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Yves Le-Dréan • Florence Demay • Farzad Pakdel •

Gilles Flouriot • Denis Michel

Received: 24 October 2011 / Revised: 6 December 2011 / Accepted: 10 January 2012 / Published online: 14 February 2012

� Springer Basel AG 2012

Abstract A hallmark of living systems is the manage-

ment and the storage of information through genetic and

epigenetic mechanisms. Although the notion of epigenetics

was originally given to any regulation beyond DNA

sequence, it has often been restricted to chromatin modi-

fications, supposed to behave as cis-markers, specifying the

sets of genes to be expressed or repressed. This definition

does not take into account the initial view of epigenetics,

based on nonlinear interaction networks whose ‘‘attractors’’

can remain stable without need for any chromatin mark. In

addition, most chromatin modifications are the steady state

resultants of highly dynamic modification and de-modifi-

cation activities and, as such, seem poorly appropriate to

work as long-term memory keepers. Instead, the basic

support of epigenetic memory could remain the attractors,

to which chromatin modifications belong as do many other

components. The influence of chromatin modifications in

memory is highly questionable when envisioned as static

structural marks, but can be recovered under the dynamic

circuitry perspective, thanks to their self-templating prop-

erties. Beside their standard repressive or permissive

functions, chromatin modifications can also influence

transcription in multiple ways such as: (1) by randomizing

or inversely stabilizing gene expression, (2) by mediating

cooperativity between pioneer and secondary transcription

factors, and (3) in the hysteresis and the ultrasensitivity of

gene expression switches, allowing the cells to take

unambiguous transcriptional decisions.
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Introduction

Beyond the fundamental genetic memory inscribed in

DNA sequences and which allows the organisms to retain

their identity, other memory mechanisms exist, called

epigenetic. By memory in this context, we understand the

persistence of cellular behaviors after disappearance of

their initial cause. The epigenetic maintenance of gene

expression memory were first established in bacteria. The

induced or uninduced state of the E. coli lactose operon

(lac) [1], or the capacity or incapacity of B subtilis to

incorporate exogenous DNA [2], are perpetuated to their

descendants without any change in DNA sequence (and, as

explained in this paper, without need for gene marking).

Memory effects are even more obvious in metazoans.

Although most cells from a given organism have the same

genome, they retain the cell-type-specific pattern of gene

expression selected during embryonic differentiation and

transmit it to their lineage. Furthermore, cells with both the

same genome and the same differentiation state can recall

certain specific treatments or exposures experienced in the

past, which can influence their responses to future stimu-

lations. The success of nuclear transfer experiments shows

that most somatic cells retain the integrity of the zygotic

genome but can forget their epigenetic status, which is thus

erasable. Epigenetics attracted considerable attention dur-

ing the past decades but, intriguingly, from different

perspectives depending on the different research areas. To

simplify the situation, for theoretical and modeling biolo-

gists, stable gene expression profiles essentially result from

gene network configurations called attractors, whereas for
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most classical ‘‘eukaryotist’’ biologists, they rely on

structural chromatin marks dictating the ability of genes to

be expressed or not, depending on the cell type (Fig. 1a).

This latter view neglects the attractor hypothesis and

underestimates the dynamic nature of chromatin modifi-

cations. By inverting the hierarchy, chromatin marks could

preferably be considered as actors of dynamical networks,

which contribute to shaping high dimensional attractors.

The aim of the present report is not to minimize the

importance of chromatin modifications but to restore their

place in biological causation and, more importantly, to

suggest that we would benefit from integrating attractors

into our mode of thinking and our research strategies on

chromatin.

Static versus dynamic epigenetic memory

The two challenging conceptions of epigenetic memories

can be summarized as follows.

Structural reminders

For a large fraction of searchers, epigenetics corresponds to

chromatin modifications, including the structural, often

covalent, chemical modifications of DNA and/or histones

and the replacement of classical histones by variant iso-

forms [3]. These modifications are supposed to lock genes

in expressible or repressed states [4–7], and also to stabilize

the intensity of gene expression regardless of its level [8],

which is also a sort of memory. The transcriptional

instructions of chromatin marks can be read directly by

transcription machineries or by specific proteins domains

such as bromodomains [9]. Alternatively, the effects of

chromatin marks can be indirectly mediated by higher-

order chromatin structure [7], preventing transactivators

from accessing the regulatory sequences of repressed

genes, said to be closed. Sub-nuclear gene positioning [10,

11], or the three-dimensional genome organization [12],

are also structural determinants of gene expression. Occa-

sionally, during reprogramming, these modifications can be

actively erased and reset [5]. To symbolize the principle of

chromatin marking, Fig. 1a represents two genes, encoding

A and B products and marked as to be expressed and

repressed, respectively. These marks are supposed to be

responsible for the maintenance of many cellular activities,

including the cell-type-specific differentiation states

established during development [5], as well as the immune

memory allowing lifelong immunity against previously

encountered infectious agents [13]. Certain chromatin

modifications are indeed unambigously associated to the

gene expression status. For example, hypermethylation of

histone 3 lysine 9 (H3K9me3), linked to DNA methylation

[14], reflects gene repression and chromatin condensation

and can be self-perpetuated through mitosis. Conversely,

hypermethylation of lysine 4 of this histone (H3K4me2-3)

is a mark of active genes, correlated with H3K9 acetyla-

tion. The complex picture of chromatin modifications in

relation to gene expression is reviewed in [15, 16].

Attractors

In spite of the widespread definition of epigenetics as

chromatin modifications, the term epigenetic was originally

used in a different context, long before the discovery of

Fig. 1 Chromatin marking versus attractor views of gene expression

memory. a Persistent chromatin marking of the cis-regulatory regions

of the A- and B-encoding genes, differentially designate them as

expressed and repressed, respectively. b From the attractor perspec-

tive, the same result as in (a) can be obtained with a simple mutual

inhibition circuit, starting from an initial condition in which A is

slightly predominant. This configuration generates two attractors in

which only A or B is expressed (bottom panel). c Variant scheme in

which, in addition to the previous one, each gene is stimulated by its

own product. The bottom panels represent sections of the corre-

sponding 3D landscape in a plane [A]?[B] = constant. In these

landscapes, inactivating transiently one gene product is sufficient to

impose the migration of the system from one attractor to the other one
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chromatin structures, according to the pioneer ideas of

Waddington [17], who is recognized as the founder of the

famous concept of ‘‘epigenetic landscape’’ [18]. In this

landscape, attractors are physical entities resulting from the

balance of gene interactions previously studied by Del-

brück [19] and corresponding to the gene switching circuits

drawn by Monod and Jacob [20]. For a given collection of

genes, some of which regulate other ones, directly or

indirectly, the combination of their expression levels can-

not take any value but spontaneously adjust such that the

strengths of interactions collectively compensate each

others. The sets of compatible values are called attractors

[21, 22]. The formation of attractors in gene regulatory

network (GRN) does not require specific covalent gene

marking, whereas most experimental studies aimed at

understanding eukaryotic cell behaviors focus attention on

gene structure. Though they are often envisioned as equi-

libria resulting from webs of interactions, attractors are

precisely not equilibria but steady states in dissipative

systems necessarily open, with continuous inputs of matter

and free energy and associated to continuous heat dissi-

pation. The attractors can be mathematically modeled

using different tools [23–27]. Among them, sets of non-

linear differential equations are realistic enough as they

avoid the simplificatory hypothesis of binary gene

expression (on or off only). But, unfortunately, they are not

solvable explicitly and suffer from the lack of knowledge

of many interaction parameters in the cell. In the differ-

ential equations, the degradation of mRNA and proteins is

satisfactorily described as a first order decay (like radio-

active disintegration), but transcriptional input functions

are much more difficult to capture. They are so far

described using approximative and somewhat arbitrary Hill

functions to satisfy sigmoidicity requirements, but which

poorly reflect the complexity of transcription initiation

mechanisms [28]. Hill coefficients are generally chosen

more for convenience than for their biological relevance,

because the realistic transcriptional functions are currently

out of reach experimentally. As nonlinear equations can

have several solutions, GRN can be multistable, which

means that different stationary states can be obtained with

exactly the same genes [19], if certain conditions are ful-

filled (presence of positive circuits in the network and some

nonlinearity in deterministic mechanisms) [29, 30]. In the

landscape of Waddington, hills and ridges correspond to

unstable gene expression combinations devoid of biologi-

cal interest, while attractors are the possible stationary

states. This representation is consistent with the gene

expression changes observed in large-scale profiling stud-

ies, showing the progressive reshaping of expression

patterns upon cellular reprogrammation in response to

environmental changes or to biological signals. The same

final profiles can be reached following treatment with

different agents and starting from the same initial states,

but through different ways [31]. For better visualization,

these transient cellular changes are often compared to a

sphere rolling by gravity down the Waddington landscape,

from high elevation (low probability) to low elevation

(high probability) states.

Examples of simple attractors

Two-gene attractors

The circuit most often used as a model of bistability is

made of two genes inhibiting each other [32]. Figure 1b

represents such a reciprocal inhibition circuit between two

genes otherwise expressed at a constant rate, said to be

basal (without self-activation). Inhibition of an inhibition is

a prototype of positive circuit, and the presence of at least

one positive circuit is in theory necessary for structuring a

network into multiple attractors [30]. In this scheme, the

combinations of expression levels of A and B can take only

two stable states, corresponding to exclusive expression of

either A or B. This result is intuitively expected because, if

A is slightly more expressed than B, then the gene

encoding B is slightly more inhibited, and as a conse-

quence is less able to inhibit A expression, so that A further

increases (A [ B =[ A [[[ B). Consecutive iterations of

this cycle lead to a stable situation in which only the

expression of A is detectable. Hence, the same issue as

previously obtained for instructive chromatin marks (A

expressed and B repressed; Fig. 1a), is now obtained

through a simple circuitry mechanism, without any struc-

tural gene change. In principle, the system could remain

such that A and B are expressed at exactly the same level,

but this state is purely theoretical since it is very fragile and

nonexistent in real fluctuating cells, where any transient

faint excess of one factor is explosively amplified and

definitely locked. If, in addition, each gene product stim-

ulates its own gene, in a manner that is:

(1) independent and additive with respect to the previous

stimulation, and

(2) not inhibitable by the other gene product (Fig. 1c),

then a third median attractor of lower probability is

predicted, in which A and B are both expressed (Fig. 1c).

This scheme is the most widely used in the current litera-

ture for modeling cellular differentiation, which is

conceived as a shift from the median basin into a lateral

stable one [33–37]. This view of differentiation is sup-

ported by the antagonistic couples of TFs observed in

progenitor cells that co-express markers of different cell

lineages [38], such as the GATA/PU.1 in hematopoietic

progenitors [33, 39], Pax3/Foxc2 in muscular versus
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vascular cells derived from somites [40], or Sox2/Oct4 in

the ectodermal versus mesendodermal balance [41]. The

median attractor where A and B are both expressed

(Fig. 1c) corresponds to bipotent cells while the low

potential attractors correspond to differentiated cells that

made a choice between A and B. Based on this mechanism,

development proceeds through cascades of successive

binary choices that can give rise to a maximum of 2n

possible cellular states after n splitting events. During

embryogenesis, these choices can be:

(1) inductive and depend on the position of the cell

relatively to a source of diffusing signals such as the

organizers described by (once again) Waddington [42],

or

(2) selective if different signals or survival factors can

stabilize fractions of bipotent progenitor cells stochas-

tically pre-committed towards A-only or B-only

phenotypes. Such a selective mechanism would be much

less demanding in term of number of regulators than the

traditional inductive view. Stochastic jumps in the

landscape can occur upon fluctuations, particularly when

the genetic circuits are regulated by few molecules or of

weak intrinsic robustness, or because of a lack of

discernment in cellular regulations. Backward transi-

tions, from lower elevation to upper basins of attraction,

are also possible in theory [32], stochastically in case of

large fluctuations, or deterministically upon forced

activation or inactivation of critical gene products.

Single gene attractors

The minimal bistability-generating genetic circuit is pro-

vided by a gene whose expression is stimulated by its own

product (Fig. 2). This is the archetypal memory loop

which, once fired and in the absence of antagonistic

influences, indefinitely locks the gene at maximal expres-

sion. This single gene scheme can generate either

monostable or bistable situations with coexistence of two

phenotypes in the population: either uninduced or fully

induced (Fig. 2). A classical way to obtain bistability and

bimodal populations is the cooperative action of the TF on

its own gene promoter, for example through dimerization

(Fig. 2b). In this simplistic case, the attractors are two

points in a linear landscape, while for two interacting

genes, the Waddington landscape is visualized as a 2D

surface curved in a 3D plot whose bottom axes are the

expression levels of A and B. Of course, larger systems are

not representable graphically, but interestingly, the mini-

mal circuit described above is sufficient to generate

bistability and is the very common framework of many

biological memory effects, as illustrated below.

Positive feedbacks are pivotal components of memory

circuits

Feedbacks are the backbones of cybernetics in all open

systems, including those of biology. Beside negative

feedbacks involved in homeostasis and periodic attractors,

positive feedbacks have a particular importance in point

attractor formation.

State maintenance

Many examples of epigenetic state maintenance are pro-

vided by bacteria. The most famous one is the induction of

the lactose operon (lac) in E. coli [1, 43]. Following

treatment with a non-metabolizable inducer, the bacterial

population splits into uninduced and fully-induced indi-

vidual bacteria, which remain at this state over generations.

This behavior is called hysteretic since, once primed, lac

expression cannot be easily turned off and can survive

transient periods of the absence of the inducer. A central

feature of this system is a positive feedback primed by a

random event [43], and clearly drawn in [1], in which the

lac product permease increases the entry of the inducer in

the cell, which itself stabilizes the lac repressor in a form

no longer capable of binding to DNA. The random com-

mitment of B. subtilis towards a state competent for

assimilating exogenous DNA, or not, also leads to binary

states [2]. Given that the master TF governing this activity,

named ComK, stimulates the expression of its own gene in

a constitutive manner, the competent phenotype is in the-

ory very stable. Such memory mechanisms driven by

positive feedbacks also exist in eukaryotes. For example,

the behavior of aggressive cancer cells is reminiscent of the

mesenchymal phenotype, acquired after the epithelial–

mesenchymal transition (EMT). It is directly inherited from

unicellular organisms for which migration and active

division are normal activities. In metazoans, these activities

remained important during development or cicatrization,

but became undesirable in differentiated tissues for their

associated risk of cancer. The problem is that the accidental

commitment of cells into this attractor is relatively resistant

to reversal, preventing metastatic cells from shifting back

to the normal phenotype. One candidate feedback mecha-

nism involved in the mesenchymal maintenance is made up

of a chain of disparate components including cytokines,

TFs, kinases, and micro-RNAs [44]. Other such self-sus-

taining circuits exist between mechanical constraints and

gene expression [45]. EMT is associated with expression of

genes involved in cellular migration, which goes with actin

polymerization, and, in turn, actin polymerization has

genetic effects favoring EMT, mediated by molecules such

as MKL1 [46].
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Memory of past signals

Epigenetic memory has also been involved in the delayed

effects of past, sometimes neonatal or fetal exposures to

hormones or xeno-hormones, which have major outcomes in

toxicology [47–49]. Genetic circuits can keep alive the

memory of hormones long after their removal. For example, it

has long been evidenced that the production of the egg yolk in

response to the sex hormone estradiol is much stronger when

the animals have already been stimulated by this hormone in

the past. This famous phenomenon, known as the ‘‘vitello-

genesis memory effect’’, is observed in all egg-laying

vertebrates. Even when not expressed, the vitellogenin gene,

a marker of vitellogenesis, always remains competent for

expression in liver, since it can be artificially turned on in

male animals by administration of estrogens. Given that the

chromatin modifications of the vitellogenin gene seem not

durable enough to explain the vitellogenesis memory effect

[50], we proposed a novel mechanism based on active circuits

primed by the first exposure to estrogens and then maintained

by endogenous factors after hormone withdrawal, without

postulating persistent chromatin modifications [51]. The

principle of this memory is schematized in Fig. 3. The delay

of response of the vitellogenin gene to hormone (E2)

administration is strongly shortened during secondary

administrations because the TF mediating this effect, a vari-

ant isoform of the estrogen receptor (ERs), is more abundant

in the cell. This phenomenon results from: (1) the fact that the

Fig. 2 Positive feedbacks with a single gene. The synthesis and

degradation of the TF are two functions of its own concentration and

the relative dependence on TF concentration of these two curves (left
panels), determines if the system is monostable or bistable (right
panels). The simple example shown is a direct positive feedback

where a TF stimulates the expression of its own gene. a In the case of

non-cooperative action of the TF, the amplification loop is immedi-

ately primed upon a single event, so that the system is monostable.

b In the case of cooperativity illustrated in this scheme by TF

dimerization, there can be a significant threshold of activation,

leading to bistability. The right panels show how the bistable states

are obtained when the rate of synthesis (plain line) and of removal

(large dashes) equalize each other. c Bistability can also appear

without sigmoidicity, as in the case of indirect cooperativity in which

a target gene (black rectangle) rapidly stimulated by the TF, encodes

a product stabilizing either its mRNA or the protein. In addition to

these deterministic mechanisms, bistability can also be obtained

stochastically for systems in which gene expression burstiness allows

the crossing of amplifications thresholds (not shown)

Fig. 3 Dynamic model of the vitellogenesis effect. The key actor of

the system is the short estrogen receptor a (ERs) which stimulates its

own expression. The initial priming of this feedback is necessarily

triggered by estrogen administration (E2), but it is then sustained at

low level (memory threshold MT) even in absence of E2 thanks to the

basal hormone-independent activity of ERs. By this way, the delay

between E2 stimulation and vitellogenin expression, which requires a

minimum level of ERs (VT threshold), is strongly shortened in the

secondary E2 administration
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ER gene expression is itself sensitive to E2 through a direct

positive feedback mediated by a consensus ER-responsive

element present in its promoter, and (2) once the ER amount

in the cell exceeds a memory threshold (MT; lower dashed

line which is equivalent to the unstable dashed line in

Fig. 2b), it can no longer fall down to its ground level owing

to maintenance of a positive feedback at low level in the

absence of hormone (this basal activity of ERs is not observed

for normal ER isoforms). This basal activity is, however,

unable to alone prime the feedback in virgin animals, thanks

to a bistability threshold. Finally, the vitellogenin gene is both

strictly E2-dependent and requires a minimal amount of ER

(VT, upper dashed line). These features are the consequence

of a strongly cooperative action of ER on the non-consensus

ER-responsive elements of the vitellogenin gene (Hill coef-

ficient over 4) and allow that vitellogenin expression is

always shut off in absence in E2. A singular property of this

mechanism is that: (1) it can be indefinitely perpetuated in

absence of the hormone, contrary to the lac-induced state,

which progressively disappears after inducer withdrawal and

permease degradation, and (2) it is maintained in the absence

of phenotypic change contrary to the competent state of

B. subtilis, mediated by the signal-independent activity of

ComK.

Comparative properties of structural and dynamic

memories

Passive versus active maintenance

While the conception of chromatin marks as static struc-

tures prevailed before discovering their dynamic nature,

attractors have always been modeled as steady state phe-

nomena underlain by continuous molecular exchanges.

Structural signals can be compared to dead computer

memories since, once recorded and burned, information is

maintained in disks, hard-disks, or USB keys, as long as is

allowed by the longevity of the material. Conversely,

dynamic circuits would disappear in absence of cellular

refuelling with matter and energy, in the same manner that,

in computers, unsaved active files vanish in cases of

electricity black-out. Energy-dependent memory seems at

first glance not safe enough, but in fact could be, somewhat

counter-intuitively, a safer mode of lifelong perpetuation of

acquired information, given that living systems are never

temporarily switched off, contrary to computing systems.

Transfer of epigenetic information across cellular

generations

Both modes of epigenetic memory can survive cell divi-

sion. On the one hand, attractors are preserved during

mitosis thanks to the amounts of pre-synthesized molecules

that can re-prime the circuits immediately after anaphasis.

On the other hand, mechanisms exist to write out chro-

matin marks during DNA replication. The maintenance of

the CG DNA methylation profile after replication can be

simply achieved by the semi-conservative DNA replication

and the mode of action of DNMT1 and its cofactors,

recruited together with histone methylase by PCNA near

the fork [52]. Chromatin proteins modifications are also

duplicated by specialized machineries acting at the repli-

cation fork [6, 14, 53, 54]. In this respect, the inheritance of

chromatin modifications is of the same nature as other

phenomena of structural inheritance mediated by the

‘‘guided assembly’’ of multi-macromolecular structures

with ‘‘self-templating’’ properties [55]. The mitotic inher-

itance of certain marks has, however, been shown to

progressively disappear in the absence of restimulation, as

for stress-induced ATF-2-dependent modifications [56].

Transfer across organism generations

The question is clearly different depending on whether the

organisms correspond to single cells or to metazoans with

sexual reproduction. Attractors have long been character-

ized in bacteria for their capacity to propagate over

generations, but the question is much more complex for

multicellular organisms. However, it has received great

interest since it could have fundamental importance in

evolution, by providing a possible basis for the Lamarkian

principle of the heredity of acquired characters. Chromatin

modifications could in principle be very appropriate for

carrying some epigenetic information to the offspring [57].

But most chromatin marks, including DNA methylation,

are supposed to be reset between the generations. An

exception to this rule is, however, known. The genes sub-

ject to parental imprinting in placental mammals retain

their gamete-type-specific (sperm cell or ovule) methyla-

tion pattern in the early embryo, enabling it to distinguish

between the paternal and the maternal gene copies to select

one of them as an exclusive transcription template. It

would be crucial to determine if other genes can evade

methylation erasing, if these genes are differentially mod-

ified in germ cells, as supported by certain observations

[58], and if biases in germ cell chromatin modifications are

robustly correlated to the living conditions, rather than

randomly distributed.

A role in the assimilation of environmental conditions?

The possibility that experience- or environmentally-

induced methylation can survive gametogenesis can be

invoked to explain puzzling observations of transgenera-

tional memory effects [59, 60]. This domain is somewhat
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related to the idea of genetic assimilation of (once again)

Waddington [61], but it raises a lot of open questions. To

contribute to Lamarkian evolution, chromatin modifications

should influence the probability of DNA mutation. This

seems to be the case for CG DNA methylation, which favors

C to T mutations, with evolutionary consequences [62].

Another critical point is to understand how germ cells, which

remain so far the only admitted vectors of genetic informa-

tion, could assimilate the acquired characters of body tissues.

If it is conceivable that certain treatments can directly affect

germ cells, such as nutrient deprivation or endocrine dis-

ruptors [63], it is more difficult to understand how the

repeated friction of the ventral skin of the ostrich, supposed

by Waddington to have generated callosities [18], can epi-

genetically concern germ cells, unless postulating some

intercellular transfer of information, for example ensured by

RNA, such as in C. elegans [64]. This possibility cannot be

ruled out considering the growing evidence of extracellular

RNA. Finally, other mechanisms can be involved in biased

genetic evolution, including non-random meiotic recombi-

nation or gene network-based differential sensitivity to

mutations, with which epigenetic marks can also interfere.

There are definitely many more questions than answers in this

domain [57].

Persistence of chromatin marking in given cell lineages

Attractors are shaped by the topology of active circuits and

can persist as long as the cell is refuelled with matter and free

energy, a basic condition of life. Following the recent dis-

covery of histone-demodification enzymes, chromatin marks

now appear as the fragile resultants of the continuous

antagonistic actions of modifiers and de-modifiers, which

offers the possibility that linear changes in the ratio of mod-

ifying over de-modifying enzymes can cause brutal changes

in the intensity of the covalent modifications [65]. DNA

methylation is also subject to active and rapid removal [66].

These behaviors are in line with dynamic attractors but less

consistent with their previously assumed locking action on

cell fates, established during the embryonic stage and main-

tained throughout the life [67], but more interestingly, and in

a completely different perspective, dynamic exchanges of

chromatin modifications can also have a role in stabilizing

gene expression, as will be explained later.

Coexistence of structural and epigenetic mechanisms

in the classical memory of neurobiology

Genetic and epigenetic phenomena also interfere in neu-

robiology [68], where the concept of memory was of

course first defined from our capacity to remember past

experiences. The mechanisms underlying this classical

memory remain far from fully understood, but it is

intriguing to notice that, as for cellular memory, dynamic

and structural mechanisms coexist in the brain. It is also

worth noting that chromatin modifications coincide with

the transient process of memory acquisition in the hippo-

campus [69]. A learned neuronal system clearly acquired

structural modifications, including dendritic spines [70]

and the stabilization or destabilization of synapses, but the

phenomenon of memorization can itself involve neurone

circuits with feedbacks [71, 72].

Why the attractor concept cannot be neglected

in biology

Let us first examine, in practice, the consequences of the

attractor principles for scientific exploration in biology.

Cellular behaviors emerge from collective molecule

interactions

Attractors complicate or hinder the traditional strategies of

identification of candidate genes responsible for specific

biological activities. Attractor-based causation is by

essence collective, in sharp contrast with the linear chains

of consecutive events classically drawn by biologists [27].

Even if certain nodes in a network can occasionally acquire

master roles when they are the sites of entry of signals, if

they are epistatic or hubs integrating many inputs, the

evolution towards steady states is always determined col-

lectively. This revision of causation principles nullifies

certain traditional experiments. If transcriptome profiling is

performed using mRNA extracted following perturbation,

say, for example, 2 h after hormone addition, the gene

variations revealed by microarrays can correspond to

transient behaviors [31] with poor predictive significance.

Transcriptome analyses, performed to compare gene

expression profiles following natural changes or experi-

mental treatments, can appear disconcerting if we are

looking for linear causation chains, because of the exten-

sive transcriptome changes generally observed. Such

massive reconfigurations of gene expression patterns are

also obtained in experiments targeting a single gene, by

genomic inactivation or siRNA. These generalized chan-

ges, which are puzzling from the traditional perspective,

are expected from the attractor view. The automatic self-

reorganization of a network after removing a single node

can give rise to a viable variant landscape, thanks to the

robustness of landscapes that is likely to have been a

central criterion of evolutionary selection. This can provide

a possible mechanism by which somatic mutations can be

buffered and explain why no defect is observed in many

gene-inactivation experiments (knock-out, KO). This result

is deceiving if KOs are naı̈vely expected to give clear
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answers about the function of the targeted genes. For exam-

ple, how to explain that when the celebrated actors of cell

cycle (cyclins and CDK) are KO in mice, everything remains

OK during the early embryonic development [73]. Even more

problematically, when phenotypic defects arise in KO

experiments, they can in fact reflect only the aberrant

attractors generated by node elimination, leading to errone-

ous conclusions about its role. Diffuse causality in attractors

also explains why the forced overexpression of any molecule,

either mutant or wild-type, can disrupt of lot of cellular

activities. It would not be acceptable to focus only on certain

of these modifications to draw falsely simple stories. Tradi-

tional approaches of molecular genetics remain useful, since

experimental perturbations, in conjunction with ‘‘omic’’

analyses, could in principle allow the reconstruction mathe-

matically of the architectures of the underlying networks

[74–76], for example, thanks to in silico tools called GRN

inference algorithms, developed to uncover in a bottom-up

manner the topology of a GRN [77].

A certain vanishing of the idea of gene function

The principle of the epigenetic landscape challenges the

traditional attempt to classify genes into precise functional

categories. Conversely, it supports the concept of biologi-

cal tinkering, according to which individual gene products

could be no more than tools, opportunistically adapted to

many different complexes and functions [78]. This view

satisfactorily explains how the apparent diversity of living

organisms can be underlied by the same genes, because it

results from changes in the relative amounts of gene

products rather than from differences in the functions of

these products; a matter of regulation rather than of

structure [78, 79]. In the same manner that a screwdriver

can be used to make a stair and a closet, the same genes can

be involved in distantly related cellular functions. For

example, Toll genes are essential during Drosophila

embryogenesis to specify the dorso-ventral axis and, later,

in the adult, contribute to immune defenses [80]. It is

increasingly clear that many chromatin-modification

machineries participate to different cellular activities

including DNA repair and the control of cytoplasmic

molecules. Genes previously associated with well-defined

functions turn to contribute to other regulations, as NF-kB,

first classified as a main regulator of inflammation, is also

involved in EMT [44, 81]. Moreover, certain genes com-

pletely evade our classification attempts. This is the case of

the unique gene encoding both Histone H2A and Bufforin

II [82]: is it a chromatin component or an antimicrobial

agent? The biological effect of a signal can also depend on

the attractor of the target cell. For instance, for quiescent

differentiated cells, TGFb is a safeguard signal, preventing

the cells from dividing, while conversely, if the cells are

premalignant, TGFb is a deleterious signal, aggravating the

mesenchymal phenotype and leading to metastasis [83].

The same ambiguity holds for the estrogen receptor a,

which is clearly involved in the initial onset of hormone-

dependent breast cancers, but whose inactivation then

promotes the metastatic evolution of these cancers. Such an

ambivalence is also found at the level of chromatin mod-

ifications. The lysine-specific demethylase LSD1

(KDM1A), involved in cancer can demethylate histone H3

at the level of lysine 4, favoring gene repression, and at the

level of lysine 9, favoring gene expression. These opposite

actions are explained by the presence of LSD1 in different,

mutually exclusive, protein complexes, complicating

attempts at targeting LSD1 in anti-cancer strategies, and

which could explain striking discrepancies in the literature,

where LSD1 is presented either as a marker of cancer [84]

or inversely as an anti-metastatic molecule [85]. Such

contradictory conclusions are generally explained by

introducing the notion of ‘‘context-specific’’ functions,

which confusedly reflects the idea of underlying networks.

Because of these pleiotropic roles of molecules, designat-

ing a particular gene as a therapeutic target is rarely

successful in practice, because of the possible unantici-

pated and boomerang effects of the perturbations of this

gene. In this respect, precise interactions [86] are more

promising therapeutic target candidates than molecules by

themselves.

Complexity, diversity and environment-sensitivity

of genome-encoded attractors

Based on the assumption that GRNs dictate the cellular

fates and that chromatin modifications dictate gene

expression patterns, a tremendous status is currently

attributed to these modifications. Without denying their

importance, their place in the complex cellular regulatory

systems can, however, be reconsidered. Before examining

the specific contributions of chromatin modifications, it is

first necessary to survey some features of attractors.

The complexity of biochemical networks

GRNs should be understood as very large biochemical

networks made of a wide diversity of molecules, including

proteins, coding and non-coding RNAs. Their different

folding, localization, and post-transcriptional modification

states, the organic molecules synthesized by macromole-

cules, as well as the inorganic molecules whose

concentrations in the different cellular compartments, are

also regulated by gene products. Primary transcripts are

submitted to cascades of post-transcriptional and post-

translational modifications, so that the functional
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interactions between the genes can be highly indirect. But

since the machineries responsible for gene product modifi-

cations are themselves gene products, the idea that

phenotypes are orchestrated by the genome can in principle

be recovered. In the constellation of cellular molecules, genes

are the unique components that are constant and not subject to

birth and death. As the only invariant parameter of GRNs, the

genome fully specifies the corpus of all possible attractors,

whose number is very large but finite. Singularly, at a larger

time scale, genomes result themselves from a circuitry

mechanism in the biosphere system: a positive feedback

based on the inverse relationship between information and

entropy [87]. But more concretely, in present cells with a

given genome, the precise combination of molecular actors in

the cell both reflects and determines an attractor. These

bidirectional relationships, which are the essence of self-

organized cellular systems, also hold for chromatin modifi-

cations, which are both post-translational modifications and

pre-transcriptional regulators.

GRN attractors are environment-sensitive

In the set of possible attractors inscribed in the genome, the

one precisely occupied by every cell at every time point is

selected by interplay between stochastic and deterministic

phenomena, most of them resulting from the integration of

exogenous signals. As explained in [55], phenotype depends

on a web of interactions between genes, their products, and

environment. Gene products are evolutionary prepared to be

responsive to environmental conditions, so that the initial

steps of chemical (hormones), electrical or mechanical sig-

naling, are modifications of gene products, that can

secondarily lead to a switch from the initial attractor to a new

one. Pushing transiently gene product activities outside the

range of values of an attractor basin, by post-translational

activation or inactivation (through protein cleavage, degra-

dation, phosphorylation, sumoylation or many other

modifications), is sufficient to force the system to migrate to

an adjacent basin, and ultimately to fall into a new attractor.

Accordingly, the dramatic importance of the unbalanced

dosage of non-mutant gene products on phenotypes has long

been revealed by trisomies.

Evolutionary selected versus fortuitous attractors

The normal or ‘‘home’’ attractors [88], closer to the idea of

‘‘hardwired’’ program [89], are those resulting from evo-

lutionary selection and robust enough to buffer strong

molecular fluctuations. Certain vital stress responses are

also strictly stereotyped [27]. These cellular activities

correspond to profound attractor basins with acute valleys

in the Waddington landscape, which can ensure the

‘‘canalization’’ of invariant programs [55] (once the cells

have fallen into). Such attractors are likely to be predom-

inant in development [90] and for eukaryotic cells

embedded in homogeneous metazoan tissues, which have

little degree of freedom. A level of flexibility in attractor

selection is provided by non-deterministic quantitative and

qualitative steps in the system, including, for example,

bursty transcription initiation, unsettled protein folding, or

stochastic post-translational modifications [91]. These

loose controls offer the possibility for ‘‘unscheduled’’

conditions and lifestyles to force, in a retrograde manner,

the cell to fall into variant secondary attractors [88] that are

the mere results of nonlinear interaction networks, certain

of which, called garden-of-Eden states, are devoid of pre-

cursor states [27]. These moderately stable states, not

evolutionary optimized and less occupied, can lead to

pathological phenotypes, if, for example, the cell sequen-

tially jumps between many secondary attractors and climbs

a rugged landscape to reach aberrant attractors close to the

‘‘archaic’’ attractor proposed to underly cancer [32, 92]. In

this respect, pathological states like cancer can, in some

cases or at early stages, be purely epigenetic, without need

for genetic mutations. Mutations drive evolution by

imposing the automatic reshaping of the landscape, with

genesis of new fortuitous attractors, translated into new

phenotypes that provide the substrates of Darwinian

selection. Conversely, the occupation of certain secondary

attractors in a mutation-free landscape can influence the

occurrence of mutations, for example, if the expression of

DNA-repair machineries is altered in this attractor. Since

they are supposed to be much less stable than primary

attractors [88], variant attractor are likely to not directly

serve as selection substrates for metazoan evolution, but

they could play this role for unicellular organisms and

particularly in the clonal selection of cancer cells. This

hypothesis contrasts with the more classical assumption

that metastatic cells result from the accumulation of

mutations, which has been contradicted by the possibility

to reprogram the nuclei of malignant melanoma cells into

all differentiation state-specific activities, showing that in

fact most genes remained functional [93]. This example

suggests that cancer can arise in a mutation-independent

manner, through abnormal cell positioning in a normal

landscape, while mutations can irreversibly fix cancerous

phenotypes by generating abnormal landscapes.

The multifaceted contribution of chromatin

modifications in eukaryotic attractors

Chromatin modifications reflect underlying attractors

In the face of the amazingly growing number of chromatin

modifications recently identified, biologists hope that many of
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them are coordinated, to simplify the question. But from the

attractor view, everything is coordinated in the cell. Chro-

matin modifications are the result of the relative

concentrations of a wide variety of actors, including the dif-

ferent chromatin modifying and de-modifying enzymes, their

docking and/or activating factors, the TFs responsible for their

expression, and so on, which are all gene products and, as

such, belong altogether to high dimensional networks. The

cooperative and combinatory chromatin modifications are the

emergent signatures of underlying attractors. As a matter of

fact, if an aberrant DNA methylation pattern is erased using

5-aza-cytidine, then methylations are removed; but after

removing 5-aza-cytidine, they reappear [94], showing that the

causes remain. In this experiment, DNA methylation appears

as an epiphenomenon devoid of any decisional role. This

conclusion is also suggested for histone modifications, by the

surprising absence of phenotypic defects caused by the vast

majority of mutant histones with deregulated modifications

[95]. As pointed out in [96], one cannot deny that certain

chromatin modifications are associated to active genes, but this

is also true for RNA polymerase. The purported activating or

repressive chromatin modifications could be merely correla-

tive rather than causal [97]. Moreover, they sometimes prove

to have little influence on differentiation [98]. By contrast, the

influence of TFs often prevails over pre-existing chromatin

marks, as supported by the capacity of a quadroon of TFs to

reprogram a somatic cell into a stem-like cell, regardless of its

previous structural epigenetic status [99], or of a single TF

(MyoD) to convert a fibroblast into a myoblast [100]. If TFs are

strong enough, they can bypass epigenetic modifications

[101]. To be further provocative in this direction, let us reveal

why the sub-nuclear organization of heterochromatin domains

is so important: to allow nocturnal vision. This surprising

conclusion derives from a study showing that heterochromatin

is confined in the nuclear center in rod receptors [102], whereas

it is generally at the nuclear periphery in other cells [103].

Since to our knowledge the genetic expression of rod receptors

is as accurate as that of any other cell type, this study somehow

discredits the numerous studies pointing to the dramatic

importance of precise subnuclear organization for gene

expression. The same conclusion is also suggested by the

relevant results obtained for decades in gene promoter studies

through transient expression assays, in which the transfected

plasmids are likely to not obey strict subnuclear localization

and chromatin packaging rules.

Chromatin modifications: a link among others

in biochemical circuits

As parts of attractors, chromatin modifications can be

involved both in the establishment of phenotypes by

GRNs and conversely the readjustment of GRNs fol-

lowing stochastic or deterministic conditions changes.

The transfer of information into chromatin marks is

believed to be mediated by TFs, but it can also be more

direct. For example, the energetic status of the cell has a

profound impact on chromatin modifications [104],

which is expected, in turn, to influence the expression of

genes involved in energetic metabolism. It is illusive in

this context to identify a causal hierarchy in a cyclic

circuit. For example, EMT induced by hypoxia [105] or

other means upregulates the H3K9me3 demethylase

JMJD2C/GASC, and, conversely, overexpression of this

molecule is oncogenic [106]. The question is not to look

for decisional actors in circuits but to understand how

cells can fall into these circuits. In Waddington’s land-

scape, final cellular behaviors emerge from global

molecular interactions and, reciprocally, the whole net-

work determines the effect of any node.

Influences of chromatin modifications on GRN

stochasticity

Chromatin modifications can stabilize attractors but they

can also be the primers and the results of stochastic

behaviors. Chromatin remodelers have been shown to

affect transcription initiation steadiness [107]. By slow-

ing the reactivity of genes to TFs, they can also widen

the time windows of gene activity and inactivity, and,

consequently, the burstiness of transcript production,

which is a primary generator of transcriptional noise

[108]. Chromatin has also long been involved in the

dramatic cell-to-cell heterogeneity called variegation

[109], in which the expression status of individual cells

is binary at a given time, but without memory, since the

clonal descendants of this cell is repartitioned into

expressing or non-expressing cells. The spreading of

repressive chromatin through positive feedbacks initiated

on both sides of genes can explain their binary expres-

sion status [110].

In contrast, certain marks have been shown to stabi-

lize the steady-state gene expression levels in time [8]. If

cellular differentiation proceeds through differential gene

closing by long-term heterochromatinization, then the

number of factors necessary to regulate GRNs, and

particularly repressors, is expected to decrease, with

beneficial impact on global noise. Interestingly, general-

ized euchromatinization (gene opening) and global

increase of biosynthetic activity, such as that obtained by

overexpressing Myc genes, such as N-Myc [111], is

associated with cancer. Hence, heterochromatin could be

an essential tool developed for managing large genomes,

which is not necessary in prokaryotes in which the

number of repressors remains manageable.
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Roles of chromatin marks in GRN memory

Although the present review is aimed at suggesting that

chromatin modifications are not the main guarantors of epi-

genetic memory, their participation in memory phenomena

cannot be ruled out. The prolonged presence of chromatin

modifications can play a role in mitotic bookmarking [7].

Temporary bookmarking functions have not been extended to

transgenerational batons, which remains so far purely spec-

ulative. If chromatin marks are catalyzed by constitutively

expressed chromatin-modifying enzymes, they can be regu-

lated through the docking of these enzymes to DNA, by TFs,

their corepressors, and coactivators. But in this case, chro-

matin marks would merely behave as accessory modules of

TFs and would not modify the standard description of GRNs.

However, the turnovers of chromatin marks can be cancelled

in case of the disappearance of certain TFs and during critical

phases of the cellular physiology such as mitosis, during

which global gene expression is temporarily shut off, and

until the steady state attractor conditions are restored.

Another possibility to achieve this goal would be to remove

completely one enzymatic system (of modification or dem-

odification) from the cell. Finally, one can also imagine that

chromatin packaging triggered by the modifications in turn

renders them inaccessible to the de-modifying enzymes, in a

hierarchical chain of events [112]. But the existence of

impenetrable forms of chromatin is questioned [113]. In fact,

the more problematic feature of chromatin marks opposed to

the role of chromatin modifications in epigenetic memory is

their dynamic nature. Histone methylations have long been

demonstrated experimentally to be transient. H3 histones are

rapidly methylated in Ehrlich tumor cells, with an apparent

rate of 0.21/h, and the turnover of histone-bound acetate and

phosphate groups is even more rapid [114]. Moreover, the

observations of these authors imply that the antagonistic

methylase and demethylase activities are present simulta-

neously in the cells, since steady state values of mono-, di-,

and tri-methylated H3 rapidly stabilize at intermediate levels.

To further assess the dynamic versus static status of chro-

matin marks, it will be necessary to quantify the renewal cycle

duration of chromatin modifications in non-dividing cells,

through a pulse-chase method similar to that used to monitor

nucleosome renewal [115]. The role of chromatin marks in

epigenetic memory, which is highly questionable when

envisioned as structural marks, can be recovered under the

dynamic circuitry perspective, as discussed below.

Possible additional deterministic roles of chromatin

marks

Chromatin marks can also work as would do stable TFs, by

recruiting transcription machineries. For example, the general

transcription factor TFIID is recruited by chromatin patches

enriched in H3K4me3, the hallmark of active promoters

[116]. Beside these roles in static memory during cellular and

organism generations, the lagging effects of chromatin mod-

ifications could also introduce slow variables in dynamic

networks. Delays in TF action could regulate the amplitude of

periodic attractors generated by negative circuits and could

destabilize or induce oscillations in stationary states. Finally,

there are many chromatin modifications: methylation, phos-

phorylation, acetylation, ubiquitination, and many others [15,

117], most of them involving antagonistic enzymes, which

opens the possibility of alternative roles of these modifications

in the sharpness of transcriptional decisions through the so-

called zero-order ultrasensitivity, initially established for the

phosphorylation–dephosphorylation cycle [65] or in the hys-

teretic modification of chromosome regions. This latter

possibility, linking chromatin modifications to dynamic cir-

cuits, is based on a feedback mechanism propagating and

reinforcing local histone marks through the recruitment of the

corresponding histone-modifying enzymes [118]. Such posi-

tive feedbacks have also been involved in the transfer of

information between parental and newly synthesized nucle-

osomes during replication [119]. In yeast, a positive feedback

in histone deacetylation is ensured by the reiterative recruit-

ment of histone deacetylases [120]. Similarly, H3K9me3 can

recruit Heterochromatin Protein 1 alpha (HP1a), which then

recruits methyl-transferases increasing the methylation of

nearby histones [121]. Accordingly, even the long-term

maintenance of constitutive heterochromatin is ensured by

dynamic interactions with HP1a [122]. Hence, a picture

emerges in which dynamic chromatin modifications contrib-

ute to the hysteresis and the stability of cellular fates through

self-templating mechanisms. In the case of cellular repro-

gramming, these enzymatic circuits would still remain very

useful by increasing the sharpness of the switches, thereby

allowing the cell to take well-defined decisions. Finally,

another contribution of chromatin to attractor formation is

offered by chromatin-mediated TF cooperativity, as sug-

gested for a particular type of structural chromatin

modification: the displacement of nucleosomes along DNA

by ATP-dependent chromatin modelers. This phenomenon is

also dynamic and could play a role in hierarchical coopera-

tivity between TFs [123], a mechanism involved in the genesis

of nonlinear relations in GRNs, necessary for creating mul-

tistability and providing the thresholds necessary for Boolean

modeling. Covalent marking can also work for mediating

hierarchical cooperativity between pioneer TFs that set the

marks necessary to subsequent TFs.

Conclusion

Attractors and the epigenetic landscapes of Waddington are

basically not biological activities but inevitable emergent
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physical entities applicable to any nonlinear interaction

network. These general behaviors hold in different disci-

plines, for systems made of different components, which

led von Bertalanffy to incorporate them into a ‘‘general

systems theory’’ whose rules are transposable between

distantly related fields, from quantum physics to the

economy [124]. As a matter of fact, for GRNs, studies

examining the outcomes of various circuitries [125] use

exclusively mathematical tools. This could explain why

they long remained ignored by the biologist community,

when taking them into account would shed a new light on

causation concepts. It is worth noting that any randomly

constructed network spontaneously organizes into a given

landscape with emergent properties, as long shown in

Boolean simulations [126] mimicking extreme cases of

nonlinear, step-like interactions. This phenomenon, cou-

pled to Darwinian selection, typically illustrates the

principle stated of self-organization out of equilibrium.

According to this scenario of system evolution, the com-

bination of interactions between the different genes from

the same genome, which are mediated by cis (promoter

motifs) and trans (TFs and their regulators) factors, have

been evolutionary selected such that gene expression pat-

terns converge towards discrete sets of values

corresponding precisely to physiologically useful cellular

phenotypes. In this way, the genuine targets of Darwinism

are attractors rather than individual genes. When adapted to

GRNs, the attractor view is much more elegant and inte-

grated than the traditional causal reasoning in biology.

Specifically, the attractor-based interpretation of develop-

ment has the advantage to explain both: (1) the

commitment of pluripotent cells and (2) the memory of

lineage-committed cells. This view also enlightens previ-

ously unexplained observations, such as the fact that

progenitor cells express the genes that will be active in the

derived cell types [38]. This feature has an overlooked

practical importance because many experiments would

have been precluded in its absence. Indeed, to make

engineered mouse ES cells for generating gene-inactivated

mice, it is first necessary to select them by using appro-

priate resistance-encoding cassettes, whose expression

should be driven by the promoters of differentiation genes.

In spite of the success of the dynamic landscape prin-

ciple, the assumption that epigenetic memory should be

structurally engraved in the chromosomes, remains highly

predominant. Three reasons can be proposed to explain this

situation. First, chromatin marks are (misleadingly) more

intuitive at first glance since, once inscribed, they are

expected to be maintained passively, while attractors are

necessarily active and energy-dependent. Second, the pre-

dominance of chromatin epigenetics can also result from a

misinterpretation of chromatin marks as molecular flags,

specifying the sets of genes to be expressed or repressed.

This static view neglects the fact that the degree of chro-

matin modification, quantified by biochemical approaches,

is the result of steady state balances between continuously

active chromatin-modifying and de-modifying enzymes.

Third, the highjacking of epigenetics by the chromatin

community can be unintentional and due to the fact that the

concept of attractor remains largely confined in the theo-

retical and modeling literature, even if pedagogical reviews

on the subject are available, such as [32]. It is striking that

animal development is envisioned either in term of chro-

matin marks [5] or of attractors [35], with little connection

between these interpretations. Of course, the true nature of

development is likely to be somewhere between these

extreme conceptions. For example, the two modes of

memory compared in the present study can cooperate [118]

and are mixed together in a coherent mechanism funda-

mentally different from the principle of stable marking.

The term epigenomics sometimes used, though still

ambiguous, would be preferable to not pollute the more

general, original meaning of epigenetics.

It will be important to more tightly link attractors and

quantitative biological parameters. This rapprochement

would benefit from collaborations between theorists and

biologists [127], but the task will be difficult, considering

the multiplicity of levels of regulation in the cell, certain

ones remaining poorly explored, such as RNA editing

[128]. Shifting from purely correlative to integrative

approaches is a major challenge for future investigations.

Together, the wide range of reciprocal influences, deter-

ministic or non-deterministic, between chromatin

modifications and cellular fates, as well as their dynamic

nature, compromise the initial idea that cataloging chro-

matin modification patterns associated to physiological or

pathological situations by high throughput array technolo-

gies and sophisticated bioinformatics can allow the

unraveling of functional schemes. Exhaustively analyzing

the physiological and pathological cellular states is virtu-

ally impossible. Moreover, extensive catalogues will

provide useful information but will not reveal some Rosetta

stone of chromatin hieroglyphs. The same illusion was

common several years ago, when systematic genome

sequencing was naively expected to allow the decryption of

life, whereas living systems are plastic and clearly not

equivalent to computers [27]. The quest for a self-consis-

tent hidden user manual of chromatin modifications could

be an impasse. Certain specialists in the field of gene

expression have regretted that such descriptive research

programs divert too substantial funding resources [129]. As

for biochemical systems, self-organization of searchers and

ideas could be more productive than managerial guidelines

based on presupposals.

Whatever the difficulty of dissecting real biological

attractors, it is worth noting that, contrary to chromatin
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marking, they are already manipulable as tools in synthetic

biology approaches, for example to design memory devices

[130], whereas chromatin marks are not easily program-

mable since they result from too complex and intricated

regulations. Making simple artificial attractors is easier

than modifying natural attractors.
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