JOURNAL OF COMPUTATIONAL BIOLOGY
Volume 21, Number 7, 2014

© Mary Ann Liebert, Inc.

Pp. 548-567

DOI: 10.1089/cmb.2014.0022

Stochastic Simulation of Notch Signaling Reveals
Novel Factors That Mediate the Differentiation
of Neural Stem Cells
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ABSTRACT

Notch signaling controls cell fate decisions and regulates multiple biological processes, such
as cell proliferation, differentiation, and apoptosis. Computational modeling of the deter-
ministic simulation of Notch signaling has provided important insight into the possible
molecular mechanisms that underlie the switch from the undifferentiated stem cell to the
differentiated cell. Here, we constructed a stochastic model of a Notch signaling model
containing Hesl, Notchl, RBP-Jk, Mashl, Hes6, and Delta. mRNA and protein were re-
presented as a discrete state, and 334 reactions were employed for each biochemical reaction
using a graphics processing unit-accelerated Gillespie scheme. We employed the tuning of
40 molecular mechanisms and revealed several potential mediators capable of enabling the
switch from cell stemness to differentiation. These effective mediators encompass different
aspects of cellular regulations, including the nuclear transport of Hesl, the degradation of
mRNA (Hes1 and Notchl) and protein (Notchl), the association between RBP-Jk and Notch
intracellular domain (NICD), and the cleavage efficiency of the NICD. These mechanisms
overlap with many modifiers that have only recently been discovered to modulate the Notch
signaling output, including microRNA action, ubiquitin-mediated proteolysis, and the
competitive binding of the RBP-Jk-DNA complex. Moreover, we identified the degradation
of Hesl mRNA and nuclear transport of Hesl as the dominant mechanisms that were
capable of abolishing the cell state transition induced by other molecular mechanisms.

Key words: biochemical networks, computational molecular biology, gene networks, stochastic
processes.

1. INTRODUCTION

OTCH SIGNALING IS RESPONSIBLE for cell fate determinations that enable biological processes, such as cell
differentiation, proliferation, and apoptosis. Notch signaling functions in virtually all developing organs in
the embryo and the adult (Artavanis-Tsakonas et al., 1999; Artavanis-Tsakonas and Muskavitch, 2010; Koch
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et al., 2013; Perdigoto and Bardin, 2013). Notch signaling is both simple in design and complex in function.
Upon Delta activation from the neighboring cell and proteolysis, the Notch intracellular domain (NICD) is
released into the nucleus. A complex consisting of NICD and RBP-Jk binds the promoter region of target genes,
which activates the gene expression of multiple genes, such as HesI, Notch, and RBP-Jk. The cells with high
Hes1 levels inhibit the expression of Hesl, Notch, RBP-Jk, and Ngn2, which maintains the stem cell state
(Kageyama et al., 2007; Kovall, 2007; Kovall and Blacklow, 2010). The signal transfer of Notch signaling is
linear, and no enzymatic amplification is involved. One NICD molecule released into the cytoplasm indicates
that one NICD molecule directly transferred into the nucleus. However, Notch signaling is pleiotropic and
confers ‘“‘context specificity’’ in different cell types and tissues. Recently, several pathways (e.g., Wnt, TGF-
beta, hypoxia, and RTK) crucial to development have been confirmed to cross talk with Notch signaling,
creating ‘‘context specificity’”” (Andersson et al., 2011; Borggrefe and Liefke, 2012; Guruharsha et al., 2012).

The computational modeling of Notch signaling is an active field of research and aims to understand the
circuit design principle of Notch signaling. Briefly, Julian Lewis and associates demonstrated that Hes!
feedback inhibition, transcription delay, and translation delay enable the oscillation of her genes (Lewis,
2003; Lewis et al., 2009). Barrio et al. (2006) also introduced the transcription and translation delays in
hesl gene and showed that the delays are essential to the sustained oscillation. Monk (2003) showed that, in
the autoinhibition feedback network of Hesl, p53, and NF-kappaB, the oscillation period is largely de-
termined by the decay rate of mRNA and protein but not by the transcription and translation rate. In somite
development, Cinquin (2007) used a mathematical model to first suggest the role of positional information
of repressor dimerization (herl/her7 and herl3.2) in the generation of the spatiotemporal pattern of gene
expression. Campanelli and Gedeon (2010) suggested that the protein degradation rate of the her7
homodimer must be different from the her7-heri3.2 heterodimer to initiate a somitogenesis clock-wave.
Collier et al. (1996) built a simplified multiple cell mathematical model to simulate contact-mediated lateral
inhibition, demonstrating that the feedback loop is sufficient to generate fine-grained patterns observed in
living systems. Sprinzak and colleagues (Shaya and Sprinzak, 2011; Sprinzak et al., 2010, 2011) found that
the cis-inhibition of Notch by Delta generates an ultrasensitive switch between two cell states (high or low
Notch). Moreover, by using the multiple cell model, cis-inhibition was demonstrated to accelerate the
patterning dynamics without transcription-mediated feedback (Sprinzak et al., 2011). More specifically,
computer modeling of the differentiation of neural stem cells has recently received attention (Shimojo
et al., 2008, 2011; Kageyama et al., 2009, 2010; Kobayashi et al., 2009). Agrawal et al. (2009) constructed
a complicated gene regulatory network (GRN) containing Notch, Hesl, and RBP-Jk and found that the
transcriptional repression constant of Hes/ switches the model system from a bistable state to an oscillation
state. Furthermore, the stochastic model of GRN was established and proved to be able to recapitulate the
bistability caused by changes in the Delta signal. Kiparissides et al. (2011) included Hes6 and Mashl based
on the Agrawal et al. (2009) model and used deterministic equations to conclude that the degradation of
Hesl and Mashl mRNA as well as the dissociation constant of Mashl-E47 heterodimers mediate the
transition from stem cell to differentiated cell.

The stochastic model of GRN has long been believed to capture the reality of the dynamics of a
biological system (Wilkinson, 2009, 2012). Inference based on a deterministic model of the Notch sig-
naling, GRN can be tested in a stochastic model of the GRN. Here, by extending the work by Agrawal et al.
(2009), we demonstrated that the graphics processing unit (GPU)-accelerated simulation of a Notch sig-
naling GRN stochastic model in the neural stem cell recapitulates the stem cell state and its transition to the
differentiated state by varying Delta signals. By employing both a constant and pulsating Delta, we
discovered that several previously unknown molecular mechanisms contribute to the transition from the
stem cell to the differentiated cell. We related this finding to the current understanding of the molecular
modifiers capable of modulating the Notch signaling output based on the experimental data. Moreover, we
also identified the dominant mechanism that, when changed counterproductively, potentially abolishes the
differentiation process despite the productive change of other mechanisms.

2. METHODS
2.1. Description of the Notch signaling GRN

The Notch signaling gene regulatory model (Fig. 1) is adapted from Agrawal et al. (2009) with the
addition of the Mashl and Hes6 genes. The reaction network is shown in Supplementary Table S1
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FIG. 1. Notch signaling gene regulatory network.
Notchl-RBP-Jk-Hesl-Mashl-Hes6 network model.
— indicates activation. —| indicates repression.
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(Supplementary Data are available online at www.liebertpub.com/cmb). In a cell without input Delta
activation, the important features of the Notch GRN are as follows:

1. The gene expression of Hesl is repressed by Hesl itself and RBP-Jk.
2. The gene expression of RBP-Jk is inhibited by itself and Hesl.
3. The gene expression of Notch is also inhibited by Hesl and RBP-Jk.

Upon an input Delta signal, the important features of the Notch GRN include the following:

1. Notch binding with Delta leads to the release of NICD.

2. The nuclear NICD and RBP-Jk protein complex activates the gene expression of Hesl, RBP-Jk, and
Notch.

. The gene expression of Mashl is inhibited by Hesl but is activated by Mashl itself.

4. The gene expression of Heso6 is activated by Mashl.

(O8]

2.2. The promoter structure

The control of the gene transcription of the Notch signaling GRN occurs via the binding sites in the
promoter of these genes (Fig. 2). Three Hes1 binding sites (Nbox) (Takebayashi et al., 1994) and two RBP-
Jk binding sites (Brou et al., 1994; Jarriault et al., 1995) were found in the promoter of the Hesl gene
(Takebayashi et al., 1994; Jarriault et al., 1995; Giot et al., 2003). According to a previous study (Agrawal
et al., 2009), promoter analysis and experiments suggested that one Hes1 binding site (Nbox) and two RBP-
Jk binding sites were present in the Notch gene promoter. Promoter sequence analysis also suggested three
Hes1 binding sites (Nbox), and three RBP-Jk binding sites were present in the RBP-Jk gene promoter
(Amakawa et al.,, 1993). Promoter sequence analysis (Transfac) (Wingender, 2008) and experiments
suggested that one Hes1 binding site (Nbox) (Chen et al., 1997) and one Mash1 binding site (Ebox) were
present in the Mashl gene promoter. Promoter sequence analysis suggested that three Mash1 binding sites
(Ebox) (Scheffer et al., 2007) were present in the Hes6 gene promoter.

2.3. Transcription activation

The promoter activation magnitude (i.e., the rate of mRNA synthesis) was modeled by BEWARE
(Gilman and Arkin, 2002; Lai et al., 2004) by following the protocol in Agrawal et al. (2009).
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2.4. Delay of RNA transcription and protein translation

The introduction of the transcription and translation delays in the stochastic simulation were im-
plemented before (Barrio et al., 2006). Both transcription and translation reactions have a delay period
before the start of the reaction, and the calculation of the delay time followed the protocol in Agrawal et al.
(2009).

2.5. Dimerization description

In the ““dimer-cloud” theory, the stability of the Hes proteins was controlled by all dimer combinations
(Fig. 3) (Schroter et al., 2012). Dimeric Hes1 bound to the Nbox to inhibit gene expression (Kageyama et
al., 2007). We postulated that Hes6 forms a dimer and could alleviate the inhibition of Hesl by forming a
Hes1-Hes6 heterodimer (Bae et al., 2000; Koyano-Nakagawa et al., 2000; Kageyama et al., 2009). We also
postulated that Hes1 forms a Hes1-Mashl heterodimer to inhibit the transactivation ability of Mashl.

2.6. The stochastic simulation algorithm scheme for the Notch signaling network

We employed the Gillespie scheme for stochastic simulation and implemented the scheme in the C
language (Agrawal et al., 2009). Gene transcription and translation delays were implemented in a map
structure. Each biological entity was individually represented as an integer. The directed method of sto-
chastic simulation on GRN has been previously described (Gillespie, 2001, 2007; Agrawal et al., 2009).
Briefly, in step 1, the propensity of the occurrence of each biochemical reaction was defined as the product
of the number of the reactants and the reaction rate. In step 2, a random number was generated to determine
the time step for the next reaction. In addition, another random number was also generated to determine
which reaction was going to occur. In step 3, a chosen reaction occurred, and the number of reactants and
products was updated. In step 4, the propensity of the occurrence of each biochemical reaction was updated.
Finally, the entire pathway was repeated beginning at step 2. The code was an extension of the code
generated in (Agrawal et al., 2009). Ten runs of the stochastic simulation of each reaction scheme are
executed.

Hes6

Hes6

Hes1l homodimer Hes6 homodimer

FIG. 3. Dimerization description. The proposed dimer cloud:
the Hesl dimer, the Hes6 dimer, the Hes1-Hes6 dimer, and the
Hes1-Mashl1 dimer.

Hesl-Hes6 Hes1-Mash1l
heterodimer heterodimer
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2.7. Species definition for the Notch signaling network

The stochastic simulation algorithm (SSA) reaction schemes were adapted from Agrawal et al. (2009),
but several more gene regulation links were added to the current model, including the Mashl and Hes6
genes (Supplementary Table S2). The initial condition for the species was adapted from Agrawal et al.
(2009), and its variation does not alter the main simulation results.

2.8. Model parameters

The parameters for the half-lives of the proteins and mRNA, the association and the dissociation
constants of the proteins to their respective DNA binding sites, the dimerization constants, the protein
translation and transcription rates, and the mRNA and the protein transfer constants were directly adapted
from Agrawal et al. (2009) (Supplementary Table S3). The Mashl and Hes6 gene protein translation and
transcription rates were estimated following the same methods applied in Agrawal et al. (2009).

2.9. Parallel computing using the GPU to generate a random number seed

SSA requires large random numbers to conduct the simulation. Although different programming lan-
guages possess various choices of built-in random number generation tools, we preferred to apply the
Mersenne Twister random algorithm to simulate random numbers to comply with the average entropies.
The Mersenne Twister algorithm (Matsumoto and Nishimura, 1998) was developed by Makoto Matsumoto
and Takuji Nishimura in 1997, which quickly produced pseudorandom numbers with high-quality and
uniform distributions. The algorithm required longer computational time than normal built-in random
number generators to produce a random number, especially when abundant random numbers were required.
To increase the speed of the random number generation processes, the Compute Unified Device Archi-
tecture (CUDA) parallel processing technology was employed during the cell simulation analysis.

CUDA is an integrated technology developed by the NVIDIA Company for graphic processing. The
exploitation of GPU multicore parallel computing architecture involved executing designed programs with
repetitive procedures. The accelerated performance significantly improved through multithread parallel
processing and high-speed floatingpoint arithmetic. CUDA has been widely applied in various applications
in biology. For example, AMBER for molecular dynamics software (Gotz et al., 2012), BLASTp for
protein sequence database searches (Liu et al., 2011), and the docking program for protein-DNA inter-
action analysis (Wu et al., 2012) are well-known programs with a CUDA-enabled version.

2.10. Parameter change, criteria setting, and input Delta

In the Notch signaling network, quite a few molecular mechanisms that potentially change the behavior
of the system exist. The parameters built in the stochastic simulation represent various molecular mech-
anisms. Our objective involved searching for the parameter or for the combinations of parameters (one,
two, three, and four) that led to a cell state upon changing the parameter values, for example, from the stem
cell state to the differentiated state. On the basis of previous studies (Kiparissides et al., 2011), we defined
the stem cell state as the state with oscillating cellular Hes1 and Mcm1 protein (Hep and Mcp, respectively)
levels; we also defined the differentiated state as the state with low Hcp and high Mcp levels. We defined
“our criteria’ as, when parameters were upon a change, SSA simulation will lead to a simulation result of
the alteration of Hcp and Mcp values: average Hep for the last 2000 min (virtual simulation time) fell down
to less than a fourth of the oscillating one; average Mcp for the last 2000 min increased to more than one-
third of the differentiated one.

We selected 40 parameters as the candidate parameters that can potentially enable the switch of cell
state by varying the parameter values. We do not include the parameters for the translation rate, tran-
scription rates, and the delays time since they can be estimated from the experiments. In the tables and
figures that follow, the number of increases and decreases corresponds to the fold changes. For example,
a three-fold increase denotes the parameter value that was multiplied by a factor of 3 of its original value.
A three-fold decrease denotes the parameter value that was 70% of its original value (a decrease of 30%).
During all SSA simulations except as otherwise noted, the parameter changed from 4500 to 6500 min in a
linear fashion. Assumingly, any change of parameter values of more than /0-fold will be impractical in
biology.
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We employed two types of Delta input. One type was a step function with the number of Delta protein
being 10. The other Delta input type was a pulsating function with a periodic presence of Delta (the period
is 124 min; the number of Delta is one) for 1 minute. All stochastic simulations were conducted as
mentioned above while Delta was constant or pulsating.

2.11. The identification of the molecular mechanisms enabling the transition
from an oscillatory state to a differentiated state using the heuristic method

We changed the parameters 10-fold and checked if the simulation led to results that fit our criteria.
Unexpectedly, we found no simulation that fit our criteria.

Since the change of any one of the parameters alone cannot lead to a simulation that fit our criteria, we
expected that the change of more than one parameter at the same time will fit our criteria. It is difficult to
exhaustively search all of the possible combinations of parameters; therefore, we developed a heuristic
approach (Fig. 4). In essence, we increased or decreased the parameter /00-fold. We expected that a 100-
fold change of a portion of 40 parameter values alone would lead to an SSA simulation result that fit our
criteria (in this stage, we designated them as selected parameters). We then moved forward to determine
if less than or equal to a 10-fold change of the combination of these selected parameters also fit our
criteria.

When the input Delta was constant, we found that the simulation of a 100-fold increase of only one
parameter (KdHcm) fit our criteria. We abandoned this parameter as the candidate. When the input Delta
was pulsating, we can find only five parameters, and a 100-fold increase or decrease of each alone led to a
simulation result that fit our criteria. We then searched for the binary or ternary combination of these five

A Sinusoidal Delta

... _ Parameter HCP
\ > Value f MCP

min min )
Step Delt -
il b 10/100 folds change min
Delta-Notch of 40 parameters 1. GPU-powered
| Gene Regulatory stochastic simulation
Network 2. Searching for the
min parameters of which the
change can induce the
transition

B
parameters that can
change both HCP HCP
and MCP MCP

min

Searching for the binary, ternary and

parameters that can quaternary combination of parameters of
change either HCP which less than 10 folds of change can
or MCP induce the transition

FIG. 4. Heuristic methods of identifying the molecular mechanisms enabling the transition from an oscillatory state
to a differentiated state. (A) In our Notch signaling network model, either constant or pulsating input Delta signal was
employed. We changed the values of the each of the 40 parameters and confirmed if the GPU-powered SSA simulation
fits our criteria. (B) Selected parameters that had the potential to induce the cell state transition were combined to
investigate the binary, ternary, and quaternary combination to induce the cell state transition, but the fold change of
each parameter must be less than or equal to 10. GPU, graphics processing unit; SSA, stochastic simulation algorithm.
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parameters, but we only allowed for a fold change of less than or equal to 10-fold for each parameter. For
simplicity, the fold change (increase or decrease) was the same for each parameter in combination (Sup-
plementary Table S4).

On the other hand, when we scrutinized the simulation results, we found that a 10-fold change of several
parameters was capable of causing either a significant increase of Mashl protein or a decrease of Hesl
protein but not both (Supplementary Table S4). More specifically, when the input Delta was constant, we
found only one parameter (KniHcp) for which a 10-fold increase led to a Hcp decrease, and only one
parameter (KdHcm) for which a 10-fold increase led to an Mcp decrease. The simultaneous increase of
these two parameters was then investigated in the simulation. When the input Delta was pulsating, we also
found only one parameter (KniHcp) for which a 10-fold change led to a Hcp decrease; however, we found
six parameters for which a 10-fold change led to an Mcp increase. We then searched for the binary or
ternary combination of these six parameters with KniHcp that fit our criteria, but we only allowed for less
than or equal to 10-fold changes for each parameter.

2.12. Dominance detection

The increase or decrease of several parameters and their combinations induced the transition from stem
cell to differentiation. We also investigated if the reverse change of parameter A (if there was an increase,
then there was a decrease; if there was a decrease, then there was an increase) had an antagonistic effect on
the change of parameter B in the simulations but not vice versa. In this type of case, parameter A dominated
parameter B. Parameter A was denoted as the ‘‘dominator,” and parameter B was denoted as the ‘‘sub-
mitter.”’

3. RESULTS
3.1. A GPU accelerated the stochastic simulation

CUDA technology was employed to accelerate the simulation program in this study. The original time
requirement for random number generation without CUDA technology was one-third of the total time,
which was not acceptable for a cell simulation program. After integration with CUDA computing archi-
tecture, with respect to the computational time requirement for random number generation, the proposed
system was improved by 6.72-fold when a total of 300 virtual unit time was performed. To compare the
saved time against the total account of random numbers, we conducted a simulation and calculated the time
requirement for both the CPU architecture alone and the CPU combined with the CUDA computing
architecture. The experiments were performed with an Intel Core 17-2600 3.4 GHz and a Geforce GTX580
graphics card within the Windows 7 operating system. As shown in Figure 5, the required computational
time for the CPU alone was approximately 10-fold greater than the time required by employing both the
CPU and the CUDA architecture simultaneously. Therefore, we employed GPU and CPU together to
accelerate our simulation.

3.2. The oscillation state and the differentiated state of the Delta-Notch network

A previous study established that by tuning the transcription repression (rNbox) of HesI (Agrawal et al.,
2009), the GRN transferred from a bistable switch to an oscillatory state. In the Notch network, with no
input Delta signal, Hes1 remained low and Mashl remained high (Fig. 6A). When the input Delta signal
from a neighboring cell existed, an oscillation state for Hes1 and Mash1 persisted (Fig. 6B, C) (the period
of nuclear Hes1 dimer is 130.9 + 9.0 min; the period of cytoplasmic Mashl mRNA is 130.9 £ 10.8 min).
This finding is reminiscent of an experimental observation and a deterministic model (Hirata et al., 2002).
The phase difference between the nuclear Hesl dimer and the Mashl mRNA was 37.1 + 3.3 min, which
was 28.3% of an oscillation period.

In essence, the presence of input Delta induced an oscillation of the Notch-signaling network. The
existence and stability of input Delta protein influenced the transition from an oscillatory state to a
differentiated state. However, are there other molecular mechanisms involved enabling the transition? We
systematically varied the parameters representing a repertoire of molecular mechanisms, including protein—
DNA promoter association/dissociation, RNA transcription, protein translation, protein and RNA degra-
dation, dimer association/dissociation, and nuclear transport of protein from cytoplasm.
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FIG. 5. The comparison of run time requirement for CPU and GPU. Run time requirement for both CPU architecture
alone (blue diamond) and CPU combining the CUDA computing architecture (red square). The x-axis indicates the
virtual unit time of simulation, and the y-axis represents the total run time cost for the simulation program. CUDA,
Compute Unified Device Architecture.

3.3. The identification of the molecular mechanisms enabling the transition
from an oscillatory state to a differentiated state-heuristic approach 1

One of the hallmarks of the switch from stem cell state to differentiated state is the abundance of the
Mash1 protein and the minute amount of the Hesl protein (Kageyama et al., 2005). We then varied 40
parameters to investigate the effects of changing each parameter on cytoplasmic Hesl and Mashl proteins.
The input Delta signal was either a constant value or a pulsating value. Our criteria included that after
changing the parameter, it will lead to a significant increase in the Mash1 protein and a decrease in the Hes1
protein (see Methods section).

To our surprise, we did not identify a 10-fold change of any parameter alone that led to the simulation
results that fit our criteria regardless if the input Delta signal was constant or pulsating (Supplementary
Table S4). We expected that, when the 10-fold change of a single molecular mechanism was not
sufficient to stimulate the cell state transition, different molecular mechanisms would cooperatively
interact with each other to enable the cell state transition. We then searched for the combination of two
or three parameters (responsible for the two or three molecular mechanisms) that were sufficient for such
a transition; however, it was computationally prohibited to perform an exhaustive search for these
combinations. Therefore, we designed a heuristic method to determine the effective combination of
parameters.

We increased or decreased the magnitude of the parameters by 100-fold and conducted SSA simu-
lations on the Notch signaling model. We found that changing five parameters led to the simulation
results that fit our criteria. These changes included an increase of KdNm (degradation rate of Nm), KdNp
(degradation rate of Np), and Ka_r (RBP-Jk NICD dissociation constant), and the decrease of Ka (RBP-
Jk NICD association constant) when input Delta was pulsating and a decrease of KdHcm (degradation
constant of Hesl messenger RNA) when the Delta was either pulsating or constant (Table 1). Subse-
quently, we intend to find if the combination of less than 10-fold of change of these five parameters was
sufficient for the cell state transition. When a pulsating Delta was employed, we identified numerous
effective cooperative interactions between and among the following parameters: the increase of KdNm
(degradation rate of Nm), KdNp (degradation rate of Np), and Ka_r (RBP-Jk NICD dissociation con-
stant), and the decrease of Ka (RBP-Jk NICD association constant) (Table 2) (Fig. 7 for binary com-
bination; Fig. 8 for ternary combination).
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FIG. 6. Stochastic simulations of Notch signaling in the neural stem cell and the differentiated cell. Trajectory of the
Hes1 protein, the Mash1 protein, and the Mashl mRNA in the neural differentiated cell (input Delta is absent) (A) and
the stem cell (input Delta is present) (B, C). In the differentiated cell, the cellular Hes1 protein (Hcp) was kept low and
the cellular Mash1 protein (Mcp) was high. In the stem cell, the nuclear Hesl protein dimer (Hdnp) and the cellular
Mashl mRNA (Mcm) remained oscillatory. The phase difference between Hdnp and Mcm is evident. (C) is a zoomed
version of (B).
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TABLE 1. SENSITIVITY ANALYSIS OF PARAMETERS THAT MEDIATE NEURAL DIFFERENTIATION

Fold Hcp Mcp Input
Parameter® Definition change® response®  response®  Delta®
KdHem (I) Degradation rate of Hes] mRNA 100 up Down Up C+P
KdNm (I) Degradation rate of Notch mRNA 100 up Down Up P
KdNp (I) Degradation rate of cytoplasmic Notch protein 100 up Down Up P
Ka_r (I) RBP-Jk NICD dissociation constant 100 up Down Up P
Ka () RBP-Jk NICD association constant 100 down Down Up P
KdHem (II)  Degradation rate of Hesl mRNA 10 up Up C+P
KdNm (II) Degradation rate of Notch mRNA 10 up Up P
KdNp (1) Degradation rate of cytoplasmic Notch protein 10 up Up P
Ka_r (II) RBP-Jk NICD dissociation constant 10 up Up P
Ka (II) RBP-Jk NICD association constant 10 down Up P
KniHep (I)  Nuclear transport rate of cytoplasmic Hesl protein 10 up Down C+P
KfNcp (1I) Forward rate of generation of NICD (Ncp) 10 down Up P

upon binding of Np to input Delta

“Parameter that can induce the change of Hep and Mcp (I, heuristic approach I; II, heuristic approach II; see text).

®Fold change of the parameters. Change of all parameters but two parameters (Ka, KfNcp) are increase.

“Hep fell down to less than a fourth of the oscillating one; Mcp increased to more than one-third of the differentiated one.
YInput Delta is constant (“C”") or pulsating (“‘P,” period is 124 min).

3.4. The identification of the molecular mechanisms enabling the transition
from an oscillatory state to a differentiated state heuristic approach 11

Interestingly, we identified 10-fold changes of several molecular mechanisms capable of causing either
the significant increase of the Mash1 protein or the decrease of the Hes1 protein but not both (Table 1 and
Supplementary Table S4).

It is possible that the cooperation of two parameters responsible for two different mechanisms led to both
the significant increase of Mash1 protein and the decrease of Hesl protein. By conducting simulations on
the pulsating Notch signaling model, we found many additional cooperative interactions among several
parameters, including the increase of KdHcm (degradation constant of Hesl messenger RNA), KdNm
(degradation rate of Nm), KdNp (degradation rate of Np), and Ka_r (RBP-Jk NICD dissociation constant)
and the decrease of Ka (RBP-Jk NICD association constant) and KfNcp (forward rate of generation of
NICD upon binding of Np to Delta). However, all effective combinations must additionally include the
parameter KniHcp (nuclear import rate of Hep). This condition resulted from the fact that KniHcp was the
only parameter for which a 10-fold change significantly reduced the Hep level (Table 3) (Fig. 8 for ternary
combination; Fig. 9 for binary combination).

TABLE 2. BINARY AND TERNARY COMBINATION FOR PARAMETERS ABLE TO MEDIATE NEURAL DIFFERENTIATION

Parameter® Parameter” Parameter® Fold change® Input Delta® Hep fold® Mcp fold®
KdNp Ka_r 9 P 020 (0.02) 0.9 (0.01)
KdNm Ka_r 8 P 0.25 (0.03) 0.99 (0.00)
KdNp Ka 10 P 0.22 (0.01) 1.00 (0.00)
KdNm Ka 10 P 0.14 (0.01)  1.00 (0.00)
KdNm KdNp 10 P

Ka_r KdNm KdNp 5 P 0.13 (0.02) 1.00 (0.00)

Ka KdNm KdNp 7 P 0.12 (0.02)  1.00 (0.00)

“Parameters can be combined to induce the cell state transition from stem cell to differentiation (heuristic approach I).
PFold change of the parameters. Change of all parameters but three parameters (Ka) are increase.

“Input Delta is constant (““C”’) or pulsating (“P,” period is 124 min).

9The average ratio of change of Hep relative to the oscillating Hep in the stem cell (10 simulations).

“The average ratio of change of Mcp relative to the differentiated Mcp in the differentiated cell (10 simulations).
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FIG. 8. The transition of the Notch signaling pathway from the oscillatory stem cell state to the differentiated cell
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3.5. Dominance

We identified the increase or decrease of several parameters and their combinations that induced the
transition from stem cell to differentiation; however, it remained interesting to investigate the effect of the
reverse change of this parameter on the induction of the cell state transition caused by other parameters.
The result may be a good indicator of the ‘‘strength of influence” of the parameter. By employing a
““dominance” analysis (Methods section), we found that KdHcm (degradation constant of Hes1 messenger
RNA) and KniHcp (nuclear import rate of Hcp) dominated the other parameters (Table 4 and Supple-
mentary Table S5).

4. DISCUSSION

To further our understanding of Notch signaling, we established the Notch signaling network comprised
of the Notchl, RBP-Jk, Hesl, Mashl, and Hes6 genes. We employed detailed molecular models involving
transcription, translation, dimer formation, degradation, and nuclear transport. An SSA with time delay for
both reactions of transcription and translation was used to simulate the biochemical reaction in real time.
To determine the molecular mechanisms triggering the transformation from the neural progenitor cells to
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TABLE 3. BINARY, TERNARY, AND QUATERNARY COMBINATION FOR PARAMETERS ABLE
TO MEDIATE NEURAL DIFFERENTIATION

Parameter® Parameter® Parameter® Parameter® Fold® Delta® Hep fold® Mcp fold®
Ka_r KniHcp 6 P 0.18 (0.00) 0.37 (0.02)

KdHcm KniHcp 5 P 0.24 (0.00) 0.50 (0.01)

KdNp KniHcp 7 P 0.15 (0.00) 0.38 (0.02)

Ka KniHcp 10 P 0.12 (0.00) 0.54 (0.02)

KfNcp KniHcp 10 P 0.11 (0.00) 0.46 (0.02)

KdHcm KniHcp 5 C 0.23 (0.00) 0.45 (0.01)

KdMcm KniHcp 4, 10f P 0.15 (0.00) 0.36 (0.02)

Ka_r KdNm KniHcp 5 P 0.25 (0.01) 0.85 (0.02)

Ka_r KdNp KniHcp 5 P 0.23 (0.01) 0.91 (0.02)

KdHcm KdNp KniHcp 6 P 0.23 (0.00) 0.77 (0.01)

KdHcm Ka_r KniHcp 6 P 0.23 (0.00) 0.79 (0.01)

KdHcm KdNm KniHcp 6 P 0.23 (0.00) 0.71 (0.00)

KdNp KdNm KniHcp 6 P 0.18 (0.01) 0.89 (0.02)

KdHcm Ka KniHcp 6 P 0.22 (0.00) 0.67 (0.01)

KdHcm KfNcp KniHcp 6 P 0.22 (0.00) 0.67 (0.01)

KdNp Ka KniHcp 6 P 0.22 (0.00) 0.70 (0.03)

KdNp KfNep KniHcp 5 P 024 (0.01) 051 (0.03)

Ka_r KfNcp KniHcp 6 P 0.23 (0.00) 0.72 (0.01)

KdNm Ka KniHcp 5 P 0.22 (0.00) 0.41 (0.02)

KdNm KfNcp KniHcp 5 p 022 (0.00)  0.41 (0.02)

Ka KfNcp KniHcp 6 P 0.18 (0.00) 0.35 (0.02)

KdHcm KdNm Ka_r KniHcp 5 P 0.17 (0.01) 0.96 (0.00)
KdHcm KdNp Ka KniHcp 6 P 0.17 (0.00) 0.94 (0.01)
KdHem KdNm Ka KniHcp 6 P 0.22 (0.00) 0.86 (0.01)

“Parameters can be combined to induce the cell state transition from stem cell to differentiation (heuristic approach II).
"Fold change of the parameters. Change of all parameters but three parameters (Ka, KfNcp, and KdMcm) are increase.
“Input Delta is constant (“C’’) or pulsating (“P,” period is 124 min).

9The average ratio of change of Hep relative to the oscillating Hep in the stem cell (10 simulations).

“The average ratio of change of Mcp relative to the differentiated Mcp in the differentiated cell (10 simulations).
fKdMcm: 40% decrease; KniHcp: 10-fold increase.

the differentiated neuron cell, we employed a heuristic approach in the stochastic simulation of the Notch
signaling network model. We found that the changes of a combination of seven parameters representing
various molecular mechanisms drove the transition from the stem cell state to the differentiated state. The
level of parameter change was as low as a fivefold change.

The Notch signaling pathway does not have a second messenger and does not have an enzymatic
amplification step for the pathway to relay its signal either. Therefore, Notch signaling is very sensitive to
gene dosage (Artavanis-Tsakonas and Muskavitch, 2010; Mazzone et al., 2010), and the molecular
mechanisms that will alter the quantity of the pathway elements potentially affect the pathway output
(Guruharsha et al., 2012). Our predicted potential mechanisms for the cell state transition received ex-
perimental support or were consistent with several important experimental observations.

4.1. KdNp (degradation rate of Np)

The asymmetric distribution of the Numb protein during asymmetric cell division in embryo was
shown to antagonize Notch signaling (Cayouette and Raff, 2002; Shen et al., 2002; Huttner and
Kosodo, 2005; Zhong and Chia, 2008). The proposed mechanism suggested that the presence of Numb
promoted ubiquitination-mediated Notchl degradation (McGill and McGlade, 2003; McGill et al.,
2009). Our finding that KdNp was involved in the cell state transition is consistent with this find-
ing. The degradation mechanism may occur through microRNAs or ubiquitination. Interestingly, a
theoretical study also suggested that the uneven distribution of Numb triggered the cell state transition
(Barton and Fendrik, 2013).



x 10t Ka_r_6U ’21104 x 10° KdHcm_5U }(410‘-

4 4
= =
2 8
o o3 3
= a
= =
2 8 2 2
= =
o] °
= =
3] o
P S 1 1
] o
T T
' 0 0 : 0
0 5000 10000 0 5000 10000
Time (min) Time (min)
4 KniHcp_6U 4 4  KniHcp_5U 4
4 x 10 : )5110 4 x10 . )&10
= =
2 2
o o
a a
= =
w0 n
© ©
= =
] -
c c
© ©
» »
] (]
o T
0 0
0 5000 10000 0 5000 10000
Time (min) Time (min)
x 10* Ka_r_6U-KniHcp_6U x 10* x 10*KdHecm_5U-KniHcp_5U x 10%
4 - 4 10 . 4
c =
o 3 32
= =
= =
T 2 2 8
= =
ko] ]
c c
© _ : ©
% 1 M (A
o - I - ]
T | - . T
0 = : 0 0 0
0 5000 10000 0 5000 10000

Time (min) Time (min)

FIG. 9. The transition of the Notch signaling pathway from the oscillatory stem cell state to the differentiated cell
state—heuristic approach II. For each binary combination of parameters, the simulation trajectory for HCP and MCP
after the change of each parameter alone is also shown. “U” indicates an increase; ‘D’ indicates a ‘‘decrease.”” The
fold of change is the numerals that prefixed “U”’ or “D.” Hcp and Mcp are colored in blue and green, respectively.

561



562 TZOU ET AL.

TABLE 4. DOMINANCE ANALYSIS OF THE PARAMETERS

Dominator Fold Submitter Submitter Submitter Submitter Submitter
parameter®  change®  parameter®  parameter®  parameter®  parameter®  parameter®

KdHcem down Ka Ka_r KdNp KdNm
KniHep down Ka Ka_r KdNp KdNm KdHem

“The reverse change of the dominator can abolish the cell state transition from stem cell to differentiation caused
by other parameters (the submitter) when input Delta is pulsating.
"Reverse fold change of the dominator parameter (compared with Table 1).

4.2. KdNm (degradation rate of Nm)

In addition to Numb, Numb-like protein (Numbl), also a negative regulator of Notch signaling, was
demonstrated to be the target of miR-34a in the mouse brain. Interestingly, Notch1 and RBP-Jk transcripts
were increased by miR-34a overexpression; furthermore, knockdown of miR-34a diminished the Notchl
transcripts but enhanced the expression of Mash1 (Fineberg et al., 2012). These results are consistent with
our simulation results that the increase of the degradation of Notchl mRNA could induce the cell state
transition.

4.3. KfNcp (forward rate of generation of NICD [Ncp] upon binding of Np to input Delta)

Pinl is a target gene of Notch signaling. Pinl has been demonstrated to enhance the cleavage of Notchl
acted by gamma-secretase, forming a positive feedback mechanism (Rustighi et al., 2009). Intriguingly,
Pinl regulates the differentiation of the neural progenitor cells by modifying beta-catenin of the Wnt/beta-
catenin pathway (Nakamura et al., 2012). Pinl has also been shown to be required for the maintenance of
pluripotency of mouse embryonic stem cells (Nishi et al., 2011). These results are consistent with our
simulation results that the increase of KfNcp induced the cell state transition.

4.4. Ka (RBP-Jk NICD association constant) and Ka_r (RBP-Jk NICD dissociation constant)

The transcriptional activation of the Notch signaling pathway relies on the formation of an activator
complex composed of RBP-Jk, NICD, Mastermind-like-1 (MAML), and other protein factors. The
activator protein is a ‘“‘central regulatory hub’’ in Notch signaling (Borggrefe and Liefke, 2012). While
RBP-Jk globally represses gene expression by binding to target sequences and recruiting many core-
pressors, NICD competes for the binding with RBP-Jk and MAML, subsequently leading to the for-
mation of an activating complex that promotes transcriptional activation. In the repressor complex,
RBP-Jk associates with SKIP and SMRT. Upon the Delta—Notch interaction, NICD displaces SMRT
from interacting with RBP-Jk and SKIP (Kao et al., 1998; Zhou et al., 2000). In the ternary structure, a
concave groove formed by both NICD and RBP-Jk contact the long extended alpha helix of MAML
(Nam et al., 2006; Wilson and Kovall, 2006). Here, we found that Ka and Ka_r are involved in the
potential mechanisms that trigger the cell state transition. A protein factor or posttranslational modifi-
cation of NICD may potentially exert such an effect (Foltz and Nye, 2001). The possibility that the
association and the dissociation between RBP-Jk and NICD as the mechanism for triggering the cell state
transition is significant in that Notch signaling cross talks with several other signaling pathways (which
were recently discovered) (Kankel et al., 2007; Mummery-Widmer et al., 2009; Shalaby et al., 2009; Saj
et al., 2010) to confer cellular context specificity (Guruharsha et al., 2012). In the same vein, in human
T-lymphoblastic leukemia cells, combined ChIP-seq and transcriptome experiments have indicated that
33% of RBP-Jk binding sites are not in the promoters. Specifically, three-fourths of NICD target genes
are regulated by enhancers but not promoters, and approximately one-third of RBP-Jk binding sites are
not co-occupied by NICD when NICD is present (Wang et al., 2011). Similarly, in Drosophila myo-
genic progenitor-related cells, an enhancer of over 170 genes required the binding of Twist before
Notch activation (Bernard et al., 2010). These lines of evidence suggest that the regulation of Notch
signaling may be controlled by the competitive binding of NICD on RBP-Jk with other factors, providing
a platform in enhancer regions for the integration of cross talk between Notch and other pathways
(Guruharsha et al., 2012).



STOCHASTIC MODELS OF NOTCH SIGNALING 563

4.5. KniHcp (nuclear transport rate of cytoplasmic Hesl protein)

By employing genome-wide RNA interference (RNAi) screens, nuclear import pathways of inhibitor
molecules have been suggested as the regulators of the Notch signaling pathway in Drosophila (Mummery-
Widmer et al., 2009). Interestingly, in the human glioma cell line, TGF-alpha was capable of inducing the
upregulation and nuclear translocation of Hesl (Zheng et al., 2008). Here, we find the movement of the
Hesl molecule (KniHcp) into the nucleus contributes to the cell state transition. Interestingly, a recent
similar finding in mouse ESCs shows that the export of the transcription factor TFE3 out of nucleus is
demonstrated to be the key mechanism for the exit of pluripotency (Betschinger et al., 2013).

4.6. KdHcm (degradation rate of Hcm)

In addition to the movement of Hcp into the nucleus, the degradation of Hcm is also a potential mechanism
involved in the regulation of the cell state transition. microRNAs were suggested to affect the stability of the
delayed negative feedback GRN (Xie et al., 2007). In the mouse embryo, microRNA miR-9 was shown to
control the stability of Hesl at the mRNA level. Both the overexpression and the lack of miR-9 dampen the
oscillation of Hesl. miR-9 was expressed at E12.5 in the differentiating neurons in the mouse ventricular
zone. Interestingly, Hes1 also directly inhibits the transcription of miR-9, forming a double-negative feedback
loop (Bonev et al., 2012; Tan et al., 2012). Although we have not included microRNAs in our current model,
our simulation results are consistent with the experimental results but includes more details.

4.7. The dominant role of KdHcm

In the developing central nervous system, Hesl remains sustained in the cells located in the roof plate,
floor plate, and boundary regions. However, the proliferation and differentiation can be resumed (Mashl
upregulated) in the boundary regions when sustained Hes1 is demolished (Baek et al., 2006). Moreover, the
neural progenitor cells from the compartment region stop neurogenesis upon ectopic expression of Hesl.
Here, using dominance analysis, we find that reversing the direction of change of KdHcm potentially
prevents the cell from undergoing differentiation via other molecular mechanisms. Our simulation result is
reminiscent of the ectopic expression of Hesl stated above.

TABLE 5. POTENTIAL MOLECULAR MECHANISMS THAT ENABLE THE CELL STATE TRANSITION

Involved
Parameter® Definition Mediator® mechanism® Source®
KdHem Degradation rate of Hes1 mRNA miR-9 mRNA stability  Kiparissides et al. (2011) and
this study
KdNm Degradation rate of Notch mRNA miR-34a  mRNA stability ~ This study
KdNp Degradation rate of cytoplasmic Numb Ubiquitination- Barton and Fendrik (2013) and
Notch protein mediated this study
proteolysis
Ka RBP-Jk NICD association constant Competition This study
Ka_r RBP-Jk NICD dissociation constant Competition This study
KniHcp Nuclear transport rate of cytoplasmic Nuclear transport This study
Hes1 protein
KfNcp Forward rate of generation of NICD  Pinl Gamma-secretase This study
(Ncp) upon binding of Np to Delta activity
KdMcm Degradation rate of Mashl mRNA miR-181a mRNA stablility  Kiparissides et al. (2011) and
this study
Mashl cellular protein-E47 Kiparissides et al. (2011)
dissociation constant
Delta-Notch cis-interaction Sprinzak et al. (2011), Sprinzak

et al. (2010), Shaya and
Sprinzak (2011)

“Parameters that have the potential to induce the cell state transition from stem cell to differentiation.
PPossible mediator causing the regulation.

“The mechanism through which mediator acts.

9Reference ID.
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4.8. The unexpected behavior of KdMcm (degradation rate of Mcm)

KdHcem and KdMcm were suggested to be the parameters that enable the cell state transition (Kipar-
issides et al., 2011). miR-181a was recently suggested to downregulate Mash1 (Guibinga et al., 2012). In
SSA, a KdHcm increase resulted in a 10-fold increase in both Mcp and Hcp levels. After a 100-fold
increase in KdHcm, the Hep value drops significantly. On the other hand, the decrease in KdMcm increases
the Mcp level and simultaneously increases the Hep level. Our SSA data suggest that the simultaneous
change in both KdHcm and KdMcm does not induce the cell state change (data not shown). Instead, we
suggest a possible combination of KdMcm and KniHcp.

The potential molecular mechanism predicted by simulation studies is summarized in Table 5. The
potential molecular mechanisms identified in this study may serve as a proxy for intrinsic or extrinsic cues
(Artavanis-Tsakonas et al., 1999; Poellinger and Lendahl, 2008) to engender the determination of cell fate.
The list will be updated after further computational and experimental validations are performed in single or
multiple cell models to improve our understanding of Notch signaling. Potential molecular mechanisms can
be validated by siRNA or morpholino targeting, for example, the protein degradation machinery or nuclear
transport apparatus.
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