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Abstract— The property of multicellular organisms that
allows cells with the same genetic code to maintain distinct
identities for the entire life of the organism is known
as epigenetic cell memory (ECM). Recently, chromatin
modifications and their effect on the DNA structure, that
is, the chromatin state, have appeared to have a key role
in ECM. Here, we conduct a stochastic analysis of a
chromatin modification circuit to determine the effect of
time scale separation among key constituent processes on
the extent to which the system can keep a stable steady
state in the face of noise. Specifically, from the full set of
reactions describing the system, we first obtain a reduced
circuit model and determine an analytical expression for
both the system stationary probability distribution and the
switching time between repressed and active chromatin
states. Then, we validate these analytical results with
stochastic simulations of the original full set of reactions.
Our results show that when the basal decay of all chro-
matin marks is sufficiently slower with respect to the
speed of auto and cross-catalysis and of the recruited
erasure of all the marks, the stationary distribution shows
bimodality, with two concentrated peaks in correspondence
of the active and repressed states, but biased towards the
repressed state. In accordance with these results, slower
basal decay increases the extent of memory of the active
and repressed states, suggesting, more broadly, a critical
design principle for long-term memory of gene expression
states.

I. INTRODUCTION

Epigenetic cell memory (ECM) is the property of
multicellular organisms through which cells with the
same genetic sequence can keep distinct identities, even
under the influence of noise, for the entire organism
life. In the last decade, multiple studies have shown how
the chromatin state, determined by histone modifications
and DNA methylation, has a key role in ECM [1], [2].

This is the reason why in this paper we analyze the dy-
namics of a chromatin modification circuit proposed in
[3], which includes both histone modifications and DNA
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methylation, with the aim to obtain a mechanistic under-
standing of the effect of the system’s kinetic parameters
on the memory of chromatin states. To this end, by
exploiting suitable time scale separation among the full
set of reactions, we first show that the reaction rate equa-
tions lead to a singular singularly perturbed system
[4]. This allows us to derive a one-dimensional reduced
model convenient for analytical study. In particular, with
this reduced model, we construct a one-dimensional
Markov chain and derive an expression for the stationary
distribution by exploiting detailed balance [5]. We then
determine the parameter regime that gives a bimodal
distribution with peaks at the active and repressed chro-
matin states. We further exploit first step analysis [6] to
analytically evaluate the extent of memory of the active
and repressed state. Finally, we validate the analytical
results through a computational study of the original
reaction model using Gillespie’s Stochastic Simulation
Algorithm (SSA) [7].

This paper is organized as follows. In Section 2,
we describe the chemical reaction model associated
with the chromatin modification circuit and write the
corresponding reaction rate equations. Then, in Section
3, we derive a one-dimensional reduced ODE model. In
Section 4, we analytically determine the properties of the
corresponding Markov chain and validate the obtained
results with a computational analysis of the original
system of reactions. Concluding remarks and discussion
are presented in Section 5.

II. CHROMATIN MODIFICATION CIRCUIT MODEL

The chromatin modification circuit reaction model
considered in this paper, shown in Fig. 1(a), was con-
structed in [3] based on known molecular interactions
from the literature. Here, we give a brief description of
the reaction model.

The chromatin modifications considered in the cir-
cuit are H3K9 methylation (H3K9me3), H3K4 methyla-
tion/acetylation (H3K4me3/ac) and DNA methylation.
The basic unit of the model is the nucleosome with
DNA wrapped around it, D, that can be modified with
H3K4me3/ac, D, DNA methylation, D}, H3K9me3,
DY, or both H3K9me3 and DNA methylation, DY,.
H3K4 methylation/acetylation are correlated with active
chromatin state, enabling gene expression [1]- [8], while
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Fig. 1: Reactions and diagram of the chromatin modification circuit. (a) Circuit reaction list. Each reaction is associated
with a number. The boxes contain sets of reactions associated with the establishment (dark color) and erasure (light color)
of activating (green) and repressive (red) marks, respectively. (b) Chromatin modification circuit diagram. Here, each arrow
corresponds to reactions in panel (a) associated with the same number and within the box of the same color.

H3K9me3 and DNA methylation are correlated with
repressed chromatin state [9]. The reaction model can
be graphically represented by the circuit of Fig. 1(b),
whose associated reactions are given in Fig. 1(a). More
precisely, the de novo establishment of the marks is
represented by reactions @, @, ®. Reactions @), @
describe the auto-catalysis (i.e., a histone mark recruits
writer enzymes of the same histone mark to nearby
modifiable nucleosomes), while reactions (2, (@3 de-
scribe the cross-catalysis, wherein DNA methylation and
repressive histone modification cooperate by recruiting
each other’s writer enzymes. Finally, basal erasure
and recruited erasure (i.e., activating and repressive
modifications recruit each other’s eraser enzymes) are
described by reactions @, B, @ and reactions ©®), @,
, @ respectively.

Now, defining the number of D, DF DE D, D as
Npa, NpR, NpR, NpF and np, let us derive the related
ordinary differential equation (ODE) model in terms
of the fractions D* = npa /Doy, DF = npr/Diots
Df = an/Dtot, D% = nD{"'z/DtOt and D
np/Diot, With Dyoy the total number of nucleosomes on
a gene of interest. This can be done by assuming that
Dyot is sufficiently large. Now, let us introduce Dy, =
Dyot/§2 where  is the reaction volume. Then, let us
define the normalized inputs: #f® R

R | R A_ AL, A R uio —1~_ u{%’Aﬂ2 N
usy+ugt and @ = ug +u?, with wily = kipo/karDiot

uf' = kiy/ (k3 Diot), usy = kiyo/ (ki Diot), uft =

ky [ (kg Dot ), ug kiyo/(kfyDiot), and u? =

kiy / (k4 Diot ). Furthermore, let us introduce the nondi-
mensional parameters o = kys/k4;, & = kyr/k3y and

o = Z—%j: « is the non-dimensional rate constant associ-
ated to auto-catalysis, and @, o’ are the non-dimensional
rate constants associated to cross-catalysis. Without loss
of generality, we consider these three parameters to have

the same order. Let us also define
CotkA Lk KRk
T kD © kA M TR M T A

with b = O(1) such that (§ + kB)/(6+k5) = bu
and 8 = O(1) such that (8 +k;)/(6 + k) = Bu.
Based on these definitions, u (u/) encapsulates the
asymmetry between the erasure rates of repressive hi-
stone modifications (DNA methylation) and activating
marks. Furthermore, since (§ + &%)/ (k4 Diot) = bep,
(6 + Kp)/(kfyDiot) = Bew's kE/ky = ue' and
ki Jki = p'e’, e (¢) is a parameter scaling the ratio
between the basal (recruited) erasure rate and the auto
or cross-catalysis rate of each modification. Considering
the normalized time 7 = tklemt, we can then write
the ODEs associated with the chromatin modification
circuit:

9 3

(D

dDF

= (@' + o (D3 + Diy))D + u(be +« D*) Dy



— (udp + (D3’ + Di5) + &(Di* + Di%)) Dt
— (4 (Be + £ D*))DF
dDF¥

== (@l + (D + D) + a(DF + D)) D

+ 4 (Be +€ DYDY,
— (uth + a/(Dé* + DY) + p(be + ejDA))Dg

dD _
= (ufh +a (Dz + D1%)) D3’ 2)
+ (usy + (D3 + Di%) + a(Di* + Dib)) Dy
— (4 (Be + € D*) + u(be + € D*)Df
iTD =u (55 +e ﬁA)D{% + u(be + & ﬁA)Df
=
+ (e +& (DI + D) +¢ (D5 + Dfy)) D™
— (a3 + (D5’ + Di}) + a(Df* + Di3))D
— (@ + o (D + DR) + u* + D*)D
ddD _ (ﬂA +DA)D

— (e + (DY + D) + € (D + Dfy)) D,
with initial conditions that respect D+ D4+ DT+ DF +
DE =1.

III. MODEL REDUCTION

Here, we exploit time scale separation among reac-
tions to reduce system (2). More precisely, we consider
e = ¢/, with ¢ = O(1), and ¢ as a small parameter
(i.e., erasure reactions much slower than auto and cross-
catalytic reactions). This assumption is supported by
experimental data showing that the chromatin modifi-
cations natural erasure processes are slow [10]. Before
showing that system (2), with ¢’ as a small parameter,
is singular singularly perturbed, we first introduce the
theorem used to obtain the reduction [4].

Let us start by defining the integral manifold of a
general dynamical system & d—z = f(z,t), with x € R,
as a smooth surface S in R" >< R such that any trajectory
of the system with at least one point in common with S
lies entirely on S [11]- [12]. Now, given z € R™ and
y2 € R”, let us consider the system

glj" = f1($,y2,t,€/)

. 3
€/y2 = f2($7y27t781)
and the matrix
oo fie h
Az, yo,t, e = §F | =(7" %) @
(b= ok o (o ) e

If A(z,y2,t,0) is singular on some subspace of
R™ x R™ x R, we say that system (3) is singular
singularly perturbed [4]. Then, considering x € R™,

t € R>g and introducing the matrix

B(x,(ﬁ(x,t),t,g/) _ 8f2(957¢a(;,t)7t,5 )’

let us introduce conditions B1-B3 [4]:

(&)

B1: f3(z,y2,t,0) = 0 has a smooth isolated root y, =
¢, t);

B2: the matrix A(z,ys=¢(z,t),t,e'=0) has an m-
dimensional kernel and m corresponding linearly inde-
pendent eigenvectors, and the matrix B(x, ¢(x,t),t,0)
has n eigenvalues \;(x,t) with negative real part;

B3: the functions f; and f, and the matrix A are
continuously differentiable (k + 2) times, with k& >
0 for some positive ¢ and p in the domain X =
{(@,y2.£,€")] lly2 — éla, )| < p,0 < &' < ep}.

Let us also rewrite system (3) in terms of the new
variables y1 = ya — ¢(x, t):

El‘ft = C(m7 t)yl + Fl(xvylat) + E,X(l', Y1, t, EI)

'y = Bz, )y + Fo(z,y1,t) + €'Y (z,y1,t,€), ©
in which
C(z,t) = fiy.(z, ¢(z,1),1,0),
B(z,t) = fay, (2, ¢(2,1),1,0),
Fi(z,y1,t) = fi(z,y1 + ¢(2,1),t,0) — C(z, )y1,
Fay(z,y2,t) = fa(z, 91 + ¢(,1),1,0) — Bz, t)y1,
e X(z,y1,t,€") = filz,y1 + o(z,1),t, &) @
= fi(z,y1 + ¢(z,1),t,0),
Y (z,y1,t,€") = fo(z,y1 + ¢(x,1),t,¢)
— fa(@,y1 + ¢(2,1),¢,0),

with F}, i = 1,2, such that ||F;(x,y1,t)|| = O(||y1][?)
and ¢ ~1F;(x,€'y,t) continuous in X [4]. Now, let us
introduce the following theorem:

Theorem 1 (Theorem 7.1 from [4]). If conditions B1-B3
hold, then there exists an €}, 0 < &} < &, such that, for
any €' € (0,&}), system (6) has a unique slow integral
manifold y; = 'h(x,t,&") exponentially attractive, and
the motion along this manifold is described by the
equation

i = X1 (z,1,€), )

with X1 (Z,t,e") = C(z,t)h(Z,t, ")+ X (Z,'h, t, ")+
e 1P (Z,€'h,t) and the function h(x,t,e') is k times
continuously differentiable with respect to x and t.

Then, for sufficiently small ¢/, since the slow integral
manifold is exponentially attractive, the behavior of the
original system (3) near the integral manifold can be
determined by studying the reduced system (8).

Now, before applying this theorem to system (2), let
us first introduce ¢ = ce and the new time variable
= !

T=rT€"t
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D fa3
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— & (c+ (DI + DI + (D + D)) D?,
12 = (ufy + o (D + Df3)) DY
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for = (@ + o/ (DF + DE))D + ¢ p(be + D*)DE,
— (uzp + (D5’ + Diy) + a(Df' + Diy)) Dy’
— (¢ 1 (Be+ D4))DY, (10)
for = (ad + a(DF + DI) + a(D + Di))D
+¢ 1 (Be+ DA) DYy
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Now, it is possible to verify that ¢(x) = (0,0,0), with
¢ defined as dope in ]il, and that matrix A, defined in
4), with D = DE = DIt =0 and ¢ =0 is equal to

022 Az
Alz) = (22 22 1
@=(g ) an

A ( 0 (aA+DA))
2,3 (“20+ (’+“)D 2) (“10+(’ D 5) 0 ’

) Ay A i 'DR
A3,3=( 22 21), A21=(,531+°‘?12R),
(43" +(a+a) Dy

A ( (u20+ a+a)D 0 )
2,2 ;-
—(uiy+e D) /)

A1 =(-(a +DA) (@l +al +(atat+a )DE)) .

The matrix (11) is singular, and this implies that
the system (9) is singular singularly perturbed [4],
[12]. Specifically, matrix A has two zero eigenvalues,
with two linearly independent eigenvectors associated to
them, and matrix B = 121373, with B defined in (5). When
no external inputs are applied (u? =uf'=u=0 and then
ﬂA:ug‘, ﬂf“zu{%, and ﬁ?zu%), matrix B has three
eigenvalues with negative real part if ufl, ufy uft > 1
with [ > 0. We can then apply Theorem 1 to reduce
our system. Let us first introduce the new variables

=D/e', DF = D /" and DF = DJt/¢" in (9):

/dDR ’ !~ — ~ — —

€ d; = (af + o (¢ DY + DIY)D + pu(be + D*) DT,
— (ubb + (e DF + D) + a(e DI + D)) DF
— ('t (Be + D4)) D
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+(c+ (¢ DF + DR) + (¢ DF + DE)D* (12)
_g-’—a(é‘: DQ +D12) +OC(E Dl +D12))D
THA (a DE +D12)—|—u +D*D

— (u(be + DA) + 1/ (Be + DA) D
dD — (@* + DMD
—(c+ (¢ D + D&) + (¢ DF + DE))DA.

Now, in order to find the slow integral manifold, let us
first determine the asymptotic expansion of D, D1 and
D

D = ho(D*, DB, &)
= hoo(D?*, D) + € hor (D*, D) + O((€)?),
DI = hy(D*, DB, ¢ (13)
— hio(D*, DB + & hit (DA, DR) + O((£)?),



DY = ho(D*, Db, <)
= hao(D?*, DY) + € hoy(D*, DE) + O((e)?).

Substituting (13) in the first three equations of (12), we
obtain

cls g Dy dD  ohy dDf,
dr oDA df ODE, dr
= (@ + a (¢ ha + DI))ho + p(be + D) DL,
— (Ul + a(e ha + DB + a(e hy + D))k
— (€ 1 (Be+ D)) by
Efdif — Ohs de Ohs dDﬁ{g)
dr oD4 dT ODE, d7
= (@5 + a(e ha + DB) + a(e by + DI ))ho (14)
+ 4 (Be+ DA)DE,
— (W + & (€ ho + DB + € p(be + DA))hs
E/di_o _ Bho df)_A Bho dD_{g)
dr oDA df ODE, dr
= ,u, (Be+ le)s,hl + p(be + le)sl ha
+(c+ (¢ hi + D) + (¢ ho + DI)) DA
- (3 + Oé(E’h2 +D1b) + O_C(EIhl + Di%))ho
— (@R + o (¢ ha + DR) + @* + D*)ho.

Now, in order to determine h;qg and h;;, withi = 0,1, 2,
we compare the right and left hand side of the equations
and we equate the terms multiplied by the same power of

¢, Since g 1’;;2 and ggﬁ are bounded for any 7 = 0,1, 2
( £ g g’}% ,E g{;g < 1fore sufficiently small), we then
12
obtain
(c+2DF%) D4
hoo =

aft + aDE +aDR +uall + o' DI + a4 + DA
(uf’ + o Dlz)h00+ﬂ(bC+D ) D%

h = —
10 ull + (a+a)DE
A (@§ + aDf + aD%)hoo + 1 (Be + DA) DE
0 ull + o' DR
o (t4(cb + D*)hao + i (Be + D*) o)
7 4l + aDE + aDE + alt + o/ DE + uA + DA
- (ﬁ{%'i‘albg)hm
n=-5 ==~ (15)
ugy + (o + @)D
~ (ahoo + a@hio + p (Be + D™))hao
ull + (a+ a)DE
hyy — (B2 + (0 + @) Dib)hor — (@' o + p(be + D*))hao

R "PR
ujp +a Dy

Then, by plugging into the last two ODEs of (12) the
asymptotic expansion of D, D{% and D§ (13) with the
expressions of h;y and h;1, ¢ = 0,1, 2, given in (15), we
obtain the reduced system:

d_A (6 26/ _g)(ﬁg ﬁ{% &_g) nA
D7 _ _((ex2e D)y +ur +abi) ) j
A + DA + af + uf + aDE

o [ (wlbe + ' DY (Be +€ DA)K (@' + DY) pr
a4 + DA + alt + alt + aDE '

dD% (e + 26 DE)(@d + al' + aDR) b4 a6
a4 + DA +af + aff + aDh

<<u<bs+s’DA>u’(ﬁa+e’DA)>K<u +DA>> b
- _ = _ _ 125
A + DA + af + af + aDE,

with & = o+ @+« and in which we re-introduce the
original time variable 7 = 7/¢’. The sum of the two
equations written above is equal to zero, implying that
DA+ DE = constant. Given the conservation law D+
DA +D+DR+DR 1 and given that D = &'D ~ 0,
DR = eDR ~ 0 and D = ¢/Df ~ 0 for small
e, DA + Dg can be set approximately equal to 1 for
sufficiently small values of . Now, if we multiply both
sides by Dtot(kEDwt) and define kA k o + k4
Ky = Eiyo + ki, ki = ki JrkWandkakMJr
k:M + k; Mo system (16) can be rewritten as follows:

pA _ 6+ KB+ KEDY) (@ + ky + by D)

ki + ki DA + k2, + ki, + kn DB

- (Kaim (Kiy + kg D)) D1

(0 + K+ 2kp DY) (kY + Ky + I%MD{E)DA
ki + kDA + k3, + kb, + ky DE,

(6 4 kit + 2kADR) (R, + kY + l%MD{g)DA

Dib = A A DA kL + ka DR 4
kW k]WD —+ kW + l{IW + k‘]%Dlz
O+ R+ EEDYG + by + kDY)
kfy + ki DA + k% + kily + kn DE
. (Kdim(kw + kMDA))DHa
. 7 _ 1 =
with Kgim = 5 0+kMDf’é R v v

reduced system can be associated with the following
chemical reactions:

DA Fam, pR - DR Fra, pA (18)

with reaction rate coefficients defined as

(6 + kp + 2kADIR) (K3 + Kl + kv DE)
k2 4 kA DA + k2, + kL, + kuDE

(6 + K + kED*)(8' + kr + ki D*)

kA + ki DA+ k2, + kL, + kuDE

- Kaim (kiy + kay D).

kar =

(19

kra =

IV. ANALYTICAL RESULTS

Since DE + D# =~ Dy,, we can represent the
chemical reaction system (18) with a one-dimensional
Markov chain, with the state © = npr € [0, Dot
Furthermore, for any state 2 € [0, Dyot|, we define the



rate )., associated with the transition x — x + 1, and
the rate v,, associated with the transition z — x — 1, as
follows:

N (e + 26’ 52 ) (RE + khy + Baca)

=A 1 (Dtot—=) ~R | =R | A4_=
ut + Dtot tuy +aDtot

" (Dot =)y’ " (Dgot —x)
_(Mbgﬂmwm >) 0)

— D — — — N
uA+(tot x)+’l,LR+’LLR+O( x
Dtot 2 1

(DtOt - $)7

Dtot
: x wW Q ( tot m))x

In this section, we use this one-dimensional Markov
chain to analytically compute the stationary distribution
and the duration of the memory of active or repressed
chromatin states as a function of the key parameters.
Then, we show via simulations that the theoretically
predicted trends are mirrored by the original chemical
reaction system. Let us start with the stationary proba-
bility distribution 7(x). Given that our Markov chain
is irreducible and reversible, we can exploit detailed
balance [5] and derive an analytical expression for 7 (z):

x k4 Ai—1
7(z) = Zli[l A;zlﬂ(o) = (1 " Z‘?to;_& W] ) A;l)) 21
= j= i=1 ",

for x € [1,Do]. Then, assuming that e # 0 and
e K 1’ ngl % < I—[?;cl’t %a V] € [laDtot - 1]
This means that, when ¢ < 1, we can approximate
Z]fz“g 7w(j) = 1 as follows:

1::§iwg) {gf([lkil>]wm>+ww>

=0 j=1 \i=1 i
Dtot X1
~ H “—7(0) + m(0) = 7(Dtot) + 7(0),

=1 i

from which, defining P = H?:“’f (Ni—1)/(7:), we obtain

= ifz=0
Te1(z) = ¢ 0 if  # 0, Dyot (22)
5 if & = Doy
with
(@ +af +ud + &) af + ufl

T @t af +uf + 1) u'bpeKp,, at ’3
Dm—1< 2(ﬂf+u§’+@D:0t) ) 29
. T Dror—d) - (Dot —1) ’

ot B R(a + B0

D tot

i=1

u{%ia, + u§0+(1a+6z)' From this
expression it is possible to notice that, if ¢ < 1, the
only states in which 7(z) is not approximately equal
to zero are the fully active state (r = 0) and the
fully repressed state (x = Dyot). This means that the

distribution is bimodal, with two modes in z = 0 and

in which Kp,,, =

0.4 08

e=0.15 u/—l

— = =0.1 = u =0.5
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Fig. 2: Effect of € and u' on the stationary probability
distribution. The stationary distribution 7 () obtained analyti-
cally, (21), related the circuit reaction model (18). The variable
T =npr € [0, Do), with & = Dyot (z = 0) corresponding
to the fuﬁy repressed (active) chromatin state. The parameter
values of each panel are listed in Table 1.

x = Dyot, and the probability to have the system in
one of the intermediate states is about zero (Fig. 2).
Furthermore, when ¢ — 0, P — 1, that is (Do) — 1
(Fig. 2). This result is consistent with the structural
asymmetry of the chromatin modification circuit towards
a repressed chromatin state (Fig. 1(b)). Overall, this
analysis suggests that when ¢ is small, a system starting
at x = Dy, or at z = 0 has a high probability to remain
at that state. This qualitatively indicates that € has a key
role in ECM and, when it is small, the memory of the
repressed and active chromatin state lasts a long time.

In order to make this statement mathematically pre-
cise, we analytically determine the temporal duration
of the memory of the fully repressed and fully active
chromatin states. Let us first introduce the definition
of time to memory loss: given i,j € [0,D¢ot] and
defining the hitting time of x = j starting from z = ¢
as t] := inf{t > 0 : z(t) = j, with 2(0) = ¢}, the time
to memory loss of the fully repressed chromatin state
can be defined as 73 = E(t{, ). Similarly, we can
define the time to memory loss of the active state as
7-(? tot — E(tOD“’t). Exploiting first step analysis [6], we
can compute the time to memory loss of the repressed
chromatin state and obtain the following expression:

0 TDyor -1 Pttt g 1
T — tot — 1 + 7 + 7
Dot VDot Z: Tz gé!
=1
Dot —1 , z—1 1
+ ol EE DD I P (24)
=2 Ve =1 T
1 — )\1)\2...A$ .
with r, = e and )\, and ~, as defined in
¢ A
20). Now, normalizing the time with respect to FarDiot
g p Q
A
(73, = 73, Mty and assuming € # 0, when

€ < 1, the normalized time to memory loss of the
repressed state can be approximated as

Dot —1
G GF
_0 R R
~—— |1 E — 25
TDtot ILL/JI 62 < + ) ) ( )

= gt(u)

¢
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Fig. 3: Computational analysis of the chromatin modification circuit in Fig. 1(a) using stochastic simulation algorithm
(SSA). (a) The stationary distribution for the chromatin modification circuit reaction model (Fig. 1(a),(b)). The parameter values

are listed in Table II. More precisely, in the left-side plots we have ¢’

=1, =0.32,0.16 and ;i = 0.75,0.4, and in the

right-side plots we have ¢’ = 0.4, ¢ = 0.25,0.12 and x = 0.75,0.4. Here, npa and npr = Npk +Npr +npr represent
the number of nucleosomes w1th activating and repressive marks, respectively. (b) The stauonary distribution for the chromatin
modification circuit varying &’. The parameter values are in Table II. In particular, ¢ = 0.32 and &’ = 1, 0.1. (c) Time trajectories

of npa and npr starting from the (npa,npr) =
i.e., fully repressed state, (right-side plots) for ¢

(50, 0), i.e., fully active state, (left-side plots) and (npa,npr) =
= 1 and different values of ¢. (d)ATime trajectories of npa and npr, as

(0,50),

described in (b), but with £ =04.In (c) and (d), the time is normalized (7 = t%”Dtot, with ) representing the reaction
volume). The parameter values related to (c) and (d) are listed in Table II.

with g7 an increasing function such that ¢g7(0) = 0,
G% and Gr functions independent of ¢, ,u/ and p.. We
exploited first step analysis also to determine the time
to memory loss of the active chromatin state, obtaining

Dot —1
T(]])tot _ Dtot 1 (1+ Z > 1

rz—1
1
1+ =11

Dot —1

>

with 7, = ;Dm”lth“tfz'“KDm“” Also in this case,
Dtot —1 Dot —2 Dot —
kD
normahzlng the time (7'D“’t (])3 ot M t‘”) and assum-

ing ¢ # 0, for ¢ < 1 the normalized tlme to memory
loss of the active state can be approximated as

G P g5 (i)

—Dtot A 2

~ 1 2

< + e >, 27
z=1

with ¢§ an increasing function such that ¢3(0) = 0

and G4 and G% functions independent of ¢, ,u/ and
. By studying the expressions of ﬂ%m and TDM it
is possible to notice that decreasing ¢ leads to higher

%lgm and TD“’t This implies that lower € extends the

memory of both the active and repressed chromatin
states. Furthermore, because of the structural asymmetry
of the chromatin modification circuit, 73 = O(1/¢?)
and 7)*** = O(1/¢), indicating that decreased ¢ extends
the memory of the repressed state much more than the
memory of the active state.

Now, let us determine the effect of 1 and u', the non-
dimensional parameters quantifying the asymmmetry
between the erasure rates of repressive and activating
chromatin modifications, on the cell memory. Studying
the expression of the stationary distribution in (22),
decreased 1 or u lead to higher 7«1 (Dyot) and lower
m«1(0), that is the stationary distribution shifts towards
the repressed state (Fig. 2). These results are consistent
with the trends with which p and // affect the time
to memory loss, that is, when ,u/ or i decrease, ?]%tot
increases, while 7 decreases.

V. SIMULATION RESULTS

In order to validate the trends obtained from analytical
predictions, which rely on a deterministic quasi-steady
state approximation [13], and to demonstrate the validity
of these results for a broader parameter range than



Param. Value Value Param. Value Value
left plot  right plot left plot right plot

wao 0.2 0.2 o 0.2 0.2

uUA 0 0 € 0.15, 0.1, 0.06  0.15

Uy 0.2 0.2 ¢ 0.1 0.1

up 0 0 b 1 1

ufzm) 0.2 0.2 I 1 1

u% 0 0 B 1 1

a 0.2 0.2 n 1 1,05, 0,1

a 0.2 0.2

TABLE I: Parameter values relative to the plots in Fig.2.

proposed in [4]. Then, we analytically determined the
stochastic behavior of the reduced system. Finally, we
validated and extended these analytical results via sim-
ulations of the original circuit reaction model (Fig.
1(a)). Our results showed that low ¢, and &’ sufficiently
larger than ¢, lead to a stationary distribution with two
concentrated peaks in the active and repressed chromatin
states and biased towards the repressed state. This bias
can be attributed to the cooperation and coexistence of
repressive histone modification and DNA methylation
that lead to a structural asymmetry of the chromatin
modification circuit towards the repressed state (Fig.
1(b)). Furthermore, low values of ul and p can make this
asymmetry even more pronounced (viceversa for large
// and p). In agreement with these results, our analysis
showed longer memory of the active and repressed
states, but more for the repressed state, for smaller values
of €, and longer repressed state memory and shorter
active state memory for lower values of ,u/ and y. Future
work will investigate how positive and negative tran-

Param. Value (h™!) Value (h—1) Value (h=!) Value (h~') Value (h ')
Fig.3(a) Fig.3(a) Fig.3(b) Fig.3(c) Fig.3(d)
left plots right plots

kito 35 35 35 35 35

ki 0 0 0 0 0

kivo 35 35 35 35 35

klly 0 0 0 0 0

Ko 35 35 35 35 35

chy 0 0 0 0 0

kS /1 1 1 1 1

0 84 6.25.3 8 84 6.25.3

kF“ 8,4 6.25,3 8 8,4 6.25,3

ka/Q 1 0.4 1,0.1 1 0.4

kv/Q 02 0.2 0.2 0.2 0.2

kv/Q 02 0.2 0.2 0.2 0.2

Ky /Q 02 0.2 0.2 0.2 0.2

kR 84 6.25,3 8 84 6.25,3

kRE/Q 1 0.4 1,0.1 1 0.4

5 6,3 (up. plots) 4.69,2.25 (up.plots) 6 6,3 4.69,2.25
3.2,1.6(low. plots)  2.5,1.2(low. plots)

k’T 6,3 (up. plots) 4.69,2.25 (up.plots) 6 6,3 4.69,2.25
3.2,1.6(Iow. plots)  2.5,1.2(low. plots)

kr/Q 07504 0.3,0.16 0.75,0.075 0.75 0.3

TABLE II: Parameter values relative to the plots in Fig.3.

¢ <« 1and € = ¢/, with ¢ = O(1), we employ the
stochastic simulation algorithm (SSA) [7] to compu-
tationally study the original chemical reaction system
(Fig. 1(a)). The effect of £ and ,u' on the stationary
distribution of the original system is in agreement with
what we obtained by studying the analytical expressions
of 7(x) provided in (21) (Fig. 3(a)). The parameter e
does not significantly alter the effect of €, u/, p on
the distribution. However, decreasing ¢ with respect
to € leads to a bimodal distribution with less concen-
trated peaks and, by decreasing &' even further, the
distribution becomes unimodal (Fig.3(b)). Furthermore,
in the regime in which the system displays a bimodal
distribution, the time trajectories show that lower ¢
leads to a reduction of transitions between the active
and repressed chromatin states, especially when starting
from the repressed state (Fig. 3(c),(d)), in agreement
with analytical findings.

VI. CONCLUDING REMARKS AND DISCUSSION

In this work, we considered a circuit including the
key interactions between histone modifications and DNA
methylation [3] to determine how the system’s param-
eters affect the memory of the active and repressed
chromatin states. To this end, we first showed that
system (2), with & as a small parameter, is singular
singularly perturbed and applied a reduction approach

scription factor-mediated autoregulation loops affect the
chromatin modification dynamics and thus epigenetic
cell memory.
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