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Based on the coherent feedforward transcription regulation loops in somatic cell reprogramming process, a stochastic
kinetic model is proposed to study the intrinsic fluctuations in the somatic cell reprogramming. The Fano factor formulas
of key genes expression level in the coherent feedforward transcription regulation loops are derived by using of Langevin
theory. It is found that the internal fluctuations of gene expression levels mainly depend on itself activation ratio and
degradation ratio. When the self-activation ratio (or self-degradation ratio) is increased, the Fano factor increases reaches a
maximum and then decreases. The susceptibility is used to measure the sensitivity of steady-state response to the variation
in systemic parameters. It is found that with the increase of the self-activation ratio (or self-degradation ratio), the suscep-
tibility of steady-state increases at first, it reaches a maximum, and it then decreases. The magnitude of the maximum is
increased with the increase of activated ratio by the upstream transcription factor.
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1. Introduction

Induced pluripotent stem cells (iPS cells) come from the
reprogramming of somatic cells via overexpression of four ex-
ogenous transcription factors Oct4, Sox2, Klf4, and c-Myc
(OSKM) in somatic cells.!') A large number of experiments
have demonstrated that the reprogramming process of somatic
cells includes early and late phases.>®! In the early phase, a
sequence molecular events takes place; for instance, the tran-
scriptional shift from differentiated status, the mesenchymal
to epithelial transition, the downregulation of lineage-specific
markers, and the upregulation of early pluripotency genes such
as alkaline phosphatase (AP) and embryonic surface marker
SSEA-1. In the late phase, the reprogramming process in-
cludes several genetic-related changes; for instance, the trans-
gene silencing, telomere elongation, X chromosome reactiva-
tion, erasure of epigenetic memory, and the activation of en-
dogenous pluripotency genes Nanog, Oct4 and Sox2 (NOS).
It was also found that the early phase is a stochastic (or prob-
abilistic) phase of genes activation after the somatic cell is in-
duced by exogenous OSKM factors, and the late phase is a
deterministic (or hierarchical) phase of gene activation.[”~!!]

To understand the behavior of induced pluripotency in the
reprogramming of somatic cells, Muraro et al.!'?! proposed a
kinetic model which includes the feedforward loop, cascade,
and AND gate gene regulatory network motifs. MacArthur
and Lemischka!'3! argued that the pluripotent state can be
amenable to analysis using the tools of statistical mechanics
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and information theory, and the pluripotent state is a statis-
tical property of stem cell populations. Morris ef al.!'*! in-
troduced mathematical approaches to help map the landscape
between cell states during reprogramming, it was found that
the exogenous OSKM expression can change potential barriers
between cell states and facilitate the transitions between cell
states. By using single cell transcript profiling and mathemat-
ical modeling, Chung et al.!">! found that reprogrammed cells
infected with exogenous OSKM follow two trajectories, and
the stochastic phase is an ordered probabilistic process with
independent gene specific dynamics.

The reprogramming process of somatic cells has two im-
portant properties: the first is the delay kinetic behavior, which
is a successively delayed activation of downstream factors
in the reprogramming process; and the second is the irre-
versible switch behavior, that is an irreversible switch from
the transgene-dependent phase to the transgene-independent
phase. Meanwhile, fluctuations are ubiquitous in various bi-
ological systems; for instance, the biochemical interaction
processes, 111 the gene regulatory networks,?*->?1 and the
neural signal systems, [>373% ezc. Although the stochastic mod-
els were proposed to understand the induced pluripotent stem
cell generation,!'”) most previous investigations of somatic
cell reprogramming process focused onto the dynamics of in-
duced pluripotency and its behaviors captured, and the intrin-
sic fluctuation of key genes expression level has not been in-
vestigated in the somatic cell reprogramming process.
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In this paper, based on the gene network motifs according
to the timeline of molecular events taking place during induced
pluripotency,'?! a kinetic model of coherent feedforward tran-
scription regulation loops is proposed to study the intrinsic
fluctuations and the sensitivity of response to variation in pa-
rameters in somatic cell reprogramming process. First, the for-
mulas of Fano factor for key gene expression level, a measure
of the relative size of the intrinsic fluctuations of gene expres-
sion level, are analytically derived from the kinetic model of
somatic cell reprogramming process around the steady-state.
By employing our Fano factor formulas, the effects of param-
eters (including the activated ratio by upstream transcription
factor, the self-activation ratio, and the self-degradation ratio)
on intrinsic fluctuations are discussed. It can be seen that our
theoretical results obtained by Langevin theory are coincident
with those obtained by the Gillespie algorithm. Second, sus-
ceptibility is used to measure the sensitivity of response to
variation in systemic parameters. Finally, we draw our con-
clusions.

:

Fig. 1. Scheme of coherent feedforward transcription regulation loops
in somatic cell reprogramming process. S denotes the exogenous
OSKM (Oct4, Sox2, Klf4, and c-Myc) factors, X represents the ear-
liest pluripotency genes (such as the AP), Y represents the pluripotency
genes (such as the SSEA-1), and Z denotes the endogenous pluripotency
genes (Nanog, Oct4, and Sox2).

intracellular

extracellular

2. Stochastic kinetics of somatic cell reprogram-
ming process

Based on the feedforward transcription regulation loops
in somatic cell reprogramming process,''>) we hypothesized
that the mechanisms of transcription regulation are governed
by Hill function form. In the deterministic description, the
time evolution of expression levels of three key genes in
the coherent feedforward transcription regulation loops (see
Fig. 1) can be given by following equations in the dimension-
less

dx ks, S" ax X"

= g T o PeX (1)
t msl+S my, +X

dy kx X" ayY"

g = nX+Xn nY_|_Yn _BYY7 (2)

my, ny,

g . kszS” kyY" I oz Z" 7ﬁ Z. (3)
dr — \mi +5 ) \mp +vn ) " mrzn TET

where S represents the exogenous OSKM factors, X, Y, and Z
denote the expression levels of key genes or markers during
the somatic reprogramming process, respectively.

In this kinetic model, parameters k; (i = S, Sz, X, Y)
represent the activated ratio by the upstream transcription fac-
tor, a; (i = X, Y, Z) are the self-activation ratio, B; (i = X,
Y, Z) are the self-degradation ratio, m; (i = Sy, S2, X1, Xo,
Y\, Y, Z) are the critical value of Hill function. For the sake
of simplicity, the other parameter values are set as S = 0.5,
Bx =By =Bz=0.5,ks1 =0.01, ksp =0.1, kx =0.1, ky = 0.1,
oax = 0.5, ay =0.5, oz = 0.6, mg; = 0.6, mgp = 0.6, myp =
0.6, my, = 0.6, myx; = 0.6, my; = 0.6, and mz = 0.6. Un-
der those parameter values, the kinetic model equations (1)—
(3) involved in comprising several feedforward loops can ex-
plain the observed properties (the delay kinetic and irreversible
switch behaviors) of reprogramming induced pluripotency by
exogenous OSKM factors. [1231]

To study the intrinsic fluctuation and susceptibility in the
somatic cell reprogramming process, the Hill coefficient 7 is
set as 1, then the steady-state (X°, Y, Z°) of kinetic model
Egs. (1)—(3) is obtained accordingly

(ki + ox — my, Bx) + \/4kimx, Bx + (ki + ax — my, Bx)?

0

= 2Bx ’
)

YO (ko + oy —my, By ) + /4kamy, By + (ko + oy —my, By )?

2By ’

)

Z0_ (ks + 0z —mzBz) + \/dksmz Bz + (k3 + oz — mzBz)? ©)

2B '
with
 ks,S kX0
1_m5|+S’ z_mX2+X0’

k—( ks,S )( kyY© >
T ms, +§ my, +Y0 )’

In the stochastic description, the kinetics of feedforward

transcription regulation loop is given by following Langevin
equations

dX  kg,S oxX

== — — BxX t 7
dt m51—|—S+mxl+X PxX +&x (1), )
dY kXX OtyY
= = —ByY t 8
dr mX2+X+my1+Y Br +5Y( )’ ®)
dz ks,S kyY 0zZ

— —BzZ t), 9
dr <m52+S) (my2+Y>+mZ+Z BzZ+&2(1), )

where the statistical properties of random variables &;(¢) (i =
X,Y, Z) at the steady-state (X 0 yo, ZO) can be derived accord-
ing to Refs. [32] and [33], the mean value of random variables
&i(r) (1=X,7Y, Z) satisfy

(&x (1)) = (&r (1)) = (&z (1)) = O,

and the correlation functions obey

10)

(xXXO

(Ex()éx (1)) =2 (Iq + M) 5(t—1), Ay

040503-2



Chin. Phys. B Vol. 28, No. 4 (2019) 040503

OCyYO , 0 kSZS kymy2
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It should be pointed out that the intensities of correlation i { (kl I oxX° ) iz I <k2 i oyY? ) ﬁ
functions are determined by the systemic parameters and the my, +X° ) ox? my, +Y0 ) dy?
steady-state (X9, Y0, Z0) of the kinetic model. 0770 \ 92
y-state (X, ', Z7) ) : + b+ —2 ) = PP(x,3,2,0). (17
The linearization of Langevin equations (7)—(9) around my+20 ) 9z
the steady-state (X°, Y°, Z0) leads to
dx axmy, To characterize the relative size of internal fluctuation around
— = o Bx )x+& (1), (14) ) 0 y0 0 b
dt (mX] +X0) the steady-state (X", Y, Z"), the Fano factor, which is defined
dy kxmy, aymy, by the variance normalized to the steady value of expression
ar ((mX2 +X0)2) . ((mYI +Y0)2 B ﬁy) Y levels of key genes, can be derived by using of the Fokker—
+& (1), (15)  Planck equation (17). Thus, the Fano factors of X, ¥, and Z
dz ks,S kymy, are given by
dr (ms2 +5) (my2 + Y0)2
Ozmgz Fr — Oxx _ Bx (18)
+ ((mZ+Z0)2_ﬁ>Z+§Z(t)’ (16) X7 X0 T By — oxmy, /(mx, +X0)2
herex=X—X°, y=Y—Y% andz =Z— Z°. =2 Br
W * Y . ‘ . . Y Yo By — aymy, [(my +Y0)2
The Fokker—Planck equation corresponding to Langevin ! 0‘ )
equations (14)—(16) can be written as + kxmy, /(myx, +X°) Oy (19
3P(x V.2 t) [BY — Qymy, /(mY1 +Y0)2]Y0
ot B= 2 Bz
‘9 { [ o B } }P( ) 2% By —ogmz/(mz+2°)
= —5_ T vV X X, 2,
ox | (my, +x02 1% ks /s, + ) llymys / my, £ Y0) -
J kxmy, Bz — ozmz/(mz +2°)?|2° 7
“ov) | e 2 x002 |
y (mxz +XY)
aymy where oxx, Oyy, and Oyzz are the variances of X, Y, and Z,
+ 717[3)’ y P(.X',y,Z,t) 1 - 1 :
(mYl + y0)2 respectively. Oxy, Oxz, and Oyz are the co-variances:
|
—kymy, /(mx, +X°)*
Oxy = Oxx, (21)
T e, (mx, +X0)2 = B + aymy, /(my, +¥0)2 = By
o _[kszs/(msz +S>] [kYmYz/<mY2 + Y0)2]
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[Otymyl /(my1 +Y0)2 - Br] + [ozmz [/ (mz +270)2 — Bz]
To study the relationship between steady-state and parameters, a susceptibility, which measures the sensitivity of a response
to variation in parameter A, is defined as

dln (M),

XA(<M>51)—‘ Ik = A 8<M>st

B ’ M)y 92

: (24)

where (M), = M° and M = X, Y, Z, which represents the steady value of key gene expression level given by Eqs. (4)—(6). For
the parameters o; and 3; (i = X, Y, Z), we have

0y _ |ox 9X? 0y _ o oY° 0, _ |0z 92"
%O!X(X )* X0 8ax ’ XOCY(Y )* yo 306)/ ) %az(z )* 70 (9062 ) (25)
0y _ |Bx 9X® 0y _ |Pror® 0y _ |Pz 972"
xﬁx(X )_ X() aBX ) xﬁy(Y )_ YO aBY ’ xﬁz(z )_ ZO aﬁZ ’ (26)
where
8)(0_1{ k""ax_m?ﬁﬁx } oY° —1[1+ k2+OCY—mY1ﬁY
dox 2By \/4k1mxlﬁx+(k1+ax—mxlﬁx)2 ’ doy 2Py \/4k2mylﬁy+(k2+ay—mylﬁy)2 ’
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3. Intrinsic fluctuation and susceptibility in somatic cell reprogramming process

Based on the timeline of the molecular events taking place during induced pluripotency, the stochastic kinetic model of
coherent feedforward transcription regulation loops is proposed to study the intrinsic fluctuations in the somatic cell reprogram-
ming. The Fano factor formulas of three key genes expression level were derived by using of Langevin theory in last section. It
is well-known that the Fano factor is independent of volume, and the open systems at thermodynamic equilibrium obey Poisson
statistics, and for those the Fano factor is always 1. The effects of different parameter values on the intrinsic fluctuations are

discussed below.

3.1. Effects of the activated ratio by upstream transcription factor on intrinsic noises

In the kinetic model of somatic cell reprogramming process, there are four activated ratios by upstream transcription factors;
i.e., the parameters kg1, ks», kx, and ky. The effects of those activation ratios on Fano factors are shown in Fig. 2.

Figure 2(a) shows that the internal fluctuations of the expression level of key genes (X, Y, and Z) are decreased with the
increasing of activated ratio kg; by exogenous OSKM factors (S). However, the internal fluctuation of expression levels of three
key genes are not observably changed with the increasing of activated ratios (ks» and ky) as shown in Fig. 2(b) and 2(d). It is
interesting that there is a minimum for the internal fluctuation of expression levels of gene Y when the activated ratio ky by
upstream transcription factor X is around 0.25 as shown in Fig. 2(c).

3 T T T 5 . . .

(a) — Fx (b) — Py
— Fy 4t — Fy
g of Fz | g Fz
nc +
Q Q 3_ .
= - e o o =
Q ® o p—a B 8 § = u = g
=1 2 ol _ o
r_g 1F 3 éj [o——e *
1f ]
0 L L 1 0 L L L
0 0.5 1.0 1.5 2.0 0 0.5 1.0 1.5 2.0
ks1 ks2
5 T T T 4 T T T
(C) — Fx (d) — Fx
4+ — Fy | 3 — Fy
3 Fz 5 Fz
% 3F B *5 | | | u | | ] ™ =
< e ® m = " m e £ ol 1
2 25{ / S A
£ e <
1t ]
1f ]
0 1 1 1 O L 1 1
0 0.5 1.0 1.5 2.0 0 0.5 1.0 1.5 2.0
kX kY

Fig. 2. Intrinsic noises of gene expression levels of key genes X, Y, and Z versus the activated ratios k; (i = kg1, ks2, X, Y) by upstream
transcription factors. The lines are the Fano factor from theoretical formulas Egs. (18)—(20), and the dots are the results of Fano factor
from the Gillespie algorithm with size parameter £2 = 3000.

3.2. Effects of the self-activation ratio and self-degradation ratio on intrinsic noises

There are three self-activation ratios, that is, ax for transcription factor X, ay for transcription factor Y, and ¢ for tran-
scription factor Z, the effects of those self-activation ratios on Fano factor of X, Y, and Z are shown in Fig. 3.
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. 5 . 5 .
—Fx (b) —Fx (c) — Fy
8 — Fy ] 5 47 — Fy ] £ A7 — Fy]
8 d 0
g FZ J 6 3t Fz_ '6 3 FZ
u; & P = = 5 =" & o m = " w mm
E / ‘m % 2/}\\‘\.._'_’_'_._ % 27 1
1 3 o) ; 1)
0 - - - 0 : : : 0 - - -
0 0.5 1.0 1.5 2.0 0 0.5 1.0 1.5 2.0 0 0.5 1.0 1.5 2.0
ax ay az

Fig. 3. Intrinsic noises of the expression levels of key genes X, Y, and Z versus the self-activation ratios o; (i =X, Y, Z). The lines are the
Fano factor from theoretical formulas Eqgs. (18)—(20), and the dots are the results of Fano factor from Gillespie algorithm with size parameter

Q = 3000.
6 5 T 10
o (a) (b) —Fy () —Fx
= w Ar —Fy ] = 8T o
o S} Y Q Fy
54 5 3l F s
o g 3 z s 6Ff Fy
had “ [t
3 lm = 5 © 8 = = mm
£, 2 2 T~ s 4] 2 4
s 2F ~i] < 3
:7" e . -
= 1 a 1/ 2f—o——o—o—o o—
0 . . . 0 . . . 0 . . .
0 0.5 1.0 1.5 2.0 0 0.5 1.0 1.5 2.0 0 0.5 1.0 1.5 2.0
Bx By Bz

Fig. 4. Intrinsic noises of expression levels of key genes X, Y, and Z versus the self-degradation ratios 3; (i = X, Y, Z). The lines are the Fano
factor from theoretical formulas Eqgs. (18)—(20), the dots are the results of Fano factor from Gillespie algorithm with size parameter 2 = 3000.

As the self-activation ratio ¢; (i = X, Y, Z) increases, fig-
ure 3 shows that the internal fluctuations of gene expression
levels (X,Y, and Z) mainly depend on itself activation ratio.
It is found that the Fano factor approaches one for low val-
ues of self-activation ratio, reaches a maximum when the self-
activation ratio is increased, and then decrease back to one for
high values of self-activation ratio. However, with the increase
of the self-activation ratio of X, the Fano factors of Y and Z de-
crease, and saturate to a plateau value; as shown in Fig. 3(a).
These results show that when the self-activation rate is very
high or very low, the intrinsic noise of key genes X, Y, and Z
approach the bare Poissonian limit (i.e., Fx = Fy = Fz = 1);
that is, the somatic cell reprogramming process induced by
exogenous OSKM factors is generally effective in attenuating
intrinsic noises of three key genes.

In the kinetic model of somatic cell reprogramming pro-
cess, there are three self-degradation ratio; i.e., the parameters
Bx, By, and B7. The effects of those self-degradation ratios on
Fano factors are shown in Fig. 4.

With the increasing of self-degradation ratio 3; (i = X,
Y, Z), figure 4 shows that the internal fluctuations of expres-
sion level of three key genes (X, Y, and Z) mainly depend
on itself self-degradation ratio. It can be found that the Fano
factor approaches one for low values of self-degradation ratio,
reaches a maximum when self-degradation ratio is increased,
and then decreases for high values of self-degradation ratio.
However, with the increasing of self-degradation ratio of X,
the Fano factor of Y increases, and saturates to a plateau value
as shown in Fig. 4(a). When the self-degradation rate is very

high or very low, these results show that the intrinsic noise of
key genes X, Y, and Z approach the bare Poissonian limit (i.e.,
Fx = Fy = Fz = 1); that is, the somatic cell reprogramming
process is generally effective in attenuating intrinsic noises of
three key genes.

In our kinetic model, S denotes the exogenous OSKM
(Oct4, Sox2, KIf4, and c-Myc) factors, X represents the ear-
liest pluripotency genes (such as the AP), Y represents the
pluripotency genes (such as the SSEA-1), and Z denotes the
endogenous pluripotency genes (Nanog, Oct4, and Sox2). The
delayed reprogramming dynamics and low efficiency proper-
ties can be explained by the genes regulation network structure
which is described by a cascade of genes regulation motifs. !
It has been demonstrated that the reprogramming process of
somatic cells includes early and late phases,>®! and a stochas-
tic model can predicts that most or all cells are competent for
the reprogramming process. ']

Although the early phase of reprogramming process is a
stochastic phase when the somatic cell is induced by exoge-
nous OSKM factors, figure 2 shows that, with the increasing of
activated ratio (e.g., ks1, ks2, kx, and ky), the intrinsic fluctu-
ation (i.e., the Fano factor) of downstream transcription factor
expression level is not observably affected by the activation
of upstream transcription factor. Figures 3 and 4 show that
the intrinsic fluctuations (i.e., the Fano factor) of three key
genes (i.e., the earliest pluripotency genes such as the AP, the
pluripotency genes such as the SSEA-1, and the endogenous
pluripotency genes (Nanog, Oct4, and Sox2)) expression level

are mainly determined by itself-activation ratio o; i =X, Y, Z)
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or itself-degradation ratio 3; (i = X, Y, Z), and there is a crit-
ical itself-activation ratio or itself-degradation ratio at which
the intrinsic fluctuation of expression level of transcription fac-
tor is maximum. These results imply that the intrinsic noise of
upstream transcription factor can not be transmitted to the ex-
pression of downstream transcription factor in the cascade of
genes regulation motifs, which might be the reason why the
reprogramming process is slow (or time delay dynamics) and
the reprogramming is inefficient during induced pluripotency
by exogenous OSKM factors when compared with cell fusion

nuclear reprogramming.

3.3. Sensitivity of response to variation in parameters

Susceptibility is used to measure the sensitivity of re-
sponse to variation in systemic parameters. Under different
activated ratio by upstream transcription factor, the variation
of self-activation or self-degradation ratios to the sensitivity of

steady-state is considered in following, respectively.

6 r
(a) — kg1 =0.01
— ks1=0.05
4t ks1=0.09 1

XaX(XO)

8 : : :
(b) — kg1 =0.01
6 L
=
= g4l
I«
<
2 L
O 1 1 1
0 0.5 1.0 1.5 2.0

Bx

Fig. 5. The susceptibility of steady value X° to variation in self-
activation and self-degradation ratios with different values of activated
ratio (kgs;) by upstream transcription factor.

Under different values of activated ratio kg; by exogenous
OSKM factors, the sensitivities of steady-state X response to
the variation in the self-activation and self-degradation ratios
are shown in Fig. 5. The susceptibility of X increases first,
reaches a maximum, and then decreases for large values of
self-activation ratio oy and self-degradation ratio By. It can
be found that the magnitude of maximum is increased with the
increasing of activated ratio kg; by exogenous OSKM factors.

Under different values of activated ratio kxy by up-

stream transcription factor X, the sensitivities of steady-state

Y? response to the variation in the self-activation and self-
degradation ratios are shown in Fig. 6, the susceptibility of
Y0 increases first, reaches a maximum, and then decreases for
large values of self-activation ratio oy and self-degradation ra-
tio By. It can be found that the magnitude of maximum is
increased as the activated ratio ky is increased by upstream
transcription factor X; however, the maximum of sensitivity
will disappear when the activated ratio ky is too large (e.g.,
kx =0.5).

3 . . .
(a) — kx=0.05
— kx=0.10
2} kx=0.50 -
b
=
3
= 4t .
0 1 1 1
0 0.5 1.0 1.5 2.0
ay
4 . . .
(b) — kx=0.05
S,
=
Rl
=
0 1 1 1
0 0.5 1.0 1.5 2.0

By

Fig. 6. The susceptibility of steady value Y° to variation in self-
activation and self-degradation ratios with different values of activated
ratio (kx) by upstream transcription factor.

Under different values of the activated ratio ky by the
upstream transcription factor Y and different activated ratios
ks> by exogenous OSKM factors, the sensitivities of steady-
state Z° response to the variation in the self-activation and
self-degradation ratios are shown in Fig. 7, respectively. The
susceptibility of 70 increases first, reaches a maximum, and
then decreases for large values of the self-activation ratio oz
and self-degradation ratio §z. It can be found that the magni-
tude of maximum is increased with as the activated ratio ky is
increased by upstream transcription factor Y (see Figs. 7(a)—
7(b)) and with the activated ratio ks» by exogenous OSKM
factors (see Figs. 7(c)-7(d)).

Figures 5-7 show that the susceptibility of steady-state
response to the variation in systemic parameters has a non-
monotonic behavior (seem as a resonant phenomenon). The
nonmonotonic behavior of susceptibility of steady-state re-
sponse to the variation in parameters implies that the repro-

gramming process of somatic cells can be triggered through
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forced expression of a set of transcription factors (i.e., the
earliest pluripotency genes such as the AP, the pluripotency
genes such as the SSEA-1, and the endogenous pluripotency
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genes (Nanog, Oct4, and Sox2)) under certain value of self-
activation (or the self-degradation ratios) of three key genes,

at which the susceptibility is maximum.
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Fig. 7. The susceptibility of steady value Z° to variation in parameters the self-activation and self-degradation ratios with different
values of activated ratios (kx and ks») by upstream transcription factor.

4. Discussion and conclusion

In this paper, a kinetic model of coherent feedforward
transcription regulation loops is proposed to study the intrin-
sic fluctuations and the sensitivity of response to variation in
parameters in somatic cell reprogramming process. The for-
mulas of Fano factor for three key gene expression level are
analytically derived from the kinetic model of the somatic cell
reprogramming process around steady-state. Susceptibility is
used to measure the sensitivity of response to variation in sys-
temic parameters.

It is found that the internal fluctuation of the expression
levels of three key genes are not observably changed with
the increasing of activated ratios (ks> and ky), and there is a
minimum for the internal fluctuation of the expression level
of gene Y when the activated ratio kx by the upstream tran-
scription factor X is around 0.25. As the self-activation ra-
tio (or self-degradation ratio) increases, the internal fluctua-
tions of the expression level of three key genes mainly depend
on the activation ratio and degradation ratio. The Fano fac-
tor approaches one for low values of the self-activation ra-
tio (or self-degradation ratio), reaches a maximum when the
self-activation ratio (or self-degradation ratio) is increased,
and then decreases for high values of self-activation ratio (or
self-degradation ratio). The theoretical results obtained by

Langevin theory are coincident with those obtained by the

Gillespie algorithm. Under a fixed activated ratio by the
upstream transcription factor, with as the self-activation ra-
tio (or self-degradation ratio) increases, the susceptibility of
steady-state increases at first, reaches a maximum, and then
decreases. The magnitude of maximum is increased with the
increasing of the activated ratio by the upstream transcription
factor.

The theoretical results of this paper imply that: (i) the
dynamics of coherent feedforward transcription regulation
loops! %311 can be used to explain the observed delay kinet-
ics and irreversible switch behavior of reprogramming induced
pluripotency by exogenous OSKM factors; (ii) the intrinsic
noise of upstream transcription factor can not be transmitted
to the expression of downstream transcription factor in the
cascade of genes regulation motifs; (iii) the susceptibility of
steady-state response to the variation in systemic parameters
has a nonmonotonic behavior, and the reprogramming process
of somatic cells might be triggered through forced expression
of a set of transcription factors. In fact, under certain circum-
stances, it was found that the amplification of low-level fluc-
tuations in transcriptional status may be sufficient to trigger
reactivation of the core pluripotency switch and reprogram-
ming to a pluripotent state.[*¥ Consequently, our results can
provide new insights into the roles of internal fluctuation and

susceptibility in the dynamics of induced pluripotency and the
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behaviors captured of somatic cell reprogramming.
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