between H3K9me3 modification and DNA methylation control the epigenetic states of the system.
Another positive feedback loop between H3K4me3 and transcriptional activity links the TF network to the epigenetic regulation layers.

genes that become methylated during ageing are genes fre-
quently methylated in cancers. Here, the question arises
of whether hyper-methylation during ageing and tumour
expansion actually originates from similar or even the same
regulatory processes. The fact that tumour expansion is
accompanied by activated cell proliferation, led us assume
that active proliferation itself represents a generic cause of
such alterations of DNA methylation.

We hypothesize that the changes observed during
tumour expansion are a consequence of limited inheritance
of histone modifications, in the same way as in ageing tis-
sue. In other words, we expect fast expansion of dominant
clones to be paralleled by accelerated ageing of these clones
that manifests in their DNA methylation profiles. Accord-
ingly, we expect the timescales of histone modification and
cell proliferation to play an essential role in controlling
methylation profiles during both ageing and tumour expan-
sion. Combining our model of epigenetic regulation with
an individual cell-based model of cell populations allows
us to simulate these processes on the molecular, cellular and
population level.

Mutations of chromatin modifiers may either support or
repress age-related epigenetic remodelling during tumour
expansion. In two exemplary simulation studies we here
analyse deregulation of histone demethylases (HDMs) for
H3K9 and H3K4; members of which have been found
deregulated in cancers. For example, loss of KDM4C, an
H3K9 HDM, is known to induce methylator phenotypes
in glioblastoma (Turcan et al. 2012) and acute myeloid
leukaemia (Akalin etal. 2012). Overexpression of KDMS5SA,
an H3K4 HDM, is associated with tumour cell prolifera-
tion and drug resistance in breast cancers (Hou et al. 2012).
Applying our computational model we provide hypothe-
ses on changes of the methylation profiles following these
mutations.

Results
Model design

In order to study processes of deregulated DNA methylation
during ageing and tumour expansion in silico, we extended
a multi-scale model of transcriptional regulation by his-
tone modifications recently developed by us (Przybilla et al.
2012; Rohlf et al. 2012). The model describes transcrip-
tional regulation within a cell carrying an artificial genome
(AG)(Reil 1999). The genes of the AG define a transcription

factor (TF) network. Gene regulation by this network is
considered by explicitly modelling TF binding and inter-
action with polymerase Il bound to the base promoter of
the genes (Binder et al. 2010). In addition gene regulation
is controlled by histone modification and DNA methyla-
tion. Histone modification is described as a balance between
permanent modification and de-modification reactions of
the histones of cooperative acting nucleosomes (Binder
et al. 2013). We consider two different histone methy-
lations, namely H3K4me3 and H3K9me3. The reactions
catalyzing these modifications have both been shown to
be controlled by a reader—writer positive feedback loop
which enables bistable modification states. This bistability
depends on the number of adjacent, cooperatively acting
nucleosomes given as the length of the cooperative unit
(CU, see Appendix), and on the methylation state of the
associated DNA. The latter can change in the model only
due to limited maintenance and potential de novo methy-
lation during cell replication (Sontag et al. 2006; Przybilla
et al. 2012). DNA de novo methylases are assumed to be
recruited by H3K9me3 (Feldman et al. 2006) and repelled
by H3K4me3 (Ooi et al. 2007). Changes of the H3K4me3
state are assumed to impact transcription of associated genes
by changing their promoter activity proportional to the bind-
ing probability of the complex catalyzing this modification.
DNA methylation impacts transcription only indirectly by
changing this complex binding probability. We assume the
catalytic complexes of H3K4me3 to bind to unmethylated
CpGs (Thomson et al. 2010) and the catalytic complexes
of H3K9me3 to bind to methylated CpGs (Fujita et al.
2003). As the latter recruit DNA methylases, this assump-
tion defines a positive feedback loop of DNA methylation.
A sketch of the regulatory principals of the model is shown
in Figure 1. Details can be found in the Appendix.

Genes that become hyper-methylated during ageing and
tumour development are frequently genes with low expres-
sion in normal tissue (Sproul et al. 2011; Takasugi 2011).
So, why are genes expressed in normal tissue effectively
protected from hyper-methylation? According to our for-
mer hypothesis (Przybilla et al. 2012) hyper-methylation is
a consequence of H3K4me3 loss. Thus, the question is what
stabilizes H3K4me3 at expressed genes. A possible answer
is that the recruitment of H3K4 methylases is enforced
at transcribed promoters. This would lead to a positive
feedback stabilizing H3K4me3 at these chromatin regions.
Indeed, experimental findings suggest such a mechanism:
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Figure 2. Simulated age-related changes in the epigenome. Shown are results for low rates of histone (de-) modification as a function of
simulation time. (a) Regulatory states for each gene are averaged separately over all cells in the population (red—yellow—white: low—high,
100 time steps At refer to one generation). Genes are sorted in each plot according to their length, increasing from bottom to top.
Transcription is given as log-values, histone modification and DNA methylation as the fraction of modified nucleosomes and methylated
CpG sites associated with the gene, respectively. Over time a defined regulatory profile develops. (b) Profiles of the regulatory states
at selected time points. For short genes (up to no. 39) and long genes (larger than no. 75) epigenetic states are largely independent of
transcription. For IM genes (red boxes) the TF network modulates the regulatory states. The blue arrows indicate e.g. three genes of nearly
equal length that differ in expression. The low expressed ones show high DNA methylation due to vanishing H3K4me3.

The C-terminal domain (CTD) of the RNA polymerase 11
subunit Rpb1 undergoes dynamic phosphorylization. Dur-
ing early elongation, CTD serine 5 phosphorylization helps
to recruit the H3K4 HMT complex containing Setl (Bura-
towski & Kim 2010). In line with these arguments, we here
assume that the recruitment of H3K4 HMTs depends on the
transcriptional activity of the associated gene. We assume
an energy term governing the HMT recruitment propor-
tional to the logarithm of the transcription. Details are again
found in the Appendix.

We are aware of a much more complex interplay
between the agents of the system, e.g. due to HMT-HDM
interactions (Chaturvedi et al. 2012). Moreover, histone
modifications other than H3K4me3 and H3K9me3 affect
DNA methylation (see Discussion). For sake of simplicity,
we neglect these regulatory layers in our model.

Model simulation

In our model simulations we followed the development
of the regulatory states in cell populations. Each cell of
a population is characterized by its specific time-dependent
transcriptional, histone modification and DNA methylation
profile. We summarized these profiles in the matrix {T,
A, B, M}, where T, A, B, and M are vectors of length
N, describing the transcription, H3K4me3, H3K9me3 and

DNA methylation level of all N genes of the genome. We
assumed that in the initial state of the system all nucle-
osomes are H3K4me3 modified (A = {1}) and all CpGs
are unmethylated (M = {0}) (see Discussion). We var-
ied the histone modification level of H3K9me3 assuming
that all histones are either completely modified (B = {1})
or completely unmodified (B = {0}). Thus, we performed
simulations with two different initial conditions. The tran-
scription level of the genes depends on the H3K4me3 level.
Accordingly, all simulations were started with the same
initial transcription status, T1.

Age related changes of the epigenome

In a first series of simulations, we analysed the behaviour
of cell populations that age according to the assumptions
made in our model and identified characteristic features
of this ageing process. Figure 2A shows typical simula-
tion results for a system with the initial conditions (T1,
{1}, {1}, {0}). After a short equilibration time of less than
500 time steps (Af) the regulatory state of many genes
becomes largely stable. Only a few genes, associated with
CUs of intermediate length, continue to undergo changes
on a longer timescale (> 1000A¢). In the following we call
these genes ‘age-related genes’. Moreover, genes associ-
ated with a short, intermediate, or long CU will be called
‘short’, ‘intermediate’ and ‘long’ genes, respectively.
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The observed behaviour can be explained as follows
(Przybilla et al. 2012): in the case of short genes histone
modification is not stable and the initial high H3K4me3 and
H3K9me3 modification level is immediately lost. Longer
genes keep their modification. However, during replication
the histones of the mother cell are randomly distributed
onto the daughter cells and complemented with unmodified
histones, resulting in strong dilution of modified histones
(Binder et al. 2013). Thereby, dilution of H3K4me3 modi-
fied histones opens time windows for DNA methylation,
which is otherwise prevented by this modification. This
DNA methylation weakens H3K4me3 modification and sta-
bilizes the unmodified H3K4me3 state. Thus, over longer
times H3K4me3 is lost. This behaviour defines a first group
of age-related genes: AG1. Above a certain gene length
this process stops and H3K4me3 remains largely stable.
Whether the DNA associated with the respective genes
remains unmethylated is determined by the H3K9me3 mod-
ification state. Like H3K4me3, H3K9me3 stabilizes for
long genes. Thus, both marks are found on long genes and
the associated DNA becomes modestly methylated. For the
chosen parameter set, we observed a group of genes (nos.
39 to 75) where H3K4me3 is stable but H3K9me3 is not
and the DNA remains unmethylated. In the following, we
call these genes intermediate (IM) genes.

The longest IM genes lose H3K9me3 only slowly. Thus,
in an initial phase the remaining H3K9me3 recruits DNMTs
and the DNA becomes methylated, but in the long term
the DNA becomes again demethylated. This behaviour of
transient DNA methylation defines a second group of age-
associated genes: AG2. Together the behaviour of AGI
and AG2 genes can explain the age-related phenomenon
of parallel DNA hyper- and hypo-methylation.

In general, the described ageing process is a result of the
limited inheritance of the histone marks and originates in
their dilution during replication. Ageing will be retarded
for faster histone modification dynamics, shortening the
time windows for DNA methylation after replication.
Conversely, it will be accelerated for slower histone modi-
fication dynamics, lengthening these windows. We demon-
strated this behaviour in simulations where we assumed that
both histone modification and de-modification processes
occur with a 10-fold higher rate compared to the simulations
shown in Figure 2. A simulation example can be found in the
Appendix (Figure A1). Under these conditions the station-
ary solutions of the system remain unchanged (Binder et al.
2013). Nevertheless, AG1 and AG2 genes identified under
low (de-) modification conditions now conserve H3K4me3
and H3K9me3, respectively. Thus, the numbers of AG1 and
AG2 genes decrease, i.e. the regulatory states no longer
show age-related changes.

Notably, some of the described phenomena depend on
the initial conditions chosen. So, for the chosen parame-
ter set and for the analyzed gene lengths, stable H3K9me3
modification does not establish for (T1, {1}, {0} {0}. A sim-
ulation example of the latter scenario can be found in the
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Figure 3. Transcription modulatess DNA methylation.
Shown is the differential methylation AM of the IM
genes specified in Figure 2. The vertical axis specifies
AM = M(5000A¢) — M (100A¢). The horizontal arrows specify
the change in transcription connecting log(7) at t = 100A¢ and
5000 At (arrow head). Genes becoming strongly hypermethylated
(red) are often initially (# = 100A¢) low expressing genes, most
of them becoming further repressed. The insert compares the
average initial transcription of all genes with that of genes
with high (AM > 0.25) and low (AM < 0.25) differential
methylation at t+ = 100A¢ (yellow) and ¢ = 5000A¢ (violet).
Errors are SEMs.

Appendix (Figure A2). All phenomena described so far can
be rationalized in terms of the cooperative nature of the his-
tone modification reactions. Interestingly, not all genes, in
particular not all IM genes, behave as expected reflecting
additional regulation mechanisms. Actually, some IM genes
become DNA methylated. This is a consequence of the feed-
back of transcription on histone modification. According to
our assumption, gene expression stabilizes H3K4me3 mod-
ification. Thus, repressed genes de-modify more easily than
activated genes. As a consequence, the DNA methylation
profile is modulated by the TF network. Figure 3 shows
some details on DNA methylation of IM genes. It demon-
strates that low expressing genes are enriched in the set of
genes the DNA of which becomes highly methylated. Thus,
our model nicely describes the results of Takasugi (2011).

Mutation related changes of the epigenome

We performed a second series of simulations, in order to
demonstrate how specific mutations affect the behaviour of
ageing cell populations. We start with mutations that accel-
erate proliferation and thus generate competitive clones.
A clone mutated in this way will overgrow the system and
induce monoclonality. Figure 4 shows simulation results
illustrating the consequences of such a mutation on the
ageing process. We assumed that the proliferation rate in
the mutated clone is increased by 20%. As expected, the
mutated clone overtakes the system after its occurrence.
Thereby, it enforces fast silencing of age-related genes. This
accelerated ageing is based on enforced H3K4me3 desta-
bilization in the course of faster proliferation. The process
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Figure 4. Simulated accelerated ageing in hyperplastic tissue. (a) Clonal development. Numbers at the left indicate the cell numbers,
number on top the number of clones present, and the number at the bottom indicate the time point in Az. The red colour indicates the
hyper-proliferative clone, that was initialized at # = 2000A¢ (black lines in ¢ and d). This clone enforces a higher turnover of the system.
(b) Number of population doublings in a normal ageing system (black line) and the system, with the mutated clone (red line). (c) Averaged
transcription level (colours and averages as in Figure 2a) of all genes without (left) and with (right) the hyper-proliferative clone. Gene
silencing is clearly accelerated in presence of the hyper-proliferative clone (arrows highlight a representative gene). (d) Explicit view on
the transcription level of the intermediate genes. Each colour labels a different gene. Arrows highlight the same gene as in (c).

not only runs on shorter timescales but applies also to addi-
tional genes. This suggests that the experimental finding
that the genes that become methylated during ageing are
genes frequently methylated in cancers (Teschendorff et al.
2010) may be due to a similar molecular process running in
ageing and tumour cells.

During tumour expansion H3K4me3 can be further
destabilized by mutations of histone modifiers. Although
such mutations do not directly lead to a competitive phe-
notype they are observed in several tumour subtypes. An
example of such a subtype is that of a glioblastoma carrying
IDH1/2 mutations (Lu et al. 2012; Turcan et al. 2012). The
related phenotype is called a methylator phenotype, as many
genes become hyper-methylated. It has been demonstrated
that these changes originate from changes in the activity of
the H3K9 HDM KDMA4C following IDH1/2 mutation (Lu
et al. 2012).

We simulated such a mutation, assuming that at a certain
time point the H3K9 HDM activity vanishes. The clone of
a single mutated cell would frequently die out because the
mutation is not linked to a competitive phenotype. So, we
simulated the changes of the regulatory states following

the mutation, assuming that the H3K9me3 HDM activity
approaches zero at a certain time point in all cells of the
population under consideration, i.e. we simulated a large
mutated clone.

We complemented our simulation series on the H3K9
HDM activity with analogue simulations where we assumed
the H3K4 HDM activity would vanish. Such a scenario
may be observed following mutations of the H3K4 HDMs
(Grafodatskaya et al. 2013). Alternatively, it could be
induced by changes in the oxygen tension which is known
to regulate KDMSA (Zhou et al. 2010). We asked whether a
knock-down of H3K4 HDMs, stabilizing H3K4me3, is able
to retard the ageing processes or can even partly reverse it.

As expected, the assumed knock-down of the H3K9
(H3K4) HDM activity increased H3K9me3 (H3K4me3)
levels in several regions of the genome. As a consequence
the DNA profiles changed as well. Simulation results
are shown in the Appendix (Figure A3). They demon-
strate that regulatory states different from that of a normal
aged cell are observed following such knock-down. A
detailed analysis of the simulation results is provided in the
next section.
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Figure 5. Integrated SOM analysis of DNA methylation. Shown are selected SOM portraits for the initial conditions (T1, {1}, {1}, {0})
(red box) and (T1, {1}, {0}, {0}) (green box). The two single portraits are portraits of the TW1 for normal ageing under low histone
(de-) modification activity. The two groups of six portraits (blue box) are portraits of all scenarios for TW5. All portraits show white areas
referring to empty meta-elements not populated with a single element. These white areas separate clusters A, B and C of meta-elements.
At TWS5 genes associated with these clusters are: (A) methylated under all conditions, (B) methylated for low histone (de-) modification
activity only, and (C) methylated for initially high H3K9me3 level only. Within the clusters the meta-elements arrange according to the
average time point of the associated elements. Black arrows indicate progressive time. Note that the portraits of TW1 reveal fast methylation
of genes associated with cluster A. AG1 and AG2 genes are associated with cluster B and the blue sub-region C’ of cluster C, respectively.

Integrated analysis of methylation profiles

In order to interlink the changes in DNA methylation
observed during ageing and after mutation we performed an
integrated analysis using a self-organising map (SOM). The
SOM was trained with the methylation values of all genes at
all time points and for all scenarios listed in Table Al. Each
of the 12 scenarios was subdivided into five time windows
(TW) of 1000 Az (1-1000 At,...,4001-5000 At). Thus, we
defined 12 x 5 data matrixes, each containing the methyla-
tion values of all genes (i = 1,...,N) at 1000 sequential
time points (j = 1,...,1000). The methylation levels of
an matrix element (i,j) across all the 60 matrixes define
its SOM profile. Applying the SOM algorithm the matrix
elements become grouped to meta-elements serving as the
prototypic SOM profile of the associated elements. These
meta-elements arrange on a 2D grid (20 x 20) such that
most similar meta-elements become neighbours. Each data
matrix is then visualized by its SOM portrait, colour-coding

the methylation level of each meta-element in the particu-
lar matrix (blue—green—red assigns low to high methylation
levels). The gallery of all portraits obtained is given in the
Appendix (Figure A4).

Figure 5 shows selected portraits of this gallery.
The SOM algorithm separated three main clusters of
meta-elements referred to as A, B, and C, which dif-
fer in their DNA methylation owing to different histone
(de-)modification rates and different initial conditions.
Regions between these clusters are separated by white
depopulated areas. In each of the three clusters the meta-
elements arrange according to the average time point (f)
of the associated elements. Thus, the method allows short-
term methylation changes to be followed in each portrait.
Arrows in the portraits point in direction of progressive time
(for details see Appendix, Figure AS). Invariant colour-
ing along these arrows indicates equilibrated steady-state
methylation, whereas changing colour indicates ongoing
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alterations. The portraits of TW1 clearly reveal strong
methylation changes, while portraits of TWS indicate
steady state methylation.

Ageing. The results of the SOM analysis, first of all,
recapitulate those observed for the ageing process in the
individual simulations. The meta-element clusters sepa-
rate different groups of genes that have been identified
based on the dynamics of the regulatory states described
above. Genes associated with cluster A became almost
completely methylated within the first 1000 time steps. As
seen from the portraits of TW1 these changes are largely
independent of the initial conditions (and of the histone
(de-) modification activity; not shown). The gene length
map given in the Appendix (Figure AS) shows that cluster
A mainly contains the short genes that immediately lose
H3K4me3 and H3K9me3. Genes associated with cluster
B behave similarly but on a longer timescale and only
for low histone (de-) modification activity. These genes
are slightly longer than those of cluster A. They mostly
belong to the AG1 group. Genes associated with cluster
C are longer genes. They rarely show DNA methyla-
tion for (T1, {1}, {0}, {0}) conditions, while for (T1,
{1}, {1}, {0}) they show a more complex methylation
behaviour. A subgroup of these genes, located in region C’,
comprises the AG2 genes, showing characteristic transient
methylation.

Based on these SOM results a simple summary of the
changes observed in the course of H3K9 and H3K4 HDM
knock-downs can be provided, as detailed next.

Mutation in the H3K9 HDM. This mutation has a strong
effect on genes associated with cluster C. However, this
effect is observed for the initial state (T1, {1}, {1}, {0})
only. Under these initial conditions all C genes become
hyper-methylated compared to normal ageing, independent
of the histone (de-) modification activity, i.e. genes of group
AQG2 also become methylated. In case of slow (de-) mod-
ification the effect thus overwrites the hypo-methylation
phenomenon observed during normal ageing. For (T1,
{1}, {0}, {0}) the mutation has an effect for fast histone
(de-)modification activity only. Here, H3K9me3 stabilizes
at the longest genes and the associated DNA becomes
progressively methylated in the long term.

Mutation in the H3K4 HDM. This mutation also has a
strong effect on genes of cluster C. Here, all C genes become
hypo-methylated compared to normal ageing, independent
of the histone (de-) modification activity. As C genes are
not methylated for (T1, {1}, {0}, {0}), the effect is again
seen for (T1, {1}, {1}, {0}) only. For slow histone (de-)
modification activity the mutation suppresses neither hyper-
methylation of AG1 genes (cluster B) nor hypo-methylation
of AG2 genes (region C’). Thus, the mutation does not ‘reju-
venate’ the cells. For fast modification activity it resets C

genes to an early methylation state (¢ ~ 500A¢), and thus
supports the preventive effects of this modification regime.
For (T1, {1}, {0}, {0}) effects of the mutation are rarely
observed.

Discussion

Changes of DNA methylation during ageing and tumour
development are documented for many tissues and tumour
types. However, the origin of these changes is still a matter
of debate. The multi-scale model proposed here links DNA
methylation dynamics to histone modification states. This is
achieved by linking the recruitment of DNMTs to the local
histone modification state.

During ageing these states can change in prolifera-
tive cells due to their limited inheritance. In the case of
H3K4me3 loss this will enable DNA hyper-methylation of
the associated genes that are otherwise protected (Ooi et al.
2007). In the case of H3K9me3 loss this impairs recruit-
ment of de novo DNMTs (Cedar & Bergman 2009) and
will lead to passive hypo-methylation. According to our
model the properties of the histone machinery but also the
ratio between the timescale of histone (de-) modification
and proliferation control whether a particular gene will be
affected by these mechanisms. The model suggests ageing
in hyperplastic tissue to be accelerated in general. This is
in agreement with experimental findings that genes hyper-
methylated in ageing tissue are hyper-methylated in related
tumours as well (Teschendorff et al. 2010).

A direct comparison of DNA methylation changes in fast
and slow proliferating cells of the same origin is currently
missing. However, the results on HSC ageing obtained by
Beerman et al. (2013) that ageing of HSCs is associated
with alterations of DNA methylation that accumulate with
the number of cell division support our hypotheses.

In our model we assume that all genes are initially
associated with H3K4me3 modified nucleosomes, and
that accordingly their DNA is unmethylated. Thus, for
all genes hyper-methylation can potentially occur. Such
behaviour is known from genes associated with CpG
islands (Mikkelsen et al. 2007). However, genes associ-
ated with short CUs (lengths below a certain threshold) lose
H3K4me3 (and H3K9me3) completely independently of
initial conditions, and specific systems kinetics and become
methylated. These genes mimic genes not associated with
CpG islands.

Two groups of genes, here called age-related genes
AG1/2, were found to be particular sensitive for changes in
systems kinetics. In young cells AG1 genes are associated
with H3K4me3 modified, H3K9me3 free chromatin regions
of intermediate length (here: 1000 < L < 2000 bp). AG2
genes are associated with longer H3K4me3 and H3K9me3
modified regions (here: 2000 < L < 3000bp). Recently,
we demonstrated that these two types of chromatin are fre-
quently found in stem and lineage committed cells (Steiner
et al. 2012). In fast cycling (slow histone modifying) cells,
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the nucleosomes associated with AG1 genes lose H3K4me3
while those associated with AG2 genes lose H3K9me3.
Accordingly, AG1 genes become hyper-methylated and
AG2 genes become potentially hypo-methylated in fast
cycling (slow histone modifying) cells, providing an expla-
nation of general features of ageing DNA methylation
profiles. If the nucleosomes associated with AG2 genes are
initially not H3K9me3 modified, these genes conserve their
DNA methylation state over the entire ageing process. The
same holds for genes associated with even longer CUs. This
memory effect is due to bistable H3K9me3 modification
states (Binder et al. 2013).

Whether the mechanism underlying hypo-methylation
in our model is that observed during in vivo ageing
remains to be demonstrated. Alternatively, age-related
hypo-methylation has been suggested to be a consequence
ofthe hyper-methylation of components of the DNA methy-
lation machinery (Maegawa etal. 2010). Such links between
the epigenetic changes, here DNA hyper-methylation, in
ageing cells and the emergence of age-related phenotypes
are, so far, not considered in our model. Nevertheless, they
may strongly impact the ageing process and may open direct
or indirect epigenetic pathways towards cancer. On one
hand, it is known that during ageing a number of tumour
suppressors become silenced, potentially leading to direct
tissue transformation (Esteller 2007). On the other hand,
silencing of genes, being part of DNA repair mechanisms
such as of the MLH1 gene, will increase the mutation fre-
quency of the tissue and thus indirectly facilitate tumour
development (Jones & Laird 1999).

In our simulation studies we analysed epigenetic
changes following activated proliferation and mutation of
parts of the histone modification machinery. The studied
scenario of impaired activity of the HDM of H3K9me3
models the DNA methylator phenotype of glioblastoma
originating from a mutation of IDH1/2. An analogue
DNA methylator phenotype is observed in leukaemia
cells. Experimentally, the genes found to be affected are
not identical. This is in agreement with tissue specific,
age-related methylation profiles (Christensen et al. 2009).
Modelling these differences would require considering dif-
ferent activity either of the TF-network or of the epigenetic
machineries, or both.

A methylator phenotype has also been detected in
colorectal cancer. The origin of the observed hyper-
methylation is not known so far. Recent experiments
demonstrated that the CpG island methylator phenotype
in colorectal cancer is correlated with over-expression of
SIRTI, a deacetylase of acetylation of H4 at lysine 16
(Nosho et al. 2009). In proliferative populations such as the
intestine (where cells divide on average once a day) the age-
ing processes described here would take a few weeks only.
But, long term age-related drifts in DNA methylation have
also been observed in this system (Maegawaetal. 2010). We
expect that histone modification rates in fast proliferating

systems are much higher, enabling stable inheritance of the
modification states.

We have described here the potential interaction
between the regulatory systems of histone modification
and DNA methylation. Throughout our study we neglected
the regulatory impact of histone modifications other than
H3K4me3 and H3K9me3. Nevertheless, many aspects of
experimentally observed changes of DNA methylation
profiles during ageing and tumour development can be
explained by our model. However, we expect that further
histone modifications critically impact DNA methylation;
among them is H3K27me3 (Han & Brunet 2012). The
H3K27 HMT recruits DNMTs but binds to unmethylated
CpGs and thus appears to fulfil an ambivalent function.
Although commonly considered as a repressive mark,
silencing so-called bivalent modified chromatin, the mech-
anism behind is not fully understood. These aspects will be
part of future investigations.

Conclusions

The age-related changes in global DNA methylation pro-
files appear to be, at least in part, a consequence of
the limited inheritance of histone methylations. They are
established with the cumulative number of cell divisions.
However, not only the absolute number of divisions but
also the division rate defines the DNA methylation profile.
Mutations of the histone modification machinery reorganize
the epigenome with respect to these mechanisms.
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Appendix

The artificial genome (AG) model

In our simulations we utilize the AG model described in Binder
et al. (2010). Deviating parameters are specified in Table A2. We
used arealization of the AG with 105 genes. Regulatory interaction
between these genes was simulated according to the transcription
factor model introduced in Binder et al. (2010). We assume that the
AG is wrapped around nucleosomes. As the average gene length
in the AG is about 4000 bp and each wrap takes about 200 bp, on
average 20 nucleosomes are associated with a gene.

The Ny nucleosomes associated with one gene are assumed to
act cooperatively regarding the modification of their histones, i.e.
they form a cooperative unit (CU). This is motivated by experi-
mental findings of frequent binding of the DNA-binding molecule
CTCEF near the transcription start site of genes (Vavouri and Lehner
2012) which has been observed to flank regions of stable histone
modification states (Woo & Li 2012). The genes in the AG show
an exponential length distribution and thus the CU lengths are
exponentially distributed as well.

Accordingly our assumption enables us to study CU length
effects in a single simulation. In contrast, effects of the spatial
variation of histone modifications around the transcription start
site of genes and their impact on their transcription cannot be
addressed by our model. Differences in these profiles potentially
define subgroups of histone and gene regulatory states (Young
et al. 2011) that are not covered by the model.

In order to describe the histone modification process we apply
the model described in Binder et al. (2013) and Rohlf et al. (2012)
to each of the modifications considered. The chosen parameters
are listed in Table A2. In the following, we give a brief description
of the model of transcriptional regulation.

Modelling transcriptional regulation

Transcription 7; of the individual gene i of the network is
calculated by solving:

ar;
4, =Pmax ®i9Pro,i _5Ti, (1)
dr
where § is a degradation constant and Ppax the maximum pro-
moter activity of the gene. Transcription activity of gene i/ is
controlled by the occupancy of its promoter by polymerase II,
Bpro,i, which depends on the properties of the TF network (Binder
et al. 2010). In addition, transcriptional activity is assumed to be
proportional to the binding probability ®; of the protein com-
plex that incorporates the H3K4 HMT to chromatin associated
with gene i. This probability is given for the H3K4 and H3K9
HMTs by:

©; = 1/(1 + exp(eo + Was,i€8s + NHM i€HM))- 2

Here, & is the ground free enthalpy per bound complex and epg
and ey are the free enthalpy changes of DNA binding and binding
to the histone modification, respectively. All these terms are scaled
by the Boltzmann unit. For binding of the H3K4 HMT the ground
enthalpy is assumed to be proportional to the log-expression of
the associated gene:

g0 = €1 —ln<PT(S ) 3)

max

For binding of the H3K9 HMT it is assumed to be constant &;.
The number of modified nucleosomes ng7, out ofthe Ny coop-
erative nucleosomes associated with the regulatory region of gene
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Figure Al. Simulated age-related changes in the epigenome: Modification dynamics. Shown are the results for the same system as in
Figure 2 but for fast rates of histone (de-) modification. (a) Regulatory states for each gene are averaged separately over all cells in
the population (red—yellow—white: low—high, 100 Az refers to 1 generation). Normalization and sorting as in Figure 2. The age-related
regulatory profile shows the same general features as for slow histone (de-) modification reactions, but the features refer to different genes.
IM genes comprise e.g. genes between no. 30 and no. 50. As seen in (b) the impact of the TF network is not that pronounced, as for low

rates of histone (de-) modification.
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i is calculated by solving: Here, kp and kys are the de-modification and modification rate,
respectively.

dnpg i In case of H3K4me3 there is evidence that the HMTs are

e km®i(NH,i — nem i) — kpnrm i “ capable of binding unmethylated CpGs (Thomson et al. 2010).
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Figure A4. SOM gallery of DNA methylation data. Shown are the SOM portraits of all scenarios (see Table A1) each divided into five
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Figure AS.

Supporting maps of the SOM analysis. (a) Map of the average time point associated with the meta-elements of the SOM.

Each cluster contains meta-elements with SOM profiles that are prototypic for the methylation behaviour of the same gene at different time
points. The map colour codes for the average time point of each meta-element. Red: < 100#4, beige: > 500¢4. (b) Length map of the genes.
The average length of the genes in each meta-element is colour-coded. Red: < 1000 bases, beige: > 4000 bases. White meta-elements
are unpopulated. Methylation of the genes develops with increasing time in (a). These paths refer to virtually constant lengths in (b). This
result show that each gene is characterized by its specific methylation dynamics.

Accordingly; we calculated the average free enthalpy change
of DNA binding as (wgs,;eps) where wps; is the probability
of finding a nearby CpG unmethylated. Assuming independent
methylation of all CpGs associated with the gene, this probabil-
ity is simply given by the fraction of unmethylated CpGs. In case
of H3K9me3 there is evidence that the HMTs bind methylated
CpGs. Thus, the average free enthalpy change of DNA binding
was calculated as (1 — wgs ;)eps. As aresult of these assumptions
DNA methylation impacts the methylation states of the associated
histones.

Modelling DNA methylation dynamics

In order to account for changes of the DNA methylation we
applied the basic model of DNA methylation introduced by Sontag

et al. (2006) which describes the parallel action of maintenance
and de novo DNMTs. In this Markov-chain model, CpGs can
change their methylation states during cell division only. If a cell
is dividing, maintenance methylation ensures that DNA methy-
lation is conserved with a probability Dy, smaller than 1.
Accordingly, not all CpGs keep their methylation status. In
addition DNA de novo methylation can occur with probability
Dhovo > 0 depending on the modification state of the associated
nucleosomes.

Recruitment of de novo methylases has been shown to depend
on the modification state of the associated histones. In fact, H3K4
methylation has been found to protect associated DNA from
becoming de novo methylated. On the other hand, H3K9 methy-
lation has been suggested to recruit DNMTs. We introduced a
simple interaction model of DNMTs with chromatin depending
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Table Al. Simulation scenarios. Overview of the scenarios that have been integrated into the SOM analysis.

H3K4 and H3K9 ki = 0.05, kp = 0.005

H3K4 and H3K9 k), = 0.5, kp = 0.05

Initial state ageing H3K4kp=0 H3K9%p=0 ageing H3K4kp=0 H3K9%p=0
T1, {1}, {1}, {0} X X X X X
T1, {1}, {0}, {0} X X X X X

Table A2. Model parameters. Energy terms are scaled by the Boltzmann unit. Rates are given
per simulation time step A¢. The parameters of the AG and the TF network were chosen as in
Binder et al. (2010), except of the length of the genome (Lgenome = 4 % 10°) and the length of

the base promoter (Lprom = 6).

Parameter Symbols Values
Ground enthalpy per bound HMT:
H3K4me3 &1 7
H3K9me3 & 10
Free enthalpy change of binding to:
—unmethylated CpGs: HMT of H3K4me3 £BS —-5.5
—methylated CpGs: HMT of H3K9me3 —-5.5
Free enthalpy change of HMT binding to H3K4me3, H3K9me3 EHM —1.5
Modification rate H3K4me3 and H3K9me3 ks slow: 0.05
fast: 0.5
De-modification rate H3K4me3 and H3K9me3 kp slow: 0.005
fast: 0.05
mutated: 0.0

DNA maintenance methylation probability Dinain 0.8
DNA de novo methylation probability Diovo 0.3
growth rate (cell divides after 10 growth steps): R 0.1
mutated: 6/5R =0.12
Differentiation rate 0 0.0000625
Interaction energy between DNMT and HMT EK4 +6

£K9 —6
Transcription degradation rate 8 0.1

on the H3K4 and H3K9 modification status. We assumed the de
novo methylation rate Dyoyo 0f a CpG located in the regulatory
region of gene i to depend on the modification of the nucleosomes
associated with the gene:

Dnovo = DOy (1 + exp(—nby exo /Nu))/

(1 + exp(—nby exo /Ny + it iexa/Nu)).  (5)

Here, DO __ is the de novo DNA methylation constant for CpGs

novo
located in the regulatory region of a gene, where the nucleo-

somes associated with it are devoid of H3K4me3. x4 and gx9
are the interaction energies between the DNMTs and the modified
nucleosomes scaled by the Boltzmann unit.

Additional simulation results

The following figures provide: (i) results on the systems behaviour
for different (de-) modification rates and the initial conditions
(Figures A1-2), (ii) detailed data on the system’s behaviour fol-
lowing knock-down of HDMs (Figure A3), and (iii) supporting
information on the SOM-analysis (Figures A4-5).



	

