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ABSTRACT

Inheritance of 5-methyl cytosine modification of
CpG (CG/CG) DNA sequences is needed to
maintain early developmental decisions in verte-
brates. The standard inheritance model treats
CpGs as independent, with methylated CpGs main-
tained by efficient methylation of hemimethylated
CpGs produced after DNA replication, and
unmethylated CpGs maintained by an absence of
de novo methylation. By stochastic simulations of
CpG islands over multiple cell cycles and systematic
sampling of reaction parameters, we show that
the standard model is inconsistent with many
experimental observations. In contrast, dynamic
collaboration between CpGs can provide strong
error-tolerant somatic inheritance of both
hypermethylated and hypomethylated states of a
cluster of CpGs, reproducing observed stable
bimodal methylation patterns. Known recruitment
of methylating enzymes by methylated CpGs could
provide the necessary collaboration, but we predict
that recruitment of demethylating enzymes by
unmethylated CpGs strengthens inheritance and
allows CpG islands to remain hypomethylated
within a sea of hypermethylation.

INTRODUCTION

Enzymatic modification of cytosine residues in eukaryotic
DNA by the addition of a methyl group at the C5 position
is thought to provide a stable and heritable chromatin mark
that can be used to program alternative gene expression
states (1-3). In vertebrates, 5 mC occurs primarily at 5'-
CG-3 sequences or CpG dyads. CpGs occur at low
density across most of the mammalian genome, except

for patches of ~500-2000 bp termed CpG islands (CGls)
that are often associated with promoter regions (3). In adult
mammals, CpGs outside CGIs are predominantly
methylated, whereas CpGs within islands tend to be
largely unmethylated. However, some CGIs appear to
have two alternative stable methylation states—with the
CpGs predominantly unmethylated in some cell types
and predominantly methylated in other cell types, with
methylation of promoter-associated CGIs correlating
with promoter inactivity (4,5). The maintenance of the
two alleles of a CGI within the same cell in distinct methy-
lation states through cell division, as seen in X chromosome
inactivation and genomic imprinting (6-8), supports the
idea that these alternative methylation states represent
a heritable chromatin mark. It is proposed that during
development, transient signals cause methylation or
demethylation of specific CGIs and this methylation
status is then maintained and inherited through DNA
replication even in the absence of the original signals.
Failure to properly maintain and transmit DNA methyla-
tion states is associated with aberrant gene expression
and disease (9—-11).

For many years, the inheritance of these DNA methyla-
tion states has been rationalized by an elegant model
(which we call the standard model) for the inheritance of
the methylation state of a single CpG site (12,13). Because
unmethylated cytosine is inserted into the new strands
during DNA replication, a fully unmethylated CpG dyad
naturally produces unmethylated CpGs in the daughter
DNAs. However, replication of a fully methylated CpG
site generates two hemimethylated sites. In the standard
model, these new hemimethylated sites are recognized
with high efficiency by maintenance methylases and
rapidly restored to full methylation, thus maintaining the
methylated state of the CpG for both daughter DNAs.
Mammalian DNA methyltransferase 1 (DNMT1) seemed
to be a good candidate for a maintenance methylase,
having up to a 100-fold preference for hemimethylated
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versus unmethylated CpGs in vitro (14). The other recogni-
zed methylases in mammals, DNMT3A and DNMT?3B, act
similarly on unmethylated and hemimethylated CpGs
invitro (15,16). Thus, the activity of these ‘de novo’ methyl-
ases has been assumed to be under tight control in vivo, so
that they can be used to establish methylation patterns at
specific times and places without interfering with general
inheritance of unmethylated CpGs.

However, there is now substantial evidence that these en-
zymes do not have the efficiency and specificity required for
the standard model to work. The existence of substantial
densities (at least 5%) of hemimethylated CpGs within
methylated CGls, revealed most precisely by hairpin-
bisulfite PCR (6,7,17), shows that maintenance methylation
is far from 100% efficient. Also, unmethylated DNA that is
introduced into cells can become methylated even in the
absence of DNMT3A and DNMT3B, showing that
DNMT]1 (or some other enzyme) has significant de novo
activity in vivo (18). DNMT3A and DNMT3B are continu-
ously needed for maintenance (1,19), raising the question
of how they are prevented from acting generally on
unmethylated CpGs. In addition, methylated CpGs are
exposed to active enzymatic demethylation pathways
(20). Thus, DNA methylation is more dynamic than envi-
sioned in the standard model.

Using systematic scanning of methylation and
demethylation reaction parameters and stochastic simula-
tions of clusters of CpGs, we confirm previous theoretical
modeling (21-23), showing that in the absence of perfect
efficiency and specificity, the standard model cannot
maintain distinct methylation states. In contrast, we
show that true bistability can be achieved in dynamic
systems where CpG sites collaborate—i.e. where the
methylation reactions at one CpG are affected by the
methylation status of nearby CpGs. Positive feedback col-
laborative reactions, in which methylated CpGs recruit
methylases and unmethylated CpGs recruit demethylases,
can produce strong heritable bistability. We show also
that a collaborative model can generate systems that are
sensitive to CpG density, so that bistable high-density
CpG islands can exist in a sea of low-density methylated
CpGs. Our results argue for a paradigm shift to underpin
a new examination of the maintenance and inheritance of
DNA methylation states.

MATERIALS AND METHODS

We simulate a CpG island consisting of 80 CpG sites, i.e. a
1D chain of 80 sites that can be in either of three states:
unmethylated (1), hemimethylated (%) and methylated (mz;
Figure 1A). The CpG states are interconverted by specific
methylation (+) and demethylation (—) reactions that are
iterated stochastically over the CpG island.

For the standard model, there are four reactions
(Figure 1A). For any particular reaction scheme, each of
these reactions is assigned a specific rate. In the simulation,
the CpGs in the island are subjected to repeated reaction
attempts, each as follows: (i) we choose one of the four
possible reactions according to their respective rates by a
standard Gillespie algorithm. (ii)) We choose a target CpG
site at random and then test if the reaction chosen in (i) is

allowed for the configuration of that site (e.g. a u + reaction
cannot change an 4 target). If the reaction is possible, the
target is changed, else no action is taken.

Each cell generation comprised an average of N, = 100
reaction attempts per CpG, yielding 100 x 80 reaction
attempts for the entire CpG island per generation. After
each simulated generation, DNA replication is mimicked
by creating a daughter DNA in which each parental u site
remains a u, each parental m site becomes an /% site and
each parental / site becomes /1 or u with 50% probability.
This daughter strand is then exposed to the next cell gen-
eration of reaction attempts. Simulations were continued
for at least 100 generations.

The collaborative model has an additional eight collab-
orative reactions (Figure 1D), each with a defined rate.
For these reactions (randomly chosen as earlier in text),
we also choose a random second CpG site as the mediator
of the reaction. For the reaction to occur, the target CpG
and the mediator CpG must match the chosen reaction.

RESULTS
Limitations of the standard model

Allowing for active demethylation reactions, the standard
model comprises four reactions that interconvert the three
different types of CpG site, the three states u, h or m
(Figure 1A). The A+ reaction is the ‘maintenance’
reaction, the addition (+) of a methyl group to a
hemimethylated CpG (%4); the ut+ reaction is de novo
methylation (Figure 1A). A critical feature of the
standard model is that the reactions that occur at one
CpG are independent of the state of other CpGs.
Previous mathematical examinations of this kind of
model have shown that it does not give true bistability
(21-23). With non-zero rates of the u+ and h— reactions,
and some failure in the A+ reaction after replication, a
highly methylated cluster of CpGs and a lowly methylated
cluster of CpGs gradually converge to the same equilib-
rium densities of u, & and m.

We re-examined the standard model by stochastic simu-
lations of an island of 80 CpG sites (~1kb), iterating
the four possible methyl addition or removal reactions
(Figure 1A). We generated >10° different reaction
schemes by choosing different sets of reactions rates,
and each scheme was tested for its ability to maintain
hypermethylated (M) and hypomethylated (U) states
through many cell generations (‘Methods’ and
Supplementary Information).

The minimum allowed reaction rate was 10~%, which for
the u+ reaction gives a 1% chance of de novo methylation
per u site per generation. The maximum allowed reaction
rate was 1—ut. As expected, we found that all combin-
ations of reaction rates tested gave steady convergence of
the M and U states of the cluster over time. Distinct M and
U states could not be sustained for >100 generations and
usually decayed within 10 generations. An example time
series is shown in Figure 1B, for a system started in the
U state (upper panel) or the M state (lower panel). Schemes
that remained distinct for longest were those with A+ closest
to 1 and u+ closest to 0.
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Figure 1. Standard and collaborative models for DNA methylation. (A) The standard model includes only simple transitions between fully
methylated (m), hemimethylated (#) and unmethylated (#) CpG sites. (B) Time course for a typical standard model reaction scheme, tracking the
changing fractions of m (red), h (black) and u (blue) CpG sites within the 80 CpG island >100 generations. The island was initialized either in the U
state (upper panel) or the M state (lower panel) but converges to an intermediate state uxm=1/2 in both cases after ~20 generations. Replication at
the beginning of each generation sets the density of m to 0, which is rapidly restored to nearly pre-replication levels by maintenance methylation, as
shown in the inset expanding the period from generations 1-2. (C) In the standard model, CGIs initially in the M state (red) or in the U state (blue)
become partially methylated (intermediate shades) in their descendant cell populations. (D) In the collaborative model, methylation and
demethylation reactions are affected by the status of nearby CpG sites (curved arrows), e.g. the dark red /#+” arrow specifies an /i to m transition
facilitated by local m sites, which could be achieved by recruitment of a methylase enzyme by m sites. (E) As (B) but for a typical reactions scheme
with the collaborative model, showing that a hypomethylated state (U state) or a hypermethylated state (M state) can be stably maintained over
many generations. The insets expand the period from generations 1-2, showing the replication-induced disturbance in methylation. (F) The collab-
orative model can stably maintain bimodal (polarized) methylation states of CGIs in a cell population.

Mean field analysis of the dynamics in this type of
system (Supplementary Information, Section 1) shows
that an upper bound for the expected lifetime of the
methylation state is 1/(N,u+). That is, if the number of
reaction attempts per CpG per generatlon N, =100 and
the de novo methylation rate u+ = 10~*, then a maximum
lifetime of 100 generations is possible.

Thus, if a CGI is set into the M state in a founder cell,
then as the population of descendant cells increases, the
CGls will steadily lose methylation and the variance of
their methylation densities will increase (Figure 1C).
Eventually, some CGlIs descended from the original M
state CGI will attain the same methylation densities as
CGls descended from a CGI initially in the U state, and
the epigenetic distinction between the two populations will
be blurred.

Even in the most successful standard model schemes,
the distributions of CpG methylation are difficult to

reconcile with three types of observations from sequencing
of clones derived from bisulfite treated genomic DNAs:

(1) Densities of m, h and w—hairpin-bisulfite PCR
studies (6,7,17), have shown low densities (fractions)
of m and h at low-methylated CpG clusters (density
of m + h<0.01 of total CpGs), and substantial
densities of 4 at high-methylated clusters (4> 0.05).
Even the most sustained standard model schemes
(i.e. ~100 generation stability) produced much
lower densities of /4 in the M state (h<0.01) and
none was able to keep m+/h below 0.01 formore
than three generations (e.g. Figure 1B).

(2) Bimodal methylation densities—in vivo methylation
patterns of CpG clusters are generally bimodal;
clusters tend to be either highly methylated or
poorly methylated (4,5). Under the standard model,
such bimodality can only exist transiently, and it
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seems unlikely that this would produce such consist-
ent genome-wide bimodal patterns.

(3) Dynamics of bimodality—in the standard model,
bimodality of methylation densities should reduce
with time (Figure 1C). However, analysis of clones
from a 26-year-old and a 68-year-old human show
that bimodality is maintained (5). Furthermore,
Lorincz et al. (18) demonstrated that the bimodality
of DNA methylation can actually increase over time.
Clones derived from genomic insertion of DNA that
had been partially methylated in vitro, were either
fully unmethylated (U state) or highly methylated
(M state). Such behavior, with two distinct stable
states separated by an unstable intermediate state,
is incompatible with the standard model and is the
hallmark of a truly bistable system.

A collaborative model

True bistability can be achieved in systems with positive
feedback (24-27). In the case of DNA methylation, positive
feedback would occur if the probability of a CpG becoming
or remaining methylated is increased if other CpGs in the
cluster are methylated; or conversely, if the probability of
a CpG becoming or remaining unmethylated is increased
by unmethylated CpGs in the cluster. We use the term
collaborative for CpG reactions that are dependent on
the methylation status of other CpGs. Collaboration
between CpGs can readily be achieved by recruitment
of the methylase or demethylase enzymes, i.c. if the
enzymes bind directly or indirectly to CpGs in a particular
methylation state and are able to catalyse reactions on
nearby CpGs (Figure 1D). Collaboration by recruitment
is also the basis of models for heritable bistability in
nucleosome modification states (24). A number of obser-
vations are consistent with CpG recruitment of methyla-
tion enzymes (28-33). For example, DNMT]1 is known
to interact with the UHRF1 protein, which binds prefer-
entially to hemimethylated DNA (29,30).

To test if collaboration between CpG sites can generate
heritable bistability, we modified our parameter scanning
simulations by adding eight collaborative reactions to the
four non-collaborative reactions of the standard model
(Figure 1D). We excluded the four possible collaboration
reactions where u sites stimulate methylation and m
sites stimulate demethylation, as such ‘self-destruction’
reactions should be strongly disfavored (26). For each
reaction attempt, we again choose one of the 12 possible
reactions according to their relative rates and a target site.
However, if the chosen reaction is one of the collaborative
links, we randomly select another CpG site to serve as a
mediator of the reaction (enzyme recruiter). For example,
if the u+" reaction is selected along with a target u site,
then the u— A reaction proceeds only if a mediator m site is
chosen. We again made 100 reaction attempts per CpG
per generation. We kept u+>10"* and h+>10"" the
bound on wut allowing explicit comparison with the
analysis of the standard model.

Sampling more than 10* combinations of reaction rates
(Supplementary Information Section 2), we obtained
many reaction schemes that gave at least 1000 generation

stability for both the M and U states of the system. Such
schemes resist drift of the U and M states, showing true
bistability (Figure 1E). The M state system is perturbed by
DNA replication but methylation is restored before the
next DNA replication (Figure 1E, lower panel inset).
Intermediate states are avoided, and the rare transitions
between U and M states occur rapidly, within one single
generation. A stability of 1000 generations means that a
founder cell with a CGI in the M state could produce a
population of 1000 descendants before the CGI flips to the
U state in one of them. The descendants of this U cell
would remain in the U state, so that descendant popula-
tions would eventually become mosaics for the M or U
state of the CGI (Figure 1F). Thus, unlike the standard
model, bimodality is a permanent characteristic of these
bistable collaborative systems.

Requirements for collaborative bistability

Analysis of the collaborative reaction schemes that were
able to produce 1000 generation stability revealed charac-
teristic strengths for each of the reactions. Figure 2A-C
shows the probabilities of these schemes having particular
reaction strengths. Low rates of the non-collaborative re-
actions (u+, h+, m—, h—) reactions are favoured (<1072
for u+ and i+ and <0.1 for m— and h—; Figure 2A). That
is, reaction schemes that have low rates for these reactions
are more likely to be bistable (Figure 2A). These reactions
are noise-like, producing CpG transitions independently
of the overall U or M state of the cluster, and reduce
the positive feedback in the system. Notably, the collab-
orative systems can tolerate much higher rates of the u+,
m— and h— reactions than the standard model. However,
although in the standard model the A4+ maintenance
reaction needs to be strong, in the collaborative systems
this reaction is weak so that the maintenance function is
instead carried out by the positive feedback A+" and h+™
reactions.

The rates for the three collaborative methylation reac-
tions (h+", h+™ and u+") were all optimal near 0.2 (cor-
responding to at least 20 reaction attempts per CpG site
per generation; Figure 2B). These reactions should be
strong enough to maintain the M state, but not so
strong that they destabilize the U state.

Two collaborative demethylation reactions, hA—" and
m—" also have optimal rates; however, at values ~0.05,
substantially lower then the collaborative methylations
(Figure 2C). These reactions provide positive feedback
for the U state and need to be strong enough to
maintain that state but not so strong that they destabilize
the M state. The imbalance in the rates of the 2—" and
m—" reactions versus the A+", h+" and u+" reactions
counteracts the asymmetry in the system due to DNA
replication, which provides a strong force in the U
direction.

Some collaborative reactions corrupt bistability. The
DNA replication asymmetry forces m and # sites to act
as a team against u sites. Thus, the h—" reaction is
disfavored (Figure 2C) because it is essentially a self-de-
struction reaction for the m/h team, acting to impede
recovery of the M state after DNA replication. The u+"
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Figure 2. Features of bistable collaborative schemes. (A-C) Relative
probability distributions of reaction rates among >10® sampled collab-
orative reaction schemes that achieved 1000 generation stability of U
and M states (Supplementary Information Section 2). The likelihood of
obtaining a bistable solution was 0.015%, giving over 15000 bistable
schemes. (A) Low rates for the non-collaborative rates h~— and m— are
favored. (B) Collaborative methylation rates 4+”", u+" and h+™ near 0.2
are favored. (C) Collaborative demethylation rates h—", h—*, m—" near
0.05 are favoured. The reaction diagram in A indicates the mean
strengths of the corresponding reactions by the arrow thickness.
Triangles in B and C indicate the mean of each reaction rate in
all schemes (open) or in schemes with u/h/m densities matching experi-
mentally observed densities: u =0.15, 2 =10.07 and m = 0.78 (6).
(D and E) Relative probability distributions of average steady state
fractions of u, h and m sites for each scheme in the M state (D) or
the U state (E), showing that these schemes can produce experimentally
observed fractions (vertical arrows). (F) The minimal motif able
to achieve bistability combines the three favorable collaborative
methylation reactions.

collaborative methylation reaction should also be weak; in
the presence of some u+ noise, this reaction is a powerful
antagonist of the U state.

Figure 2D and E shows the probabilities of finding
specific steady-state fractions of u, & and m in the M and
U states of the bistable systems. The bistable collaborative
schemes were much better than the standard model at
reproducing the substantial densities of & and u sites
observed in the M state, and the low densities of /& and
m sites seen in the U state (6,7,17).

To determine which reactions are critical for bistability,
we also investigated motifs in which one of the reaction
types was removed by fixing the corresponding reaction
rate to zero (Supplementary Information Section 2), and
again performing parameter scanning to find reaction
schemes able to give 1000 generation bistability. We
found that the A+", h+" and u+" collaborative methyla-
tion reactions are all essential for bistability, whereas all
other collaborative reactions could be removed. A
‘minimal’ motif with just these three collaborative reac-
tions, combined with non-collaborative demethylation
(Figure 2F) was also able to give 1000 generation
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bistabilities (Supplementary Information Section 3 and
Supplementary Figure S5).

One potential disadvantage of a bistable system for in-
heritance of DNA methylation is the associated metabolic
cost, as these systems are dynamic, involving back-and-
forth reactions. In our modeling, we allow 100 reaction
attempts per CpG per generation. If bistability required
each CpG to undergo 100 methylation or demethylation
reactions per generation, then the cost of bistability might
be prohibitive. However, we found that the collaborative
schemes do not require large numbers of ‘completed’
reactions to achieve bistability, with on average 3.3 and
0.03 reactions per CpG per generation needed to maintain
the M and U states, respectively (Supplementary
Information; Supplementary Figure S3).

We also examined the applicability of the model to
larger CpG islands and found that in general, larger
CpG islands allow for higher stability of M and U states
because of a reduced contribution of stochastic fluctu-
ations (Supplementary Information).

Quantitating the robustness of collaborative bistability

Combining the three essential collaborative methylation
reactions with the two favorable collaborative demethyla-
tion reactions (Figure 2C) gives a motif where there is
positive feedback collaboration in both the methylation
and demethylation directions (Figure 3A). This full-
feedback motif bears strong similarities to the optimal
motif in our model for heritable bistability in nucleosome
modification states (24), except for the presence of the A+"
reaction. This reaction (and the higher strength of the
collaborative methylation reactions) compensates for the
U-favouring effect of DNA replication, whereas DNA
replication did not favour one or other state in the nucleo-
some model.

We were curious whether this full-feedback motif could
generate U and M state stabilities beyond 1000 gener-
ations. To test this, we used an iterative parameter
sampling procedure in which successful reaction schemes
were subjected to random small alterations in reaction
rates and increasingly stable schemes were selected
(Supplementary Information Section 2). By this refine-
ment approach, we were able to find combinations of
reaction rates capable of 10° generation stability. The
reaction rates for the collaborative reactions (Figure 3D
and E) remained clustered near the optimal values seen in
Figure 2B and C. Surprisingly, these optimized reaction
schemes were able to tolerate substantial levels of the
non-collaborative ‘noise’ reactions (Figure 3B and C).
Although we have not tested for higher stabilities, it
appears that substantially higher bistability could be
obtained by further refinement. In contrast, the standard
model with fixed optimal non-collaborative methylation
rates u+ = 10"* is intolerant to demethylation noise
(Figure 3B).

We also examined the minimal motif (Figure 2F) for
extended bistability  (Supplementary  Figure S4).
Although 10* generation stability was possible, it was a
factor of 100 less likely than the full-feedback motif
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(Figure 3A), pointing to a strong, stabilizing effect of
collaborative demethylation.

Bistable islands in a sea of methylation

So far, we have only considered an isolated CpG island
without interaction with its surroundings. We explored
whether certain collaborative systems were able to repro-
duce a larger scale methylation pattern, i.e. where CpG
islands can exist in stable M or U states while the
surroundings remain stably methylated.

In the modeling up to this point, we have used
what we term global interactions—the target and the
mediator can be any CpGs in the cluster with equal prob-
ability. However, when simulating a CpG island and
an adjacent non-island, we found that applying such
unrestricted spatial interactions prevented stable mainten-
ance of differences between the regions. In a previous
study of nucleosome modification, we showed that re-
stricting interactions to nearest-neighbor sites (local col-
laboration) and adding a distance constraint to global
collaboration could be used to help demarcate nucleosome
modification patterns and still retain bistability (34). We
found that introducing such spatial restrictions and using
the difference in CpG density between islands and outside
regions (35) allowed distinct behavior for the island and a
neighboring region.

First, the collaborative methylation reactions were
made local (Figure 4A), meaning that collaborating
CpGs must be nearest neighbors on the DNA. That is, a
methylase enzyme recruited by a mediator m site, for
example, can only act on the next CpG site along the
DNA, on one side or the other.

Second, we added a DNA distance constraint on the
collaborative demethylation reactions, making the inter-
action probability decrease with increasing DNA separ-
ation. Such decay of contact probability is seen in vitro
and in vivo and can be approximated by a linear decay 1/x,
where contact probability reduces as the inverse of DNA
separation x (36,37). A DNA distance unit of 1| is used
between CpG sites within the island and 10 between CpG
sites outside the island, to reflect the relative densities of
CpG sites (35). To mimic the stiffness of DNA over short
distances, we included a ‘minimal’ distance factor, a = 20
(roughly a one nucleosome spacing), such that contact
probability decays as 1/(x+«).

Third, the low CpG density outside islands is likely to
strongly disfavor the collaborative demethylation reac-
tions in these regions, and we assumed that the collabora-
tive demethylation enzymes are only recruited effectively
to high-density u sites and are thus restricted to CpG
islands. Such CpG site density-dependent recruitment
can be rationalized if recruitment is a locally cooperative
reaction, requiring nearby CpG sites for binding. Some
support for this assumption comes from the observation
that the TET1 protein, which appears to catalyze a critical
demethylation reaction, tends to be localized to high-
density low-methylation CpG regions (38-40).

With these spatial restrictions, we simulated a high-
density 80 CpG island adjacent to a low-density region
of 240 CpG sites. We again performed parameter
sampling (Supplementary Information Section 2) to find
combinations of reaction rates that allow 1000 generation
bistability of the island (stable U or M) and a persistent
M-state in the adjacent ‘sea’. Figure 4B and C show the
evolution over time of a typical solution. These space-time
diagrams (note that time is the vertical axis) show that the
CpG island can exist in a stable M-state that is not distin-
guishable from that of the CpG open-sea (Figure 4B).
With the same set of reaction rates, the CpG island
can also stably remain in the U-state, while approximately
20 sites away from the edge of the CpG island, the M-state
is again present (Figure 4C). Hence, we find that collab-
orative reactions, combined with a dependence of these
reactions on CpG site density can allow for bistability
within the CpG island but overall dominance of hyper-
methylation outside the island.

Fluctuating densities of m and u sites (Figure 4C) form
an extended transitional regime between the island in the
U state and the M sea, reminiscent of CpG shores (41)
(Figure 4D; DNA distance is 10x longer outside the
island, as the CpGs are further apart). These fluctuations
are driven by competition between methylation and
demethylation positive feedback that are balanced in this
region. This competition produces a zone of pronounced
hemimethylation at the boundary of the CpG island that
should be experimentally testable by hairpin bisulfite
PCR. The fluctuations can be persistent for many
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Figure 4. CpG island adjacent to a low-density CpG region. (A) Schematic of a spatially restricted collaborative motifs, showing reactions for the
region (i) within the CpG island and (ii) beyond the CpG island. The collaborative methylation reactions act locally (nearest-neighbor interaction),
whereas demethylation reactions are only mediated by unmethylated CpG sites within the CpG island. Demethylation reactions act globally, but
collaboration probability decays with distance (see text). Arrow thickness represents approximate relative reaction rates for reaction schemes that
were able to generate 1000 generation bistability for the CpG island, although the adjacent low CpG density ‘sea’ remained hypermethylated. (B and
C) Space-time plots (vertical time axis) for a typical bistable system, showing m (red), & (gray) and u (blue) sites when the CpG island is in the
M state (B) or the U state (C). The system comprised 80 island CpG sites and 240 adjacent non-island CpGs (only 160 shown). (D) Time averages
(>4000 generations) of u, & and m densities at each CpG position. (E) Average number of reaction completions per CpG per generation (>4000
generations) for non-collaborative reactions, (h—+m—)/2, and collaborative demethylation reactions, (h—" + m—")/2, as a function of position.
Vertical lines distinguish various regions near the CpG island. Inset to E: number of reaction attempts per CpG per generation.

generations (Figure 4C), potentially generating long-lived
aberrant gene expression states (41).

Although there is no strong evidence for the particular
spatial constraints that we have imposed on the collabora-
tive reactions, our analysis shows, as for nucleosome
modification systems (34), that collaborative systems can
in principle provide spatial patterning and retain heritable
bistability without invoking specific boundary elements.

DISCUSSION

Our modeling shows that collaboration between CpG sites
can provide strong stable inheritance of alternative DNA

methylation states of a cluster of CpGs. Collaborative
bistability is more consistent with existing experimental
data than the widely accepted standard model for methy-
lation maintenance. (i) It does not require an unlikely
degree of specificity and efficiency of the methylation
enzymes. (ii) It naturally produces the observed bimodal
pattern of DNA methylation levels. (iii) It naturally
produces the bistable behavior seen in certain experi-
ments. (iv) It can produce the observed densities of
unmethylated, hemimethylated and fully methylated
CpGs seen in both low- and high-methylation states.
(v) It is strengthened, rather than weakened, by the exist-
ence of demethylation reactions. (vi) It can, with
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additional constraints, reproduce spatial features of CpG
methylation in the chromosome.

Our modeling also makes a number of predictions
about the nature of CpG collaboration, some of which
are supported by existing data. In particular, our
analysis predicts that three collaborative methylation re-
actions are critical. Methylated CpGs should stimulate
methylation of nearby unmethylated and hemimethylated
sites (u+" and h+" reactions) and hemimethylated CpGs
should stimulate the full methylation of other
hemimethylated sites (h+" reaction). In vitro experiments
with DNMTI1 provide evidence for the u+" reaction, and
presumably the 4+ reaction; domains of DNMTI that
are distinct from its catalytic domain bind to m-containing
DNA (28), and DNMT]1 methylation of u sites in vitro is
stimulated by the presence of m sites in cis (33). The h+"
reaction appears to be provided by the interaction of
DNMTI! with the hemimethylated CpG binding protein
UHRF1 (29,30). The de novo methylases DNMT3A and
DNMT3B are preferentially bound to nucleosomes at
regions of high-methylation density, potentially providing
additional u+"" activity (32).

Importantly, our modeling predicts that the non-
collaborative A+ methylation reactions should be rare.
This seems to be the case, although DNMTI1 activity
in vivo appears to be highly dependent on UHRFI
(29,30). The collaborative u+" reaction should also be
weak to protect low-methylation CpG clusters, where /
sites are occasionally produced. Thus, the / versus u pref-
erence of DNMT1 means that its recruitment by UHRF1
should not provide this reaction. However, the u+" reaction
would be provided through the reported interaction of the
de novo methylases DNMT3A and DNMT3B with UHRF1
(31). Accordingly, we expect that there is either some mech-
anism to prevent de novo activity of these enzymes when
recruited by UHRF1 or that their recruitment (or UHRF1
binding) requires multiple / sites, such as would only be
found in high-methylation CpG clusters.

Although we have not modeled it explicitly, collabor-
ation could also work in more indirect ways, for example,
by reciprocal feedback between specific nucleosome
modifications and DNA methylation enzymes (1,42), as
proposed for maintainance of CHG methylation in
plants by recruitment of the CMT3 DNA methylase by
the H3K9me2 mark coupled with recruitment of
the SUVH4 H3KO9methylase by methylated CHG (43).
The stability and inheritance of cytosine methylation in
non-CpG contexts (44,45) has been less studied than
CpG methylation and may involve its own collaborative
processes or may interact with CpG collaboration.

Although we found that two collaborative
demethylation reactions (m—" and h—") are not critical
for bistability, they improved stability and provided a
means of achieving the spatial patterning of DNA methy-
lation. We thus predict that unmethylated CpGs will
stimulate demethylation of nearby methylated and
hemimethylated CpGs. The TET-family proteins are
possible mediators of such collaboration. These proteins
oxidize 5-methyl cytosine to S-hydroxymethyl cytosine
and other products that are substrates for repair
pathways, leading to base removal and replacement with

unmethylated C (46-48). Tetl associates with CpG islands
in vivo (38-40) and Tetl and Tet3 contain CXXC motifs,
which in other proteins confer specific binding to
unmethylated CpGs. However, the isolated TET CXXC
domains do not share this specificity (40,49,50)
Demethylation may also be initiated by deamination of
SmC by APOBEC family proteins, such as AID (51),
with unmethylated cytosine again inserted by repair
pathways (20). Whether APOBEC proteins are targeted
in a CpG methylation-specific manner is not known.
Thus, though there is evidence for active demethylation
pathways, it is not yet clear whether they involve CpG
collaboration.

Collaboration could be tested in vivo by using a genomic
insertion system [e.g. (18,52)] to insert synthetic sequences
of differing CpG densities and varying levels of
premethylation, with analysis of resulting clones by
hairpin-bisulfite PCR sequencing to determine methyla-
tion status, as well as by ChIP techniques to determine
recruited proteins. Collaborative effects of CpGs could
be further tested in vitro using specifically methylated
‘recruitment” DNA  fragments and methylated or
unmethylated ‘target” DNA fragments.

The requirements of a truly bistable CpG inheritance
system are shared with those we have identified for epi-
genetic systems based on nucleosome modifications
(24,34)—at least one of the positive feedback reactions
in the system must be cooperative and dependent on
sites beyond nearest neighbors. In the collaborative CpG
model, cooperativity is provided indirectly by the 2-step
modification processes (24) where the conversion of a u
site to an m site requires the successive action of two u
mediator sites. This requirement is likely to be fulfilled by
the u—h and h—m reactions being carried out by different
enzymes. Long-range interaction in CpG interactions is a
reasonable assumption, given the prevalence of DNA
looping interactions in other DNA-based processes
(36,37), however has not been directly demonstrated in
CpG methylation (or nucleosome modification).

Thus, we argue that it is time to fundamentally change
the way we think about the maintenance and inheritance
of DNA methylation—the focus should be on understand-
ing how the methylation status of CpGs can affect the
methylation and demethylation reactions at other CpGs.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online,
including [6,35,53].

ACKNOWLEDGEMENTS

The authors thank S. Semsey for fruitful discussions.

FUNDING

Danish National Research Foundation (to J.O.H., C.L.
and K.S.) through the Center for Models of Life. The
project was partially supported by the Australian
NHMRC [1025549]. Funding for open access charge:


-
high 
since 
,
--
--
-
(
)
'
'
 -- 
u
two
 - 
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1235/-/DC1
Supplementary References 
(
) 
(
) (
)

Danish National Research Foundation through the
Center for Models of Life.

Conflict of interest statement. None declared.

REFERENCES

I.

i

20.

Jones,P.A. and Liang,G. (2009) Rethinking how DNA
methylation patterns are maintained. Nat. Rev. Genet., 10,
805-811.

. Cedar,H. and Bergman,Y. (2012) Programming of DNA

methylation patterns. Ann. Rev. Biochem., 81, 97-117.

. Bird,A. (2002) DNA methylation patterns and epigenetic memory.

Genes Development, 16, 6-21.

. Zhang,Y., Rohde,C., Tierling,S., Jurkowski,T.P., Bock,C.,

Santacruz,D., Ragozin,S., Reinhardt,R., Groth,M., Walter,J. et al.
(2009) DNA methylation analysis of chromosome 21 gene
promoters at single base pair and single allele resolution. PLoS
Genet., 5, ¢1000438.

. Eckhardt,F., Lewin,J., Cortese,R., Rakyan,V.K., Attwood,J.,

Burger,M., Burton,J., Cox,T.V., Davies,R., Down,T.A. et al.
(2006) DNA methylation profiling of human chromosomes 6, 20
and 22. Nat. Genet., 38, 1378—1385.

. Laird,C.D., Pleasant,N.D., Clark,A.D., Sneeden,J.L.,

Hassan,K.M.A., Manley,N.C., Vary,J.C., Morgan,T., Hansen,R.S.
and Stoger,R. (2004) Hairpin-bisulfite PCR: assessing epigenetic
methylation patterns on complementary strands of individual
DNA molecules. Proc. Nat. Acad. Sci. USA, 101, 204-209.

. Arand.J., Spieler,D., Karius,T., Branco,M.R., Meilinger,D.,

Meissner,A., Jenuwein,T., Xu,G., Leonhardt,H., Wolf,V. et al.
(2012) In vivo control of CpG and non-CpG DNA methylation
by DNA methyltransferases. PLoS Genet., 8, ¢1002750.

. Ferguson-Smith,A.C. (2011) Genomic imprinting: the emergence

of an epigenetic paradigm. Nat. Rev. Genet., 12, 565-575.

. Esteller,M. and Herman,J.G. (2002) Cancer as an epigenetic

disease: DNA methylation and chromatin alterations in human
tumours. J. Pathol., 196, 1-7.

. Portela,A. and Esteller,M. (2010) Epigenetic modifications and

human disease. Nat. Biotechnol., 28, 1057-1068.

. Varley,K.E., Gertz,J., Bowling,K.M., Parker,S.L., Reddy,T.E.,

Pauli-Behn,F., Cross,M.K., Williams,B.A.,
Stamatoyannopoulos,J.A., Crawford,G.E. et al. (2013) Dynamic
DNA methylation across diverse human cell lines and tissues.
Genome Res., 23, 555-567.

. Holliday,R. and Pugh,J.E. (1975) DNA modification mechanisms

and gene activity during development. Science, 187, 226-232.

. Riggs,A.D. (1975) X inactivation, differentiation, and DNA

methylation. Cytogenet. Genome Res., 14, 9-25.

. Goyal,R., Reinhardt,R. and Jeltsch,A. (2006) Accuracy of DNA

methylation pattern preservation by the Dnmtl methyltransferase.
Nucleic Acids Res., 34, 1182—1188.

. Okano,M., Bell,D.W., Haber,D.A. and Li,E. (1999) DNA

methyltransferases Dnmt3a and Dnmt3b are essential for de novo
methylation and mammalian development. Cell, 99, 247-257.

. Okano,M., Xie,S. and Li,E. (1998) Dnmt2 is not required for

de novo and maintenance methylation of viral DNA in
embryonic stem cells. Nucleic Acids Res., 26, 2536-2540.

. Burden,A.F., Manley,N.C., Clark,A.D., Gartler,S.M., Laird,C.D.

and Hansen,R.S. (2005) Hemimethylation and non-CpG
methylation levels in a promoter region of human LINE-1 (L1)
repeated elements. J. Biol. Chem., 280, 14413-14419.

. Lorincz,M.C., Schiibeler,D., Hutchinson,S.R., Dickerson,D.R. and

Groudine,M. (2002) DNA methylation density influences the
stability of an epigenetic imprint and Dnmt3a/b-independent
de novo methylation. Mol. Cell. Biol., 22, 7572-7580.

. Liang,G., Chan,M.F., Tomigahara,Y., Tsai,Y.C., Gonzales,F.A.,

Li,E., Laird,P.W. and Jones,P.A. (2002) Cooperativity between
DNA methyltransferases in the maintenance methylation of
repetitive elements. Mol. Cell. Biol., 22, 480-491.

Bhutani,N., Burns,D.M. and Blau,H.M. (2011) DNA
demethylation dynamics. Cell, 146, 866-872.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
. Ringrose,L., Chabanis,S., Angrand,P.O., Woodroofe,C. and

37

38.

39.

40.

41.

Nucleic Acids Research, 2014, Vol. 42, No.4 2243

Pfeifer,G.P., Steigerwald,S.D., Hansen,R.S., Gartler,S.M. and
Riggs,A.D. (1990) Polymerase chain reaction-aided genomic
sequencing of an X chromosome-linked CpG island: methylation
patterns suggest clonal inheritance, CpG site autonomy, and an
explanation of activity state stability. Proc. Natl Acad. Sci. USA,
87, 8252-8256.

Sontag,L.B., Lorincz,M.C. and Georg Luebeck.E. (2006)
Dynamics, stability and inheritance of somatic DNA methylation
imprints. J. Theor. Biol., 242, 890-899.

Otto,S.P. and Walbot,V. (1990) DNA methylation in eukaryotes:
kinetics of demethylation and de novo methylation during the life
cycle. Genetics, 124, 429-437.

Dodd,I.B., Micheelsen,M.A., Sneppen,K. and Thon,G. (2007)
Theoretical analysis of epigenetic cell memory by nucleosome
modification. Cell, 129, 813.

Angel,A., Song,J., Dean,C. and Howard,M. (2011) A polycomb-
based switch underlying quantitative epigenetic memory. Nature,
476, 105-108.

Sneppen,K. and Dodd,I.B. (2012) A simple histone code opens
many paths to epigenetics. PLoS Comput. Biol., 8, €¢1002643.
Ferrell,J.E. Jr (2002) Self-perpetuating states in signal
transduction: positive feedback, double-negative feedback and
bistability. Curr. Opin. Cell. Biol., 14, 140-148.

Fatemi,M., Hermann,A., Gowher,H. and Jeltsch,A. (2002)
Dnmt3a and Dnmtl functionally cooperate during de novo
methylation of DNA. Eur. J. Biochem., 269, 4981-4984.
Bostick,M., Kim,J.K., Estéve,P.O., Clark,A., Pradhan,S. and
Jacobsen,S.E. (2007) UHRF]1 plays a role in maintaining DNA
methylation in mammalian cells. Science, 317, 1760-1764.
Sharif,J., Muto,M., Takebayashi,S., Suetake,I., Iwamatsu,A.,
Endo,T.A., Shinga,J., Mizutani-Koseki,Y., Toyoda,T.,
Okamura,K. et al. (2007) The SRA protein Np95 mediates
epigenetic inheritance by recruiting Dnmtl to methylated DNA.
Nature, 450, 908-912.

Meilinger,D., Fellinger,K., Bultmann,S., Rothbauer,U.,
Bonapace,l.M., Klinkert, W.E.F., Spada,F. and Leonhardt,H.
(2009) Np95 interacts with de novo DNA methyltransferases,
Dnmt3a and Dnmt3b, and mediates epigenetic silencing of the
viral CMV promoter in embryonic stem cells. EMBO Rep, 10,
1259-1264.

Sharma,S., De Carvalho,D.D., Jeong,S., Jones,P.A. and Liang,G.
(2011) Nucleosomes containing methylated DNA stabilize

DNA methyltransferases 3A/3B and ensure faithful epigenetic
inheritance. PLoS Genet., 7, ¢1001286.

Tollefsbol, T.O. and Hutchison,C.A. III (1997) Control of
methylation spreading in synthetic DNA sequences by the murine
DNA methyltransferase. J. Mol. Biol., 269, 494-504.

Dodd,I.B. and Sneppen,K. (2011) Barriers and silencers: a
theoretical toolkit for control and containment of nucleosome-
based epigenetic states. J. Mol. Biol., 414, 624-637.
Antequera,F. (2007) CpG Islands and DNA Methylation. eLS.

Stewart,A.F. (1999) Quantitative comparison of DNA looping
in vitro and in vivo: chromatin increases effective DNA flexibility
at short distances. EMBO J., 18, 6630-6641.

. Lieberman-Aiden,E., van Berkum,N.L., Williams,L., Imakaev,M.,

Ragoczy,T., Telling,A., Amit,I., Lajoie,B.R., Sabo,P.J.,
Dorschner,M.O. et al. (2009) Comprehensive mapping of
long-range interactions reveals folding principles of the human
genome. Science, 326, 289-293.

Williams,K., Christensen,J. and Helin,K. (2011) DNA
methylation: TET proteins-guardians of CpG islands?

EMBO Rep., 13, 28-35.

Williams,K., Christensen.J., Pedersen,M.T., Johansen,J.V.,
Cloos,P.A., Rappsilber,J. and Helin,K. (2011) TET1 and
hydroxymethylcytosine in transcription and DNA methylation
fidelity. Nature, 473, 343-348.

Xu,Y., Wu,F., Tan,L., Kong,L., Xiong,L., Deng,J., Barbera,A.J.,
Zheng,L., Zhang,H., Huang,S. et al. (2011) Genome-wide
regulation of ShmC, 5mC, and gene expression by Tetl hydroxylase
in mouse embryonic stem cells. Mol. Cell, 42, 451-464.
Irizarry,R.A., Ladd-Acosta,C., Wen,B., Wu,Z., Montano,C.,
Onyango,P., Cui,H., Gabo,K., Rongione,M., Webster,M. et al.
(2009) The human colon cancer methylome shows similar hypo-



2244 Nucleic Acids Research, 2014, Vol. 42, No. 4

42

43.

44.

45.

46.

47.

and hypermethylation at conserved tissue-specific CpG island
shores. Nat. Genet., 41, 178-186.

. Cedar,H. and Bergman,Y. (2009) Linking DNA methylation and

histone modification: patterns and paradigms. Nat. Rev. Genet.,
10, 295-304.

Johnson,L.M., Bostick,M., Zhang,X.Y., Kraft,E., Henderson,I.,
Callis,J. and Jacobsen,S.E. (2007) The SRA methyl-cytosine-
binding domain links DNA and histone methylation. Curr. Biol.,
17, 379-384.

Law,J.A. and Jacobsen,S.E. (2010) Establishing, maintaining and
modifying DNA methylation patterns in plants and animals.

Nat. Rev. Genet., 11, 204-220.

Lister,R., Pelizzola,M., Dowen,R.H., Hawkins,R.D., Hon,G.,
Tonti-Filippini,J., Nery,J.R., Lee,L., Ye,Z., Ngo,Q.M. et al.
(2009) Human DNA methylomes at base resolution show
widespread epigenomic differences. Nature, 462, 315-322.
He,Y.F., Li,B.Z., Li,Z., Liu,P., Wang,Y., Tang,Q., Ding,J., Jia,Y.,
Chen,Z., Li,L. et al. (2011) Tet-mediated formation of
S-carboxylcytosine and its excision by TDG in mammalian DNA.
Science, 333, 1303-1307.

Ito,S., D’Alessio,A.C., Taranova,0.V., Hong,K., Sowers,L.C. and
Zhang,Y. (2010) Role of Tet proteins in SmC to ShmC
conversion, ES-cell self-renewal and inner cell mass specification.
Nature, 466, 1129-1133.

48.

49.

50.

5

—

52.

53.

Tahiliani,M., Koh,K.P., Shen,Y., Pastor,W.A., Bandukwala,H.,
Brudno,Y., Agarwal,S., Iyer,L.M., Liu,D.R., Aravind,L. et al.
(2009) Conversion of 5-methylcytosine to 5-hydroxymethylcytosine
in mammalian DNA by MLL partner TET1. Science, 324,
930-935.

Xu,Y., Xu,C., Kato,A., TempelLW., Abreu,J.G., Bian,C., Hu,Y.,
Hu,D., Zhao,B., Cerovina,T. et al. (2012) Tet3 CXXC domain
and dioxygenase activity cooperatively regulate key genes for
Xenopus eye and neural development. Cell, 151, 1200-1213.
Zhang H., Zhang X., Clark,E., Mulcahey,M., Huang,S. and
Shi,Y.G. (2010) TET1 is a DNA-binding protein that modulates
DNA methylation and gene transcription via hydroxylation of
S-methylcytosine. Cell Res., 20, 1390-1393.

. Bhutani,N., Brady,J.J., Damian,M., Sacco,A., Corbel,S.Y. and

Blau,H.M. (2009) Reprogramming towards pluripotency requires
AID-dependent DNA demethylation. Nature, 463, 1042-1047.
Thomson,J.P., Skene,P.J., Selfridge,J., Clouaire,T., Guy,J.,
Webb,S., Kerr,A.R., Deaton,A., Andrews,R., James,K.D. et al.
(2010) CpG islands influence chromatin structure via the
CpG-binding protein Cfpl. Nature, 464, 1082-1086.

Takai,D. and Jones,P.A. (2002) Comprehensive analysis of CpG
islands in human chromosomes 21 and 22. Proc. Natl Acad. Sci.
USA, 99, 3740-3745.



