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ABSTRACT

We construct a model of cell reprogramming (the conversion of fully differentiated cells to a state of pluripotency, known as
induced pluripotent stem cells, or iPSCs) which builds on key elements of cell biology viz. cell cycles and cell lineages. Although
reprogramming has been demonstrated experimentally, much of the underlying processes governing cell fate decisions
remain unknown. This work aims to bridge this gap by modelling cell types as a set of hierarchically related dynamical
attractors representing cell cycles. Stages of the cell cycle are characterised by the configuration of gene expression levels,
and reprogramming corresponds to triggering transitions between such configurations. Two mechanisms were found for
reprogramming in a two level hierarchy: cycle specific perturbations and a noise induced switching. The former corresponds to
a directed perturbation that induces a transition into a cycle-state of a different cell type in the potency hierarchy (mainly a stem
cell) whilst the latter is a priori undirected and could be induced, e.g., by a (stochastic) change in the cellular environment. These
reprogramming protocols were found to be effective in large regimes of the parameter space and make specific predictions
concerning reprogramming dynamics which are broadly in line with experimental findings.

Introduction

The retrieval of pluripotent cells was first pioneered by John Gurdon in the 1960s, using nuclear transfer to clone a frog using
the nuclei of somatic cells extracted from a xenopus tadpol!!!. More recently, cell reprogramming has shown that it is possible
to obtain induced pluripotent stem cells (iPSCs), which strongly resemble embryonic stem cells (ES), from somatic cells via the
introduction of just 4 transcription factors (Oct3/4, Sox2, Klf4 and c-Myc - now known as the Yamanaka or OSKM factors) (2:3],
It has also been demonstrated that nearly all somatic cells can be reprogrammed in this manner(*!, suggesting that the “code”
for pluripontency lies in the genome common to all cells of an organism. Once reprogrammed it is possible to guide iPSCs to
differentiate into a desired cell type using specific culture conditions®!. Due to their ability to self renew and differentiate into
many different cell types, stem cells (including iPSCs) hold great potential for both personalised and regenerative medicine!©!.
Furthermore, iPSCs can act as a model environment for studying disease and testing drug delivery mechanisms!”:%!. Since
the original reprogramming experiments, multiple protocols have been uncovered by replacing certain Yamanaka factors with
other proteins or small molecules. For an extensive biomedical review of iPSCs, and how they differ from other stem cells, see
Takahashi 20151,

However, despite the great potential of iPSCs, and the evolution of cell reprogramming experiments, much is still unknown
about the decisions governing the fate of a cell. Cell fate decisions were first modelled by Waddington using his idea of
an epigenetic landscape. This model describes development using the analogy of a ball rolling down a hill from states of
high potency to fully differentiated ones. Different cell types are represented as valleys in the landscape, and a cell’s fate is
determined by the valley which the ball falls into[!?]. The number of valleys increases the further the ball moves down the
landscape, representing the increasing diversity of cell types during development. Whilst this model provides an interesting
metaphor for differentiation, it lacks some key aspects of cell biology, such as cell cycles. Recent experimental work has
suggested that cell types can be considered as high dimensional attractors of a gene regulatory network '], paving the way for
a dynamical systems approach to cell reprogramming.

Many of the current models describing cell fate decisions focus on specific small gene regulatory networks (GRN) that are
believed to govern pluripotency or differentiation, or approach the problem from a cell population perspective. For further details
of the current mathematical and computational models of cell reprogramming the reader is directed towards the references
Morris et al. 2014112! and Herberg and Roeder 201513 respectively.

In this paper a theoretical model is presented which models cell reprogramming in terms of transitions between attractors of
a high dimensional dynamical system, describing the transcriptome of a cell. The attractors of the dynamics represent cell



cycles of different cell types, which are related to one another in a hierarchical manner.

The rest of this paper is organised as follows: First the theory behind the model is formulated by appealing to a small
set of key observations concerning cell chemistry, before being applied to a specific type of hierarchy. Next, evidence for
reprogramming in the model is presented and discussed, with the main findings of the work summarised at the end of the paper.
The majority of the mathematical details have been relegated to the appendices with the aim of making this article accessible to
readers from various backgrounds.

Theory

Cells are the fundamental units of structure and reproduction in most organisms!!'4l. They are complex and dense building
blocks which contain a rich tapestry of biochemical reactions involving a multitude of chemical species (e.g. proteins, sugars,
lipids, etc). Metabolic pathways, such as glycolysis, involve many intermediate steps converting the product of one reaction
into the substrate for another. Enzyme reactions, like those involved in gycolysis, can be described generally by a set of
differential equations, known as the Michaelis-Menten equations!!>!. Thus, to fully describe the dynamics of cell chemistry
one would need to incorporate the Michaelis-Menten equations for all possible reactions into a theory which would describe
reaction and diffusion mechanisms, self organisation, biochemical signalling, etc. One component of such a theory would be
the transcription of the N genes of the organism’s genome (~ 25,000 for humans), which alone represents a vast state space.
For example, even if one assumes binary gene expression levels (i.e. genes are either expressed or not expressed), there are 2V
possible configurations of gene expression levels. A natural question then arises from the complex chemistry of cellular life:
How do so many reactions, of so many species, give rise to a comparably low number of different cell types? For example, the
human genome is comprised of approximately 25,000 genes yet only gives rise to around 300 different cell types. A plausible
realisation of this fact is to suppose that stable cell types emerge as attractors of the full reaction dynamics of the cell.

For the purpose of modelling cell reprogramming we propose to construct a reduced model by appeal to the following line
of reasoning. Suppose one was able to integrate out all components of the complete theory other than gene expression levels,
the result would be a reduced model which will have the following two features: (i) it will involve interactions between genes;
(ii) the interactions will exhibit memory effects. The interaction of genes would result in a feedback mechanism that could
explain the existence of stable attractors. In the reduced model, memory would be a result of the interplay between genes and
proteins. Transcription factors (TFs) are proteins that regulate the expression of genes (through activation/inhibition). These
proteins are translated from RNA, which is transcribed from the genes in the cells nucleus. Thus, the expression level of a gene
will depend on the previous expression levels through gene regulation. Furthermore, proteins can regulate the genes which they
were synthesised from, other genes, and/or combine with other proteins to form complexes which are transcription factors and
hence the expression level of a given gene will depend on the previous expression levels of many (or all) genes. Memory is in
fact required to create dynamic cell cycle attractors with different durations for each of the phases of the cell cycle, in a model
based on gene expression levels only.

Based on these observations, we build a minimal model that describes cell types in terms of gene expression levels across
their cell cycles. We can make simplifications to the reduced model, that do not change the intuition behind, or nature of, the
model but make the mathematics easier to work with. One such simplification is the discretisation of time, which allows one to
neglect the effects of memory. To do this we measure time in terms of stages passed through the cell cycle (e.g. G1, S, G,
...). This allows one to ignore the different durations of each cycle phase by concentrating on which phase of the cycle a cell
is in. Another assumption is that the gene expression levels are binary variables, n; (withi =1...N), i.e. genes can exist in
one of only two states: they are either expressed or are not. These states may be represented by the binary values n; = 1 and
n; = 0 respectively, hence the common terminology Boolean, or “on/off”, genes. Again, it is important to stress that these
assumptions make the mathematics of the model much simpler, but can be relaxed if a more comprehensive description of cell
cycle regulation is required.

A general model for the dynamics of interacting binary genes would have the following form,

nit+1) = O [hi(t) — 6 — TE(1))] | )

where n; is the gene expression level of the i gene, with the effect of the gene interactions encoded in a local field, /;(¢) of the
form,

hi(t):Z-]ij”j(t)+Z-Iijknj(t)nk(t)+~~ . )
J
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Here J;; is the effect of the interaction between genes i and j, and J; j is likewise the effect of the triplet interactions between the
3 genes i, j and k, (there could also be higher order interactions which are represented by the ...). Any constant contributions
to the local field, such as self regulation, can be absorbed into the definition of 6;. The &; are random variables with zero mean
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and a suitably normalised variance, which mimic noise to represent the fundamental stochasticity of reaction events. Popular
noise models are Gaussian and thermal noise. We use 7 to vary the strength of the noise. Anticipating our later choice of
the thermal noise model, we will refer to T as to temperature. The ® [x] is the heaviside step function: ®[x] =1 for x > 0
and O [x] = 0 otherwise. Thus, (1) states that a gene will be expressed in the next phase of the cell cycle (i.e. n;(r + 1) = 1) if
the combined effect of all interactions and stochastic noise at time ¢ exceeds a gene specific threshold, 6;. At each time step
every gene expression level is updated according to this rule, and the state of the system is fully described at any time ¢ by the
instantaneous configuration n(¢) = (n1(t),...,ny(t)) of gene expression levels.

The network of effective interacting gene expression levels one should consider is a subset of the entire genome. Only the
regulatory genes (i.e. the genes that encode for proteins that are transcription factors or form complexes that are transcription
factors) need to be considered. Whilst the expression of other genes may contribute to identifying a given cell fate, their
expression is driven by that of the regulatory genes. That is the expression of regulatory genes is independent of that of
non-regulatory genes. Thus, the total number of genes N in our model should be thought of as the total number of regulatory
genes.

Minimal model
We restrict ourselves to consider a system involving pair interactions only, and simplify matters further by assuming uniform
thresholds, i.e. 6; = 6 V i. Thus the dynamics of the minimal model is given by the following simple expression,

ni(t—f—l):@ Z]ijnj(t)—B—Téi(t) . 3)
J

This expression is reminiscent of the models used in the field of neural networks (NNs) for associative memory, with a post
synaptic potential (PSP), #; = ¥ ;J;jn; and a neuron fires (r;( + 1) = 1) if the PSP exceeds a given threshold 6. In associative
memory, configurations of neuronal activity representing some memories are stored in the synaptic efficacies J;;, such that
they are attractors of the dynamics. The NN is then said to recall a pattern when the system converges to the corresponding
configuration from some initial condition. Such NN are said to be content addressable because the attractor to which they
converge is given by the (content of) the initial state. Associative NNs of this type are robust to input errors and hardware
failures (such as disruption of the synaptic efficacies and thresholds). Analogously, in our model, specific configurations of
gene expression levels, which represent the different cell types of an organism, are stored in the gene interactions, J;;, which
therefore govern the dynamics. Using a temporal ordering of the cycle state specific configurations, the attractors become
dynamic attractors that represent the cell cycles of each cell type (see section on the two level hierarchy for details). It is also
desirable that the gene interaction network is robust to variation or errors in gene expression levels, because despite variation in
gene expression levels across human individuals and mutations in the human genome, individuals of the population have the
same set of cell types.

Hanna et al. demonstrated that nearly all cells can be reprogrammed . This suggests that the “code” for pluripotency
lies in the genome that is common to all cell types of a given organism. The analogy between associative memory and cell
reprogramming has been made recently in the context of protein interaction networks['®1. However, that work differs from that
presented here due to the absence of cell cycles and the potency hierarchy. In their work, Lang et al. extend Waddington’s
developmental landscape metaphor into an epigenetic landscape describing the interactions between proteins. On the other
hand, by working with gene interactions it is possible to neglect the specific activation/inhibition nature of transcription factors,
which will naturally arise from the interaction between genes. Thus, the authors feel that the interaction between genes, as
opposed to proteins, is a more natural approach to model cell fates.

Cell cycle similarities, lineages and reprogramming

Cell reprogramming requires transitions between cell fates, which can be either a trans-differentiation or a de-differentiation,
i.e, either across or up the potency cascade!. With this idea in mind the cell cycles stored in the model are related to one
another in a hierarchical manner. Specifically - apart from the stem state which sits at the top of the hierarchy and thus has
no ancestor (see figure 1) - the gene expression levels of all cell types are conditionally dependent on their parents. This set
up is inspired by the storage of memories, in a Markovian hierarchy, for associative memory NNs!!7. Parallels between the
hierarchical relation of cell cycles and Waddington’s epigenetic landscape can be made. However, the present approach does
not directly model a landscape of the cell states.

It has been demonstrated that protein and mRNA levels vary across the cell cycle!!8], thus it is reasonable to infer that the
gene expression of a cell type also changes throughout its cycle. It is thus plausible to conceive of a situation in which the
global expression levels of different cell types are more similar in certain stages of the cell cycle than in others. For example,
during the S-phase the gene expression levels could likely be vastly reduced in all cells types (as suggested by Cho 19981191,
as the DNA is otherwise occupied through replication. It is also the case that most of an organism’s cells undergo the mitotic
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Figure 1. (Colour online.) A schematic diagram of the hierarchy of cell types, in terms of cell potency. Stem cells, e.g.
embryonic stem cells (ES) or iPSCs, sit at the top of the hierarchy due to their ability to differentiate into many different cell
types. The further down the hierarchy a cell type is, the lower its level of potency (or higher its level of specialisation).
Differentiation corresponds to moving down one level of the hierarchy (green arrow); de-differentiation is equivalent to moving
up the hierarchy (red arrow); trans-differentiation (blue arrow) corresponds to transitions between cell types of the same level.

phase via broadly the same mechanisms. Hence, there could exist (at least) one phase of the cell cycle in which different cell
types are more similar than others (see figure 2). These stages of the cell cycle would represent a natural target in which it is
easier to induce switches between cell types, i.e. to reprogramme a cell. This is one of the main hypotheses that we will be
testing in the present study.

Different Similar Different

Figure 2. (Colour online.) A schematic diagram of the possible similarities between the cell cycles of two different cell types
(labelled A and B). The horizontal distances between the analogous phases of the two cell cycles represent the level of
similarity - the closer the phases the more similar they are. Two different cell types could be more similar during the S- and/or
M-phases, in which the biological processes are broadly similar across different cell types of an organism.

The authors are aware of only one other model which includes a hierarchy of cell states and the cell cycle. In their model,
Artyomov et al. defined a cell type through the expression levels of a small ensemble of master regulatory genes referred to as a
module®". They included the cell cycle as an interplay between the gene expression levels of a cell and the epigenetic state of
the cell. On the other hand, we treat each cell type as a dynamic entity, which transitions through different configurations of
gene expression levels that correspond to stages of its cell cycle. Each configuration describes the entire transcriptome of a
cell in a given cycle phase. In this work we do not directly model the epigenetics of a cell. However, the similarity between
different cell types, during specific phases of the cell cycle discussed above, could be a result of epigenetic changes, such as
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changes in chromatin structure or the presence of histone markers.

Two-level hierarchy

To validate the principles of our approach we apply the neural network model above to a simplified version of the biology. This
makes the mathematics easier to implement and keeps the notation simple and transparent. Such simplified scenarios still
capture the main principles of the biology, and in practice the mathematics can easily be extended to more realistic systems. We
therefore consider a two level hierarchy in which fully differentiated cells are direct descendants, or daughters, of the stem
cell (see figure 3). Each of cell cycles are coarse grained into 3 stages, with a single cycle phase made more similar across the
different cell types. The coarse graining of the cell cycles was carried out purely for computational efficiency and generalisation
to 4 or 5 stage cell cycles is straightforward.

Stem cell

/r’pvl rr’pa2 npu
corresponding p-phase progeny

Figure 3. A cell potency hierarchy for a two level system. The stem cell sits at the top of the hierarchy and is given by the
configuration of gene expression levels NP, where the superscript p labels the stage of the cell cycle (e.g. S-phase). The second
level of the hierarchy consists of M daughter cell configurations. In general the configuration of the daughter cell is given by
NPH, where the superscript p and p label the stage of the cell cycle (e.g. S-phase) and the type of daughter cell respectively
(e.g. neuron, B-cell, etc.). A hierarchy of this form exists for every stage of the cell cycle, so that every cell type has the same
number of cycle phases.

Probabilistic framework

We will now introduce a specific model which implements our generic reasoning within a probabilistic framework. Consider a
system of N genes, each labelled by i = 1...N, and M daughter cell types, labelled by u = 1...M (for a full list of mathematical
notation see table 1). Each cell type, daughter or stem, undergoes a cell cycle of length C and we denote each phase of the
cycle by p = 1...C (with C+ 1 = 1). The expression of the /" gene, in the p™ phase of the stem cell cycle, is denoted by
T]ip € {0,1}, where nip = 1 corresponds to that gene being expressed. We denote by af the fraction of genes expressed during
the p' cell cycle phase, also referred to as the activity of that cycle phase. Thus, the probability of the gene expression levels in
the p™ phase of the stem cell cycle are given by

p fornP =1
py=17 =1 4
p(n’) {l—ap for nP = 0. )

Then the configuration of the stem cell state, in the p™ cycle phase, is then given by P = (nf ye .,n,’\),). Furthermore,
for every state, NP, of the stem cell cycle there is a corresponding set of descendants, in the same stage of the cell cycle,
nPe = (nf ot ). Similar to the stem cell cycle, each daughter cell i has an activity given by aP#, which governs the
probability of expressing a gene in each stage of the cell cycle

PH for nP* =1
puy )4 ’ 5
(™) {1—aP“ for nPH* =0. ©)

We assume the gene expression levels in the stem cell, nip , are independent, identically distributed (i.i.d) random variables,
which implies that the configurations 1)” are independent along the cell cycle. This assumption was made to simplify the
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Symbol Biological interpretation

n;(7) Dynamic variable, represents the expression of the jM gene in an arbitrary cell state.
nip Expression of i gene during the p—phase of the stem cell cycle.
nip K Expression of i gene during the p cycle phase of daughter cell p.
N Total number of regulatory genes in the organism’s genome
M Number of daughter cell types.
C Number of phases in the cell cycle.
af Mean stem cell gene expression, or activity, during the p—phase.
aP* Mean u—daughter type gene expression, or activity, during the p—phase.
a,(nP) The average gene expression level in the daughter cell u, given its value in the stem cell during the same phase, p.
yPH Prob. of switching a gene on during differentiation from stem — daughter cell u, during the same phase, p.
6 Uniform gene activation threshold, the chemical baseline required to activate a gene.
T=p" Effective temperature, a measure of the stochasticity of the dynamics.
mp(n(t)) Dynamical order parameter for the stem cell pattern in the p phase.
mpu(n(t)) Dynamical order parameter for the yu—daughter cell pattern in the p phase.
m(t) Vector containing all order parameters for both daughter and stem cycles.
mp(t) Overlap with the p phase of the stem cell cycle.
mpy(t) Overlap with the p phase of the u™ daughter cell cycle.
Jij The interaction between genes i and j.
hi(7) Local field at gene i, a measure of influence on gene i by the expression levels of all other genes.
Ai(t) Perturbation applied to gene i to reprogramme a cell.
q Probability a perturbation is applied to a gene.
qr The reprogramming threshold.
(1) Noise variable, a random contribution to the local field, ;.

Table 1. Model notation, along with a brief biological interpretation of the variables used in the model.

mathematics, but may be relaxed if a more comprehensive model is desired. The configurations of the daughter cells, on the
other hand, are derived from the corresponding phases of stem cell. We define the probability of turning a gene off during the
differentiation-transition from a stem cell to a daughter cell, in the same phases of the cell cycle, with equal activities aP? = aP*,
as yP*. Thus, the transition probability of a gene being expressed in both the stem and daughter cell (of the same cell cycle
phase) is given by (1 — yPH) “ﬂ%, i.e. the ratio of probabilities the gene is on in both states multiplied by the probability it was
not turned on in differentiation. The full transition matrix used to construct the gene expression levels of the daughter cells
from the same phase of the stem cell cycle can be found in appendix A. Due to this construction of the daughter cell cycles in
terms of the stem cell cycle, the different daughter cell configurations are conditionally dependent on the stem cell state.

The interactions between the gene expression levels of the system should be chosen such that the cell cycles of daughter
and stem cells are attractors of the dynamics. To construct the interactions of the model we combine a set of known results
from the field of NNs. Hopfield originally showed that multiple configurations can be stored in the synaptic couplings of a
neural network using the Hebb rule?!1. It is known that dynamic attractors can be stored in the couplings by adapting the Hebb
rule to include a temporal order to the stored configurations, i.e the interactions have a contribution from the current pattern and
its successor?%23]. Thus, in our notation of gene expression levels, a sequence of stem cell cycle phases may be stored in the
interactions in the following manner.

Jevele) _ 1 i (™! —aPth)(nf —aP)
TN & af(1—aP)

(©)

This choice of interaction ensures that if the gene expression levels evolve according to (3) and are initialised, at time ¢, in the
configuration n(t) = 1P, their configuration in the next time step will be n(¢ 4 1) = nP*! for sufficiently low noise levels. To
ensure the sequence of configurations retrieved by the system is a closed cycle, the successor of the final configuration must be
equivalent to the initial configuration. For low activity configurations it is required that one removes the bias from each of the
cycle phases, in order to achieve stable limit cycle attractors in the dynamics. Here this is done by subtracting the average gene
expression of each of the cell cycle phases, resulting in the contributions from each cycle phase having zero mean.
Information can also be stored in the interactions in a hierarchical manner!!7>#23! (equivalent to the structure shown in
figure 3). This is done by including contributions from each state in the hierarchy in the interactions. Each pattern must then be
weighted by a factor determined by its position in the hierarchy?!. Combining these two ingredients, the interactions that
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stabilise a hierarchy of cell cycles can be written as follows,

18P —apym? —aP) M P —au (P (P —au(n?))
"_NZ{ aP(l—aP)J +“§1 tzpu(l—awj) — }

@)

p=1

Here the summations are over cycle phases, p, and daughter cell types, (. We chose to remove the bias from the daughter cell
type by subtracting the conditional average of the gene expression, a, (nP) = E[nP*|nP], i.e. the average gene expression
level of the daughter cell given the expression levels in the same cell cycle phase of the stem cell. However, the bias could
also be removed using the activity of the daughter cells, a*, in place of the conditional averages in (7). The weights in the
denominators are the variances of the gene expression levels in the corresponding cell cycle stage for the stem or daughter
cells. Note that, if the p + 1 was replaced with p in (7) then this would be the standard prescription for storing a hierarchy of
configurations. Since they are included we have in fact stored a hierarchy of cell cycles.

Given the form (7) of the interactions, one can express the local fields #;(¢), appearing in the dynamics (3), concisely in
terms of a set of macroscopic dynamical order parameters, namely

ip (1) = i (0(0)) = 3 1. 31— a0 ®

N Pt _, P
mpu(t) = mpyu(n(r)) = ]{,; W

ni(t), &)

giving,

ie) = Z{“’f” e i)+ [0 () rﬁpu<r>} - "

P 0

Here we have now absorbed the threshold 6, appearing in 3, into the definition of 4;(¢). The value of 0 is fixed, such that the
stable cell cycle attractors exist at sufficiently low noise levels. Note that /;(¢) = h;(m(r)), in which m is the vector containing
the set of all dynamical order parameters {m, (n(z))} and {mp,(n(z))}. As a consequence, and by appeal to the law of large
numbers in the limit of a large number N of genes, one can formulate the dynamics of our model in closed form entirely in
terms of the dynamic order parameters, giving

" npfap
mp(f+1)=<ap(l_ap)ﬂn[5 Sﬁh(f”>np’npu ) (11)
PH _ g (1P
-+1) = (L2 b <) (12)
r,Pﬁr,Pll

provided that N > M in this limit. In (11) and (12) 8 = 1/T is the inverse of the noise strength. The P(& < z) in (11) and (12)
is the cumulative distribution function (CDF) for the noise probability, p(€) (i.e. the probability that & will take a value less
than or equal to z). Popular choices for the p(&) are the Gaussian distribution, and the qualitatively and quantitatively similar,
thermal distribution P(& < z) = %(1 +tanh £). We will use the latter, for which (11) and (12) can be written in the following
form (for details of this calculation see the appendices B),

_ 1/ nP-a Bh()

it +1) = 2<ap(1_ap)tanh (2 >>npw, (13)
_ /P —au(nP) Bh(t)

mpu(t+1)= 2<al’”(1—al’”) tanh( > >>np o , (14)

where the angle brackets, (...)qne nou, represent the average and conditional averages over all stem and daughter cycle states.
These equations of motion are easily solved numerically by forward iteration, starting from suitable initial conditions.
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Figure 4. (Colour online.) Numerical solutions of (13) and (14), at a low effective temperature 7 = 0.01, when the system is
initialised with a high overlap with the daughter cell cycle. The peaks in m, and m,, correspond to the system passing through
states correlated with the different cell cycle stages of the daughter and stem cell - i.e. each peak is a successive p, and the
dashed lines are the overlap with a single daughter type, 1, and the solid lines are the overlap with the stem cell. The following
parameters were used: C =3,a' =a®> =0.7,a> =03, a'* =a** = 0.6, a® = 0.2, y** = 0.2 for all p and y and 6 = 0.

Results

In the results that follow a single cell cycle phase was made more similar between the daughter and stem cell cycles. This was
done by having a lower value of a” and aP* in that particular phase. The similarity between the cycle phases of the stem and
daughter cells can be seen from the covariance between their expression levels,

cov[nP , nPH] = aPH (1 —y?H —aP). (15)

Thus the probabilities of expressing a gene in both cell cycle stages (aP* and aP respectively) and the probability that a gene is
not turned on during differentiation (i.e. 1 — y*) govern the similarity between the gene expression levels of the same cycle
phase across different cell types. Thus, it is possible to make certain stages of the cell cycle more similar across the two levels
of the hierarchy by tuning the parameter values used in (15). At this point it should also be noted that there are restrictions on
the values that Y*# can take, in order for the transition probability from n” to NP* to be correctly defined as a probability (for
details see the appendix A).

Our choice of the parameters is based on the analysis carried out in Ramskold 2009 which suggests that 60-70% of all
genes are expressed in human cells[?7]. In addition, results in the literature suggest that the activity in stem cells is higher than
its progeny %!, so we will choose a? > aP* for all p, u. This leads us to a choose a? = 0.7 and aP* = 0.6 in all cells and all
phases except for the phase p = 2, that we aim to make more similar between the stem and daughter cells. In this phase, we
chose the parameters a? = 0.3 and aP* = 0.2, which lead, via (15), to a higher similarity between the stem and daughter cells.
This is also consistent with the expectation that gene expression is lower in the S-phase due to the genome being occupied with
other processes, such as DNA synthesis. The value y?* = 0.2 was used for all cell cycle phases, p, and daughter cell types, U,
and the threshold values were set to zero (8 = 0). Unless stated otherwise, these parameter values are used in all of the results
and analysis.

For the presentation of the results we use the so-called overlaps, which measure the correlation between the state of the
system n(¢) and the gene expression patterns that are characteristic of the cell cycle states of the stem and daughter cells,
respectively. They are closely related to the dynamic order parameters, and in fact identical for the stem cell cycles, and are
defined as,

mp(n(t)) =mp(n(?)), (16)
1 N anll — gPH
mpp(n(r)) = Nizl mni(t)a (17)
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Figure 5. (Colour online.) Left: Numerical solutions of (13) and (14), at a noise level T = 0.14. The initial condition for the
overlap with the stem cell was determined using (18). Right: Monte-Carlo simulation dynamics at the same temperature for
N =25,000 genes. The system was initialised in a configuration with a high overlap with the p = 1 phase of the daughter cell
U, but as the dynamics progress this decays and the system converges to a high value for the overlap with the stem cell cycle.
This transition takes multiple generations of the cell cycle and the system passes through an intermediate state with equal
overlap with both stem and daughter cell cycles where the two lines intersect. Only the envelope of the trajectories is shown, i.e.
the cycle phase, p(t) = 1 + (+ mod C), which the system is expected to be in. For both panels the same parameter values were
used as in figure 4.

The overlaps are normalized to have values in the interval [—1,1]. An overlap of mp, =1 (or —1) means the system is fully
correlated (or anti-correlated) with the cell type (L, in the cell cycle phase p, whereas mp,, = 0 implies that they are completely
uncorrelated. The same is true for the stem cell cycle and corresponding values of m,.

In figure 4 we plot the numerical solutions of (13) and (14) when the system is initialised in a daughter cell cycle, at a low
noise level, T = 1072, Peaks of the dashed line correspond to the system transitioning through the states with a high overlap
with the daughter cell cycle phases m,,. Similarly peaks in the solid line correspond to the overlaps with different phases of the
stem cell cycle, m,.

Because of correlations between the patterns of the cycle states of stem and daughter cells, one observes non-zero mutual
overlaps between them. Specifically, if the system is in a (perfect) daughter cell state, n; = nip # the overlap with the
corresponding stem cell state is

p_p P np
mp(n(t) =nPH) = <a;1(1 76;,) np“> = CO\;EZ“;Z] ] . (18)

Conversely if the system is in a stem cell state, n; = nf , the overlap with the daughter cell state nip His

B B r’PIJ — gPH B cov [np7npl~‘]
mPﬂ(n(t>—np)— <ap”(1_ap”)77p - Var[npﬂ] .

The peaks corresponding to the phase p = 2 in, figure 4, are higher, than those corresponding to the other two phases, because
the gene activity in this phase was chosen to have a higher covariance, hence a higher value of the overlap (18), between the
stem and daughter cells. The other two phases have identical gene activities, hence they have identical overlaps. The initial
value of m, (n(0)) in figure 4 was determined using (18).

(19)

Noise induced switching

At a low noise level, if the system is initialised in a daughter cell it will transition along that cell cycle indefinitely. However, as
T is increased above some critical value the noise will take the system away from the daughter cell and it will fall into the
attractor corresponding to the stem cell cycle. If the noise is then reduced to a sufficiently low level, the system will become
fully correlated with the stem cell cycle. The noise induced transition from the daughter cell cycle to the stem cell cycle is
shown in the left panel of figure 5, for a value of the temperature 7" at which the daughter cell cycle is no longer stable. Monte
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Figure 6. (Colour online.) Steady state solutions of (13) and (14), showing the overlaps with stem and daughter cell cycle
stages (mp and my, respectively) as a function of noise, T'. The dashed and solid lines correspond to the daughter and stem cell
cycle overlaps respectively. At low T the phases of the stem cell cycle that have the same activity result in identical overlaps
mpy. However, as T increases the overlaps for each phase of the daughter and stem cell cycles become distinguishable, before
reconverging at critical 7. Above this critical 7', the stem cell cycle is retrieved and all m, (n) collapse into a single curve,
whilst the p = 1 and 3 curves of m, (n) recombine. At sufficiently high values of the overlap, the system becomes
uncorrelated with all cell cycles. The same parameter values were used as in figure 4.

Carlo simulations of the dynamics for N = 25,000 confirm the validity of our analytic solution formulated in terms of the
macroscopic dynamic order parameters in (13) and (14) - right panel of figure 5. In this figure we do not plot all time dependent
overlaps as in figure 4 but only the “envelope™ of the overlaps defined as the overlaps m ;) and my (), with the expected cycle
state, given by p(t) =1+ (¢ mod C).

The de-differentiation transition takes multiple time steps before a steady state is reached, where the system is in the
stem cell cycle attractor. This kind of dynamics is in line with that seen in reprogramming experiments, which take multiple
generations of the cell cycle before the iPSCs strongly resemble embryonic stem cells 4],

If, however, the noise level is too high the system quickly loses any correlation with all cell cycles - i.e. all the overlaps
become zero. To find the range of noise levels over which it is possible to retrieve the stem cell from the daughter cell cycle one
can investigate the stability of the solutions of (13) and (14). Alternatively, we carried out the following numerical experiment:
the noise level, T, was incremented from zero and at each T the equations of motion were solved numerically, the steady
state values of the overlaps (m, ;) and my;),) which the dynamics converged to were then recorded. Theses steady state
values are plotted against the corresponding noise level in figure 6. It is clear that above some critical T reprogramming via
de-differentiation to the stem cell occurs due to the noise in the system. The value of this critical T will depend on a”, a”* and

P

Direct perturbations

The noise induced de-differentiation is different from reprogramming experiments, in which the de-differentiation is due to
a direct perturbation using factors that are common to embryonic stem cells (i.e. the Yamanaka factors). Such a directed
perturbation can be modelled in our system by introducing an extra contribution A;(¢) to the local field, which pushes the system
in the direction of the stem cell cycle, and has the form

(1) = k(P =P VY impy (1)ci. (20)

Here k is the strength of the perturbation, p is the stage of the cycle to which the perturbation is applied, and ¢; is a logical
variable representing whether or not the perturbation is applied to gene i (c; = 1 with probability ¢, and 0 otherwise).

Since one of the phases of the cell cycle is more similar across different cell types, it is an obvious target for perturbations
when attempting to reprogramme a cell. The perturbations should be applied just prior to the most similar phase so as to only
minimally disrupt the progression of the cell cycle. So choosing p as the cycle phase prior to the maximally similar one, is
expected to be the optimal reprogramming protocol at a given temperature.
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Figure 7. (Colour online.) Steady state stem and daughter cell cycle overlaps, m, and m,,,, versus the fraction of genes to
which a perturbation of the form (20) is applied to, g. Here, the perturbations are applied prior to the most similar phase

(p = 1). The system was kept at a low noise level of T = 0.01, whilst all other parameter values are the same as in figure 4.
The dashed and solid lines correspond to the daughter and stem cell cycle overlaps respectively. At low g the phases of the stem
cell cycle that have the same activity result in identical overlaps m,,. However, as g increases the overlaps for each phase of
the daughter and stem cell cycles become distinguishable, before reconverging at critical g. Above the critical value of g the
stem cell cycle is retrieved and the overlaps for all stem cell phases become identical, whereas overlap with the p = 2 phase of
the daughter cell remains separate from the overlaps for the other phases of the daughter cell cycle.

In figure 7 we are carrying out the same numerical experiment as in figure 6, except the probability, ¢, that a perturbation is
applied, is incremented rather than the noise level, 7. This experiment shows that de-differentiation is possible with a directed
perturbation even at low noise levels where the daughter cell cycles are stable. The retrieval of stem cell cycle is only possible
above some critical value of the fraction of perturbed genes, that we call the reprogramming threshold, g,. Because the p =2
cell cycle stage is more similar across different cell types, perturbations applied to p = 1 should have a lower g, value compared
with perturbations applied to other phases, i.e. p =2 or p = 3. This is indeed borne out by the theory.

Increasing the noise level towards the critical T required for noise induced de-differentiation can dramatically change g,
see figure 8. The critical value g, has a non-monotonic dependence on the noise level, 7. This is a direct result of the non-linear
nature of the system and the dependence of the perturbation (19) on the dynamical order parameters mp,. As expected the
p = 1 perturbations have the lowest g, values at any given 7. This is because the p = 2 phase was made to exhibit the largest
degree of mutual similarity among cell types, due to a decreased activity in this phase. The fact that the p = 3 perturbations
have a lower g, than the p = 2 perturbations follows from the Hamming distance between the state in which the perturbation is
applied and the stem cell state targeted by that perturbation, which is smaller for a perturbation applied in the 3u state than for
a perturbation applied in the 2u state. That is, d[n°*,n'] < d[n?*,n?], where the normalized Hamming distance between
states is defined as

1

pu pp+1] _ L
d[n?* 0?7 = &

nft—nf. @b

™=

Hence a higher fraction of genes need to be perturbed to achieve de-differentiation using p = 2 compared with p = 3.

We have also looked at a case where perturbations of the form (20) are acting during multiple stages of the cell cycle in the
reprogramming experiments. For example, during the most similar phase and the one prior to it. In this case the effects of each
perturbation are combined and ¢, may decrease compared to applying perturbations to a single phase - right panel of figure 8.

The critical fraction &(0.1) of genes that need to be perturbed to reprogramme a cell, at low 7, may initially seem much
greater than the four Yamanaka factors introduced in the reprogramming experiments (see figure 7). However, this order of
magnitude is actually in line with the experimental results, as can be seen by considering the following argument. From the
20 — 25,000 genes in the human genome only around 10% are responsible for synthesising transcription factors [>*3%31 This
imbalance in numbers requires each transcription factor to interact with many more genes than is needed to synthesise it on
average. If we consider the interactions between genes and transcription factors as a bipartite graph (see figure 9), then the TFs
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Figure 8. (Colour online.) The fraction, g,, of genes that a perturbation of the form 20 is applied to in order to retrieve the
stem cell cycle versus noise levels, 7', increasingly close to that required for the noise induced switching (see figure 6). The
different curves represent different p protocols for the perturbations. For each protocol a perturbation strength £ = 1 was used,
whilst all other parameter values used are the same as in figure 4. The relative g, values at a give T can be explained in terms of
the Hamming distances between the states involved in the perturbation (P* and nP*1!). As this distance increases so does g,.
As expected p = 1 is the most efficient perturbation for a single target phase - left panel. For the perturbations applied to two
phases (p = 1 and 2) - right panel - the perturbations were applied to each phase with an equal probability g,.

have on average an out-degree of ¢(100) and the genes have an average in-degree of ¢'(10) to ensure that there is a conservation
in the number of interactions. These numbers agree with the median in- and out-degrees for genes and transcription factors
found form a computational analysis of the human gene regulatory network [*?]. Assuming each regulatory gene contributes to
the synthesis of a single transcription factor, then perturbing 10% of the regulatory genes equates to perturbing roughly 250
genes, which could be achieved by perturbing just 2-3 transcription factors. Thus the fraction g, = ¢/(0.1) of perturbed gene
expression levels is perfectly in line with the number of transcription factors used to achieve pluripotency in reprogramming
experiments.

Summary

In this paper we presented a general (minimal) model for cell reprogramming as transitions between attractors of a dynamical
system. The principles of the model are derived from a set of key facts concerning cell chemistry, which suggest that cell types,
and their associated cell cycles, can be considered as attractors of the dynamics of interacting gene expression levels. The
specific form of gene interactions used to achieve this goal is inspired by combining two strands of neural network modelling
(i) storage of (limit) cycles and (if) storage of hierarchically organised attractors.

This paper is intended to provide a proof of concept of this type of modelling approach. We thus decided to investigate the
simplest possible hierarchy of cell types that allows us to test our approach, viz. a two-level hierarchy consisting of the stem
cell and a single layer of differentiated cells derived from it. Furthermore, we chose to consider only interactions between pairs
of binary gene expression levels.

In the present study we show that cell reprogramming is possible using either an undirected approach, which consists of
increasing the noise level in the dynamics, or an approach that relies on direct perturbations between specific phases of the cell
cycle. Two key non-trivial results appear from our model. Firstly, it takes multiple generations of the cell cycle for a progenitor
to be reprogrammed to a stem cell, as it transitions through intermediate states which show similarity with both the initial and
final state. Also, a finite fraction of gene expression levels need to be perturbed in order to reprogramme a cell.

We assume that there are states in the cell cycle where mutual similarity in gene expression levels between different cell
types is large. These stages of the cell cycle are then natural targets for perturbations to induce changes in cell type. The
fraction of genes that need to be perturbed in order to reprogramme a cell depends on the stage of the cell cycle to which the
perturbations are applied, as well as the noise level of the system. At low noise levels, this number was much larger than that
required in the Yamanaka reprogramming experiments, though we found it to decrease substantially with increasing noise
levels. The “true” noise level of a cell is difficult to quantify, but our model allows for reprogramming in both low and high

1217



Genes TFs

Regulatory

Figure 9. (Colour online.) A bipartite graph representing the interactions between genes and transcription factors (TFs). The
number of TFs scales as P = oeN where o < 1. For conservation, the sum of in-degrees of all genes must equal the sum of
out-degrees for all TFs. The number of genes that a TF regulates could then be an order of magnitude larger than the number of
TFs that interact with a given gene. Thus introducing a small number of TFs could have a significant effect on the gene
expression state of the network. Not all of the nodes and connections of the network are shown.

noise regimes.

As far as the authors are aware, gene expression levels in different levels of the cell potency hierarchy or in different phases
of the cell cycle are still not well characterized. In the present study we have used a scenario where gene expression levels in
differentiated cells are slightly lower than in a stem cell during the same phase of the cell cycle, and we have taken one of the
cycle phases to have lower levels of gene expression than the others (thereby increasing mutual similarities of different cells
during this cycle phase). We have checked that de-differentiation along the two different routes, noise induced and via directed
perturbations, does not depend on these specific choices, although details, such as critical thresholds for reprogramming, do
change as scenarios are modified.

There are some limitations to our modelling approach. Firstly, de-differentiation is modelled in terms of the entire genome
of a cell, whereas only a subset of gene expression levels could be responsible for cell fates and differentiation. Our model can
be adapted to consider only a sub-network of gene expression levels which are responsible for cell fates. In order to maintain
the large diversity of cell types, higher order interactions will be required to stabilise and store a large number of attractors M.
This is biologically reasonable, since proteins expressed from multiple genes can form complexes, which are transcription
factors, and genes can often require proteins binding to promoter sites and enhancer regions before the gene is expressed. Using
discrete time dynamics excludes the possibility of variability in gene expression levels in a given cell cycle phase. Therefore
any in-cycle dynamics is missed, such as any cell signalling cascades. Finally, we only use rough estimates for the average gene
expression levels in numerical experiments and simulations.

One possibility for extending our model would be to relax the choice of independent cell cycle states. Correlated cell
cycle phases can be incorporated into the two level hierarchy by changing the way in which the cell cycles are constructed in
the model. One could achieve this using a three level hierarchy to store all cell cycles, whilst maintaining the feature that all
descendants are a single differentiation from the stem cell cycle. In this situation the root of the hierarchy would be a template
of the stem cell expression levels, the second level would then be constructed from this and represent each stage of the stem cell
cycle. The newly included third level would consist of each daughter cell type branching off from the corresponding stem cell
cycle phase. Such a set up would then be analogous to a two level hierarchy for each cell cycle phase with correlations in the
gene expression levels along the cell cycles of each cell type.

In the future the authors hope to work on applying this model to real data in order to test its validity and aid in the design of
reprogramming protocols. However, since there is still much to be learnt about cell reprogramming and the decisions of cell
fates in developmental biology, the model has been presented here to encourage the discussion between experimentalists and
those from a more theoretical background (such as statistical physics, the field which inspires much of this work), because
clearly a mixture of these skills will be required in driving our understanding of cell fates and reprogramming forward.

13117



Competing interests: We declare we have no competing interests.

Funding: R.H. is supported by the EPSRC Centre for Doctoral Training in Cross-Disciplinary Approaches to Non-Equilibrium
Systems (CANES, EP/L015854/1).

Acknowledgements: The authors would like to thank Attila Csikdsz-Nagy and Ignacio Sancho-Martinez for the insightful
discussions during the formulation of the model.

Authors’ contributions: All authors conceived the model and designed the numerical experiments. R.H. performed the
numerical experiments and analysed the data. All authors wrote the paper.

References

1.

10.

11.

12.

13.

14.
15.

Gurdon, J. B. The Developmental Capacity of Nuclei taken from Intestinal Epithelium Cells of Feeding Tadpoles.
Development 10, 622640 (1962).

. Takahashi, K. ef al. Induction of Pluripotent Stem Cells from Mouse Embryonic and Adult Fibroblast Cultures by

Defined Factors. Cell 126, 663—676 (2006). URL http://linkinghub.elsevier.com/retrieve/pii/
S0092867406009767. DOI 10.1016/j.cell.2006.07.024.

. Takahashi, K. ef al. Induction of Pluripotent Stem Cells from Adult Human Fibroblasts by Defined Factors. Cell 131,

861-872 (2007). URL http://linkinghub.elsevier.com/retrieve/pii/S0092867407014717. DOI
10.1016/j.cell.2007.11.019.

. Hanna, J. et al. Direct cell reprogramming is a stochastic process amenable to acceleration. Nature 462, 595-601 (2009).

DOI 10.1038/nature08592.

. Vierbuchen, T. & Wernig, M. Molecular Roadblocks for Cellular Reprogramming. Mol. Cell 47, 827-838 (2012). URL

http://dx.doi.org/10.1016/3j.molcel.2012.09.008. DOI 10.1016/j.molcel.2012.09.008.

. Cherry, A. B. C. & Daley, G. Q. Reprogramming Cellular Identity for Regenerative Medicine. Cell 148, 1110-1122 (2012).

DOI 10.1016/j.cell.2012.02.031.

. Cherry, A. B. C. & Daley, G. Q. Reprogrammed cells for disease modeling and regenerative medicine.

Annu. Rev. Med. 64, 277-90 (2013). URL http://www.ncbi.nlm.nih.gov/pubmed/23327523http://
www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC3629705. DOI 10.1146/annurev-med-
050311-163324.

. Kanherkar, R. R., Bhatia-Dey, N., Makarev, E. & Csoka, A. B. Cellular reprogramming for understanding and treating

human disease. Front. Cell Dev. Biol. 2, 1-21 (2014). URL http://journal.frontiersin.org/article/10.
3389/fcell.2014.00067/abstract. DOI 10.3389/fcell.2014.00067.

. Takahashi, K. & Yamanaka, S. A developmental framework for induced pluripotency. Development 142, 3274-3285

(2015). URL http://www.ncbi.nlm.nih.gov/pubmed/26443632. DOI 10.1242/dev.114249.

Gilbert, S. F. Epigenetic Landscaping: Waddington’s Use of Cell Fate Bifurcation Diagrams. Biol. Philos. 6, 135—154
(1991).

Huang, S., Eichler, G., Bar-Yam, Y. & Ingber, D. E. Cell Fates as High-Dimensional Attractor States of a Complex Gene
Regulatory Network. Phys. Rev. Lett. 94, 1-4 (2005). DOI 10.1103/PhysRevLett.94.128701.

Morris, R., Sancho-Martinez, 1., Sharpee, T. O. & Izpisua Belmonte, J. C. Mathematical approaches to modeling
development and reprogramming. Proc. Natl. Acad. Sci. 111, 5076-5082 (2014). URL http://www.pnas.org/
cgi/doi/10.1073/pnas.1317150111. DOI 10.1073/pnas.1317150111.

Herberg, M. & Roeder, I. Computational modelling of embryonic stem-cell fate control. Development 2250-2260 (2015).
DOI 10.1242/dev.116343.

Mazzarello, P. A unifying concept: the history of cell theory. Nat. Cell Biol. 1, E13-E15 (1999).

Johnson, K. A. & Goody, R. S. The Original Michaelis Constant: Translation of the 1913 Michaelis-Menten Paper.
Biochemistry 50, 8264-8269 (2011). DOI 10.1021/bi201284u.

14/17


http://linkinghub.elsevier.com/retrieve/pii/S0092867406009767
http://linkinghub.elsevier.com/retrieve/pii/S0092867406009767
http://linkinghub.elsevier.com/retrieve/pii/S0092867407014717
http://dx.doi.org/10.1016/j.molcel.2012.09.008
http://www.ncbi.nlm.nih.gov/pubmed/23327523 http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC3629705
http://www.ncbi.nlm.nih.gov/pubmed/23327523 http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC3629705
http://journal.frontiersin.org/article/10.3389/fcell.2014.00067/abstract
http://journal.frontiersin.org/article/10.3389/fcell.2014.00067/abstract
http://www.ncbi.nlm.nih.gov/pubmed/26443632
http://www.pnas.org/cgi/doi/10.1073/pnas.1317150111
http://www.pnas.org/cgi/doi/10.1073/pnas.1317150111

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.
30.
31.

32.

33.

Lang, A. H., Li, H., Collins, J. J. & Mehta, P. Epigenetic landscapes explain partially reprogrammed cells and identify key
reprogramming genes. PLoS Comput. Biol. 10, 1-13 (2014). DOI 10.1371/journal.pcbi.1003734. 1211 .3133.

Bos, S., Kiihn, R. & van Hemmen, J. L. Martingale approach to neural networks with hierarchically structured information.
Zeitschrift fiir Phys. B Condens. Matter 71, 261-271 (1988). URL http://link.springer.com/10.1007/
BF01312798. DOI 10.1007/BF01312798.

Ly, T. et al. A proteomic chronology of gene expression through the cell cycle in human myeloid leukemia cells. Elife 3,
1-36 (2014). DOI 10.7554/eLite.01630.

Cho, R. J. et al. A Genome-Wide Transcriptional Analysis of the Mitotic Cell Cycle. Mol. Cell 2, 65-73 (1998).
URL http://linkinghub.elsevier.com/retrieve/pii/S1097276500801148. DOI 10.1016/S1097-
2765(00)80114-8.

Artyomov, M. N., Meissner, A. & Chakraborty, A. K. A Model for Genetic and Epigenetic Regulatory Networks
Identifies Rare Pathways for Transcription Factor Induced Pluripotency. PLoS Comput. Biol. 6, e1000785 (2010). URL
http://dx.plos.org/10.1371/journal.pcbi.1000785. DOI 10.1371/journal.pcbi.1000785.

Hopfield, J. J. Neural networks and physical systems with emergent collective computational abilities. Proc. Natl.
Acad. Sci. U. S. A. 79, 2554-8 (1982). URL http://www.ncbi.nlm.nih.gov/pubmed/6953413http://
www . pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC346238.

Sompolinsky, H. & Kanter, I. Temporal Association in Asymmetric Neural Networks. Phys. Rev. Lett. 57, 2861-2864
(1986).

Gutfreund, H. & Mezard, M. Processing of Temporal Sequences in Neural Networks. Phys. Rev. Lett. 61, 235-238 (1988).
DOI 10.+e.

Cortes, C., Krogh, A. & Hertz, J. A. Hierarchical associative networks. J. Phys. A. Math. Gen.
20, 4449-4455 (1987). URL http://stacks.iop.org/0305-4470/20/i=13/a=044?key=crossref.
80669%9aldaecab67a0b36926ccfd4fobaa. DOI 10.1088/0305-4470/20/13/044.

Krogh, A. & Hertz, J. A. Mean-field analysis of hierarchical associative networks with *magnetisation’. J. Phys. A Math.
Gen 21, 2211-2224 (1988). URL http://iopscience.iop.org/0305-4470/21/9/033.

Parga, N. & Virasoro, M. A. The ultrametric organization of memories in a neural network. J. Phys. 47, 1857-1864 (1986).
URL https://hal.archives-ouvertes.fr/jpa-00210382. DOI 10.1051/jphys:0198600470110185700;,.

Ramskold, D., Wang, E. T., Burge, C. B., Sandberg, R. & Jensen, L. J. An Abundance of Ubiquitously Expressed Genes
Revealed by Tissue Transcriptome Sequence Data. PLoS Comput Biol 5, 1-11 (2009). DOI 10.1371/journal.pcbi.1000598.

Chambers, S. M. et al. Cell Stem Cell Resource Hematopoietic Fingerprints: An Expression Database of Stem Cells and
Their Progeny. Cell Stem Cell 1, 578-591 (2007). DOI 10.1016/j.stem.2007.10.003.

Lander, E. S. & et Al. Initial sequencing and analysis of the human genome. Nature 409, 860-921 (2001).
Venter, J. C. et al. The Sequence of the Human Genome. Science (80-. ). 291, 1304—1351 (2001).

Vaquerizas, J. M., Kummerfeld, S. K., Teichmann, S. A. & Luscombe, N. M. A census of human transcription fac-
tors: function, expression and evolution. Nat. Rev. Genet. 10, 252-263 (2009). URL http://www.ncbi.nlm.
nih.gov/pubmed/19274049. DOI 10.1038/nrg2538. /www.pubmedcentral.nih.gov/articlerender.
fcgi?artid=3006164{&}tool=pmcentrez{&}rendertype=abstract.

Narang, V. et al.  Automated Identification of Core Regulatory Genes in Human Gene Regulatory Net-
works.  PLoS Comput. Biol. 11, e¢1004504 (2015). URL http://www.ncbi.nlm.nih.gov/pubmed/
26393364http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC4578944. DOI
10.1371/journal.pcbi.1004504.

Coolen, A. C. C., Kuehn, R. & Sollich, P. Theory of Neural Information Processing Systems (Oxford University Press,
2005).

1517


1211.3133
http://link.springer.com/10.1007/BF01312798
http://link.springer.com/10.1007/BF01312798
http://linkinghub.elsevier.com/retrieve/pii/S1097276500801148
http://dx.plos.org/10.1371/journal.pcbi.1000785
http://www.ncbi.nlm.nih.gov/pubmed/6953413 http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC346238
http://www.ncbi.nlm.nih.gov/pubmed/6953413 http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC346238
http://stacks.iop.org/0305-4470/20/i=13/a=044?key=crossref.80669a1daea667a0b36926ccf44f6baa
http://stacks.iop.org/0305-4470/20/i=13/a=044?key=crossref.80669a1daea667a0b36926ccf44f6baa
http://iopscience.iop.org/0305-4470/21/9/033
https://hal.archives-ouvertes.fr/jpa-00210382
http://www.ncbi.nlm.nih.gov/pubmed/19274049
http://www.ncbi.nlm.nih.gov/pubmed/19274049
/www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3006164{&}tool=pmcentrez{&}rendertype=abstract.
/www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3006164{&}tool=pmcentrez{&}rendertype=abstract.
http://www.ncbi.nlm.nih.gov/pubmed/26393364 http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC4578944
http://www.ncbi.nlm.nih.gov/pubmed/26393364 http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC4578944

Differentiation transition matrices

To derive the daughter cell expression levels from the stem cells a transition matrix, W, was used. When W is applied
to the probability distribution of the a stem cell phase the result corresponds to the distribution of the daughter state, i.e.

o u
W 1 iap 1 iap u] . If we define the probability gene is switched on in the differentiation from the stem to daughter cell
as yPH, for the same activities in each cell cycle phase (a? = aP*), then we can define W as the following matrix.

P yPH PR

(A=r#)— =
W(n”“\n’)) = aPH yPH gP1 . (22)

I—(1—yPH)— 11—
aP 1 —aP

To have (22) defined as a transition matrix, its columns must sum to one and each element W (nP*|nf) € [0,1]. Since a” and
aPt € [0,1] by definition, we must obey the following constraint on y** for itself and (22) to be defined as probabilities,

aPH — gP
aPH

) 1—af
max [0, ] < y** < min {1, ] . (23)

aPH
Equations of motion

In each time step the state of the system is updated based on the field local fields of each site. That is, the expression level of
gene i, at time #, depends on the value of the field at time t — 1, i.e.

ni(t+1) = O h;(m(z)) — &(1)], (24

where O(x) is the Heaviside step function (®(x) = 0 for x < 0 and ©(x) = 1 for x > 0), and &;(¢) is thermal noise at the site i
(with P[&(f) < z] = % [1 +tanh(Bz/2))).
The expected value of site i can be obtained by averaging (24),

(ni(t+1)) =P[O[h;(m(t)) — &(1)] > 0] (25)
=P[&(t) < hi(m(1))] (26)
; [l—l-tanh(Bh’(lzn( >)>} . 27)

Then using the definitions of the dynamics order parameters (8) and (9), following expressions can be obtained, when the
N — oo limit is taken, by making use of the law of large numbers:

r?zp(t+1)—;<Mtanh<ﬁ};@)>>np!npu , (28)
mpu(t+1) = % <ZZ:(1a_”cEgup))t nh (ﬁhz( )>>np,npu ’ @

where (...)pe peu is shorthand for an average over the statistics of (correlated) stem and daughter cell expression levels
throughout their cycles,

ICT[ ) p<n”>ﬁ[ )3 W(n"“mf’)(...)H.

p=1[nPe{0,1} pu=1[nrre{o,1}

A more rigorous calculation to determine these equations of motion can be done by following the reasoning in Coolen et
all33,

Order parameters for specific cell cycle configurations

This appendix contains the calculation of the order parameters, m,(n(¢)) and mp, (n(t)), when the system is in different
generations of the cell hierarchy. First, m, (n(z)) when the system is in the daughter cell cycle configuration. Equation (8) can

be rewritten as follows by making use of the law of large numbers. (N — o) with n; = nf ®

_ P _qgP _
mp(n=nPH) = <a;’(1_c;p)77p“> . (30)
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If p # p then the daughter cell cycle phase is independent of the stem cell cycle phase and the expectation value factorises,
p_gP
~ o apuy_/ N —a pu 31
and mp(n = NP*) = 0 since (NP —aP) =0.
However, if p = p then (30) can be written as,

il

p_ P
ﬁp(nn"“)E[E[" nes

aP(1—aP)
_ nP—a P PH|P P
Zap )P );W(n InP)n
n
QPR (1 — PR P
aP(l—aP >, (32)

where E[x] and E[x|y] represents the expectation value of x and of x given y, respectively. Thus, provided a®* > 0 and y** < 1,
there is a non-zero value for the order parameter. This can be rewritten by noticing that the numerator is the covariance between
nP and nP* and the denominator is the variance of n?. Thus, for n; = n’* Vi,

cov [nP,nPH]

var [nP] (33)

”Nip(n:flﬁ”)z

Next, mp, (n(t)) when the system is in the stem cell cycle configuration. Following similar reasoning to the above, (9) can
be written as,

. 5 nP —au(m?)
—nP) — p
mp#(n—n )_ < aP”(l—aP”) 77 (34)
where again it is trivial that mp, = 0 due to independence if p # p.
For the case p = p,
. > NPt —au(m?) 5
—nP) = L RN TP pPH
mpu(n="1m )_E{E{apﬁ(l—al’”) n-n
_ _ PE _ g (nP)\W(nPH|nP
:anp(np)z(n u(M?))WnPknP) 35)

o @RIk

Then since }pp0 W(NPH|NP) = 1 and Y;,0u W(nPHnP)nPH = ay, (nP) by their definitions, mpy (n = NP) =0evenif p =p.

Thus, during any phase of the stem cell cycle all of the order parameters for each of the daughter cell cycle phases vanish.

Normalised Hamming distance

The normalised Hamming distance between two vectors X = (x1,x2...xy) and y = (y1,y2...yn) is defined as follows,

1 N
Y=g X il (36)

In the large N limit we can replace the sum over N using the law of large numbers to obtain,
dx,y] = (lyi —xil).- 37)
Thus, for the same phase of the cell cycle the Hamming distance between the stem and daughter cell cycles is given by,
d[npl-l’np] =aP —gPH +2yPHaPH’ (38)

where the averages were preformed over the conditional the joint probability distribution p(n?,nP*) = W(nP*|nP)p(nP).
Similarly the Hamming distance between a daughter cell cycle phase and the next phase of the stem cell cycle is given by,

d [npﬂvnp‘*‘l] — Pt _ Pl D aPR P , (39)
where the average was preformed over the joint probability, p(nP !, nP#) = p(nP*')p(nPH*) where the factorisation is due to

the independence between the different cell cycle phases.
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