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1.1 Yamanaka’s discovery

Methaphor of cell differentiation described by the Waddington
landscape

Figure: Waddington landscape1

1C. H. Waddington, The strategy of the Genes (1957)
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1.1 Yamanaka’s discovery

In 2006, Shinya Yamanaka 1 identified 4 genes (Sox2, Oct4, Klf4,
c-Myc) that when activated,

Differentiated cells → Immature stem cells.

1Takahashi, K.; Yamanaka, S. (2006). Cell. 126 (4): 663–76.
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In 2006, Shinya Yamanaka 1 identified 4 genes (Sox2, Oct4, Klf4,
c-Myc) that when activated,

Differentiated cells → Immature stem cells.

(www.stemcell.life)

1Takahashi, K.; Yamanaka, S. (2006). Cell. 126 (4): 663–76.
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1.1 Yamanaka’s discovery

In 2006, Shinya Yamanaka 1 identified 4 genes (Sox2, Oct4, Klf4,
c-Myc) that when activated,

Differentiated cells → Immature stem cells.

Nobel prize in 2012 (jointly with John B. Gurdon).

Prize motivation: ‘for the discovery that mature cells can be
reprogrammed to become pluripotent’

1Takahashi, K.; Yamanaka, S. (2006). Cell. 126 (4): 663–76.
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All seems really nice... BUT...
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1.1 Yamanaka’s discovery

All seems really nice... BUT...

This process is extremely inefficient (very low reprogramming rate).
Its efficiency, though, increases with cancer related metabolism 2.

In ageing tissues, spontaneous reprogamming occurs.
Ageing hinders differentiation → SCs get locked.

Could this explain the appearance of cancer stem cells (CSCs)?

Could we avoid that cells get locked in a stem cell state?
If so, how?

2Menéndez J.A. et al. Stem Cell Reports 6 273-283 (2016).
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1.1 Yamanaka’s discovery

All seems really nice... BUT...

This process is extremely inefficient (very low reprogramming rate).
Its efficiency, though, increases with cancer related metabolism 2.

In ageing tissues, spontaneous reprogamming occurs.
Ageing hinders differentiation → SCs get locked.

Could this explain the appearance of cancer stem cells (CSCs)?

Could we avoid that cells get locked in a stem cell state?
If so, how?

ESCAPE ROOM!
Cells get locked... let’s use mathematical modelling to free them!

2Menéndez J.A. et al. Stem Cell Reports 6 273-283 (2016).
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1.2 Cell plasticity: the role of epigenetics

Somatic cells are able to change their phenotype.
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1.2 Cell plasticity: the role of epigenetics

Somatic cells are able to change their phenotype.

However, not all of them do so ⇒ inherent heterogeneity

Revisiting Waddington epigenetic landscape

Epigenetics (among others) can change the height of the walls
⇓

epigenetic plasticity
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1.3 Goals

To formulate and analyse a multiscale stochastic model coupling
ER-GRN to understand cell reprogramming.
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1.3 Goals

To formulate and analyse a multiscale stochastic model coupling
ER-GRN to understand cell reprogramming.

Build an ER model 3: analyse the effects of epigenetic
heterogeneity.

3Folguera-Blasco et al., PLoS Comp. Biol. 14 (2018)
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1.3 Goals

To formulate and analyse a multiscale stochastic model coupling
ER-GRN to understand cell reprogramming.

Build an ER model 3: analyse the effects of epigenetic
heterogeneity.

Develop the methodology necessary to couple the ER with a GRN.
Study the effects of epigenetic plasticity in the robustness of cell
phenotypes4.

3Folguera-Blasco et al., PLoS Comp. Biol. 14 (2018)
4Folguera-Blasco et al., PLoS Comp. Biol. 15 (2019)
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1.3 Goals

To formulate and analyse a multiscale stochastic model coupling
ER-GRN to understand cell reprogramming.

Build an ER model 3: analyse the effects of epigenetic
heterogeneity.

Develop the methodology necessary to couple the ER with a GRN.
Study the effects of epigenetic plasticity in the robustness of cell
phenotypes4.

Shed some light onto epigenetic mechanisms involved in cell
reprogramming during ageing and cancer.

3Folguera-Blasco et al., PLoS Comp. Biol. 14 (2018)
4Folguera-Blasco et al., PLoS Comp. Biol. 15 (2019)
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2.1. Model Formulation: ER model

Figure: Schematic representation of a self-activation gene regulatory circuit

If we want to study reprogramming, we need 2 types of genes:
genes promoting pluripotency

genes promoting differentiation
In a differentiated cell, genes promoting differentiation are being
expressed and pluripotency related genes are silent.
In a reprogrammed cell, we want the opposite to happen.

How this can happen?
Epigenetic regulation (ER)!!
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Núria Folguera-Blasco (CRM) Let’s free locked stem cells! 26/02/2019 10 / 42



2.1. Model Formulation: ER model

Figure: Schematic representation of a self-activation gene regulatory circuit with
epigenetic regulation

We will refer to an open epigenetic state when the gene is mainly
acetylated. On the other hand, when the gene is mainly methylated, we
will label this state epigenetically closed.
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2.1. Model formulation: ER model

ER will be expressed by the acetylation and methylation levels of
the genes. These levels are assumed to be mediated by some
enzymes such as the hystone demethylases (HDMs) and histone
deacetylases (HDACs).

Núria Folguera-Blasco (CRM) Let’s free locked stem cells! 26/02/2019 12 / 42



2.1. Model formulation: ER model

ER will be expressed by the acetylation and methylation levels of
the genes. These levels are assumed to be mediated by some
enzymes such as the hystone demethylases (HDMs) and histone
deacetylases (HDACs).

Cancer5 and ageing6 have been related to alter the activity of
HDMs and HDACs.

5Flavahan et al. Science 357 (2017)
6Wu et al. Cancer Cell 25 12-19 (2014)
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2.1. Model formulation: ER model

The model just takes into account the epigenetic dynamics7.

7Folguera-Blasco et al., PLoS Comp. Biol. 14 (2018)
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2.1. Model formulation: ER model

The model just takes into account the epigenetic dynamics7.

HDM-mediated demethylation:

M + HDM � CM → U + HDM

Methylation:
U → M

HDAC-mediated deacetylation:

A + HDAC � CA → U + HDAC

Acetylation:
U → A

7Folguera-Blasco et al., PLoS Comp. Biol. 14 (2018)
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2.1. Model formulation: ER model

Following the ER model formulated by Dodd et al 8, the reactions we
are considering are of two types: recruited and unrecruited.

8Dodd I.B., Micheelsen M.A, Sneppen K., Thon G. Cell 129 (2007).
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2.1. Model formulation: ER model

Following the ER model formulated by Dodd et al 8, the reactions we
are considering are of two types: recruited and unrecruited.

A M

Figure: Schematic representation of the stochastic model of ER.

8Dodd I.B., Micheelsen M.A, Sneppen K., Thon G. Cell 129 (2007).
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2.2 ER model: mathematical modelling

Stochastic model approach using the corresponding Chemical Master
Equation (CME)
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Stochastic model approach using the corresponding Chemical Master
Equation (CME)

∂P(X, t)

∂t
=

R∑
i=1

(
Wi (X− ri )P(X− ri , t)−Wi (X)P(X, t)

)
where,
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2.2 ER model: mathematical modelling

Stochastic model approach using the corresponding Chemical Master
Equation (CME)

∂P(X, t)

∂t
=

R∑
i=1

(
Wi (X− ri )P(X− ri , t)−Wi (X)P(X, t)

)
where,
P(X, t) is the probability density function for the random variable X(t),
R denotes the number of reactions,
Wi the transition rate corresponding to the reaction i , and
ri denotes the change in the state vector X(t) when reaction i occurs.

In our case, X=(U,M,A,HDM,CM ,HDAC,CA) .
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2.2.1 ER model: mathematical derivation

To gain insight into the behaviour of the model, we analyse its
mean-field limit, which reads as:

dQj

dt
=

16∑
i=1

ri ,jWi (Q),

where Q is a vector whose entries, Qj ≡ <Xj>.
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2.2.1 ER model: mathematical derivation

To gain insight into the behaviour of the model, we analyse its
mean-field limit, which reads as:

dQj

dt
=

16∑
i=1

ri ,jWi (Q),

where Q is a vector whose entries, Qj ≡ <Xj>.

We will assume that a separation of scales can be applied into the system.
We will distinguish between slow variables (with characteristic scale S)

and fast variables (with characteristic scale E ).

Key to our approach is the fact that ε = E
S << 1 (Briggs-Haldane approx.)

Núria Folguera-Blasco (CRM) Let’s free locked stem cells! 26/02/2019 16 / 42



2.2.1 Mathematical derivation

Upon rescaling rate constants, time (τ) and defining qj =
Qj

S and

ql = Ql
E , the mean-field equations result,

dqj
dτ

=
16∑
i=1

ri ,jωi (q) (substrates)

ε
dql
dτ

=
16∑
i=1

ri ,lωi (q) (enzymes, complexes)

Núria Folguera-Blasco (CRM) Let’s free locked stem cells! 26/02/2019 17 / 42
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Upon rescaling rate constants, time (τ) and defining qj =
Qj

S and

ql = Ql
E , the mean-field equations result,

dqj
dτ

=
16∑
i=1

ri ,jωi (q) (substrates)

ε
dql
dτ

=
16∑
i=1

ri ,lωi (q) (enzymes, complexes)

Since ε << 1, the quasi-steady state approximation (QSSA) can be
applied, which gives a differential-algebraic system of equations.
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2.2.2 Equations for the stochastic ER model

NOTE! dq1
dτ + dq2

dτ + dq3
dτ = O(ε) ' 0⇒ q1 + q2 + q3 = ct.

Unmodified nucleosomes (U)

q1 = cnt − q2 − q3

Methylated nucleosomes (M)

dq2

dτ
= (κ8q2 + κ7)q1 −

eHDM(κ1 + q3)(κ3 + κ6q3)q2

(κ2 + κ3) + (κ1 + q3)q2 + (κ5 + κ6)q3

Acetylated nucleosomes (A)

dq3

dτ
= (κ16q3 + κ15)q1 −

eHDAC (κ9 + κ12q2)(κ11 + κ14q2)q3

(κ10 + κ11) + (κ9 + κ12q2)q3 + (κ13 + κ14)q2
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2.3 Setting

eHDM and eHDAC describe the activity of the corresponding enzymes
with respect to their mean activity.
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2.3 Setting

eHDM and eHDAC describe the activity of the corresponding enzymes
with respect to their mean activity.

eHDM = eHDAC = 1 (average enzymatic activity) is associated with
normal, non-pathological behaviour.

Each circuit is characterised by two ER systems: one for the
differentiation gene and one for the pluripotency gene.

For a differentiated cell, when eHDM = eHDAC = 1

? differentiation genes are open (acetylated).
? pluripotency genes are closed (methylated).
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2.4. Results

We carry out a bifurcation analysis of the QSSA, in order to study the
behaviour of the system depending on the abundance of HDMs and
HDACs.
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Existence of three regions: either the gene is open, closed or bistable.
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2.4. Results

Showing together the differentiation and pluripotency genes, we have...
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Scenario 2: Plastic cell

Plastic cells have a high oncogenic potential
⇓

Reprogramming is feasible
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2.4. Results

By just imposing the conditions for a differentiated cell
(epi)phenotype, two relevant scenarios have been found.
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2.4. Results

By just imposing the conditions for a differentiated cell
(epi)phenotype, two relevant scenarios have been found.

Different scenarios are due to the variation of epigenetic cofactors,
which affect the parameter values of the model.

How likely are the plastic and the resilient scenarios?

So, which parameters determine the appearance of the
reprogramming scenario?
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2.4. Results

Parameters have different behaviour for plastic and non-plastic
scenarios.
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Núria Folguera-Blasco (CRM) Let’s free locked stem cells! 26/02/2019 24 / 42



2.4. Results

Parameters have different behaviour for plastic and non-plastic
scenarios.

A Kolmogorov-Smirnov test allows to find significative differences.

Interesting outcomes are found when analysing the significative differences.

The appearance of the plastic scenario is related to lower
acetylation levels for the differentiation genes.

It is known that acetylation levels get reduced with ageing9.
Reprogramming scenario becomes feasible as we age. This could
explain the higher likelihood to develop cancer with ageing.

9S Pal et al. Sci. Adv. 2 (2016).
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2.4. Results

Parameters have different behaviour for plastic and non-plastic
scenarios.

A Kolmogorov-Smirnov test allows to find significative differences.

Interesting outcomes are found when analysing the significative differences.

The appearance of the plastic scenario is related to lower
acetylation levels for the differentiation genes.

It is known that acetylation levels get reduced with ageing9.
Reprogramming scenario becomes feasible as we age. This could
explain the higher likelihood to develop cancer with ageing.

We can find strategies to avoid the appearance of the plastic
scenario and thus, avoid possible reprogramming.

These strategies are based on decreasing deacetylation activity for
the differentiation genes.

9S Pal et al. Sci. Adv. 2 (2016).
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2.5 Model limitations

Although exhibiting very nice features, this model provides several
limitations:
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Núria Folguera-Blasco (CRM) Let’s free locked stem cells! 26/02/2019 25 / 42



2.5 Model limitations

Although exhibiting very nice features, this model provides several
limitations:

The model does not include any gene regulatory mechanism.

The differentiation and the pluripotency genes are decoupled, i.e.
they are two totally independent systems.

Acetylation and methylation marks are just considered infinitely
abundant in the media.
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Although exhibiting very nice features, this model provides several
limitations:

The model does not include any gene regulatory mechanism.

The differentiation and the pluripotency genes are decoupled, i.e.
they are two totally independent systems.

Acetylation and methylation marks are just considered infinitely
abundant in the media.

Certain enzymes, such as HATs and HMTs, have been left out from
the modelling framework.
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Let’s talk about...

1 Introduction: Problem motivation

2 Epigenetic regulatory (ER) model formulation

3 Gene regulatory network (GRN) model formulation

4 Conclusions and future research
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3.1 Model formulation: GRN model

2 gene RN with self-activation and competitive mutual inhibition.

One gene promotes differentiation, whereas
the other gene promotes pluripotency.

Figure: Schematic representation of the gene regulatory network
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3.1 Model formulation: GRN model

2 gene RN with self-activation and competitive mutual inhibition.

One gene promotes differentiation, whereas
the other gene promotes pluripotency.

Figure: Schematic representation of the gene regulatory network

There is NO (direct) EPIGENETIC REGULATION in the model!
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3.2 Results GRN model

The system of equations10 (after applying the QSSA) is:

dq1

dτ
= R1 + p∞1p

κ1β11q
2
1

ν11 + ν11
∑2

k=1 a1k
β1k
ν1k

q2
k

− κ2q1

dq2

dτ
= R2 + p∞2p

κ3β22q
2
2

ν22 + ν22
∑2

k=1 a2k
β2k
ν2k

q2
k

− κ4q2

10Folguera-Blasco et al., PLoS Comp. Biol. 15 (2019)
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dq1

dτ
= R1 + p∞1p

κ1β11q
2
1

ν11 + ν11
∑2

k=1 a1k
β1k
ν1k

q2
k

− κ2q1

dq2

dτ
= R2 + p∞2p

κ3β22q
2
2

ν22 + ν22
∑2

k=1 a2k
β2k
ν2k

q2
k

− κ4q2

p∞ip, i = 1, 2, represents the re-scaled number of binding sites
available at the promoter region of the diff./plurip. gene.

10Folguera-Blasco et al., PLoS Comp. Biol. 15 (2019)
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3.2 Results GRN model

Figure: Steady states depending on the number of binding sites available

The system has multistability ⇒ noise induced transitions.
The system shows two possibilities: cell reprogramming by purely
stochastic effects, or by taking into account epigenetics.
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3.2.1 With epigenetics: partial and full reprogramming
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3.3 Bistable ER systems: looking for the epigenetic switch!

We want to have the stochastic ER systems in a bistable regime.

Then, noise induced transitions will induce switch between the
open and silenced states.

We generate sets of bistable ER systems to study its switching time,
by using Approximate Bayesian Computation (ABC).

Analyse the transition times. Characterise those sets which have
shorter/longer escape time so as to draw conclusions with respect
to self-renewal/differentiation.
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3.3 Bistable ER systems: computing switching time

Differentiation ER sets
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The heterogeneity exhibited by differentiation ER systems is greater
than in the pluripotency ER systems ⇒ appearance of 3 clusters.
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The heterogeneity exhibited by differentiation ER systems is greater
than in the pluripotency ER systems ⇒ appearance of 3 clusters.

Hint to rescue cells?
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3.3 Bistable ER systems: analysing the heterogeneity

Once we have the switching times, for each pair of diff./plurip. ER
systems, we can compute the probability P to differentiation.

DP ⇒DP ⇒ DP
DP ⇒DP ⇒ DP

Depending on the value of P, we have:

F differentiation-primed states (red cluster)
F pluripotency-locked states (blue/green cluster)

}
EPIGENETIC
PLASTICITY
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3.3 Bistable ER systems: unlocking stem cell phenotype!

By applying a Kolmogorov-Smirnov test, we can identify significative
differences between these clusters.

⇓

We can design strategies to unlock resilient phenotypes.
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To successfully compute the differentiation time, a hybrid numerical
algorithm has been implemented.
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3.4 Conclusions

Heterogeneity in the ER differentiation systems allows to identify
epigenetic plasticity: differentiation-primed or

pluripotency-locked states.
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Heterogeneity in the ER differentiation systems allows to identify
epigenetic plasticity: differentiation-primed or

pluripotency-locked states.

Significative differences between the ER sets prone/resilient to
differentiation have been found.

A novel method for stochastic model reduction has been
implemented, together with a numerical hybrid scheme.

Ageing tissues exhibit spontaneous reprogramming (cells revert to
stem cell-like phenotypes). Successful strategies so as to avoid
that cells get locked in the stem-cell phenotype have been identified.
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Let’s talk about...

1 Introduction: Problem motivation

2 Epigenetic regulatory (ER) model formulation

3 Gene regulatory network (GRN) model formulation

4 Conclusions and future research
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4.1 General conclusions

ER model

F Identification of the plastic and resilient scenarios.

F Plastic scenario has been linked to ageing. Cells seem to progress
towards the scenario where reprogramming is feasible.

F Can this explain the higher likelihood to develop cancer with ageing?
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4.1 General conclusions

ER-GRN model

F Characterisation of the epigenetic role in the GRN.

F Epigenetic plasticity: Resilience/willingness to differentiation is related
to the ER of the diff. genes.

F Ability to fine-tune epigenetics and unlock pluripotent-like cells.

F Strategies to avoid CSCs creation/proliferation?

Núria Folguera-Blasco (CRM) Let’s free locked stem cells! 26/02/2019 38 / 42



4.1 General conclusions

Final conclusions

Epigenetic regulation plays a main role in determining cell fate and its
transitions.
In particular, its heterogeneity seems key to shed some light on
understanding cell reprogramming and how to avoid it, which can help
to diminish the creation of cancer stem cells, which is a key target in
oncology research.
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4.2 Future research

Rebuild the multiscale model incorporating an extended ER model.
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4.2 Future research

Rebuild the multiscale model incorporating an extended ER model.

Introduce some feedback from the GRN into the ER model.

Find experimental evidences that can confirm our theoretical
predictions.

Apply the model to real situations where similarities with the
results found have already been observed.
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