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Abstract

Background: The maintenance of stem cell pluripotency is controlled by a core cluster of transcription factors,
NANOG, OCT4 and SOX2 - genes that jointly regulate each other’s expression. The expression of some of these genes,
especially of Nanog, is heterogeneous in a population of undifferentiated stem cells in culture. Transient changes in
expression levels, as well as heterogeneity of the population is not restricted to this core regulator, but involve a large
number of other genes that include growth factors, transcription factors or signal transduction proteins.

Results: As the molecular mechanisms behind NANOG expression heterogeneity is not yet understood, we explore
by computational modeling the core transcriptional regulatory circuit and its input from autocrine FGF signals that act
through the MAP kinase cascade. We argue that instead of negative feedbacks within the core NANOG-OCT4-SOX2
transcriptional regulatory circuit, autocrine signaling loops such as the Esrrb - FGF - ERK feedback considered here are
likely to generate distinct sub-states within the “ON” state of the core Nanog switch. Thus, the experimentally
observed fluctuations in Nanog transcription levels are best explained as noise-induced transitions between negative
feedback-generated sub-states. We also demonstrate that ERK phosphorilation is altered and being anti-correlated
with fluctuating Nanog expression — in accord with model simulations. Our modeling approach assigns an empirically
testable function to the transcriptional regulators Kif4 and Esrrb, and predict differential regulation of FGF family members.

Conclusions: We argue that slow fluctuations in Nanog expression likely reflect individual cell-specific changes in
parameters of an autocrine feedback loop, such as changes in ligand capture efficiency, receptor numbers or the
presence of crosstalks within the MAPK signal transduction pathway. We proposed a model that operates with
binding affinities of multiple transcriptional regulators of pluripotency, and the activity of an autocrine signaling
pathway. The resulting model produces varied expression levels of several components of pluripotency regulation,
largely consistent with empirical observations reported previously and in this present work.

Keywords: Stem cell pluripotency, Computational model, Autocrine signaling, Transcription factors, Gene expression
heterogeneity, Fibroblast growth factors, Mitogen-activated protein kinase, Regulatory network

Background

Embryonic stem (ES) cells are pluripotent cell populations
that can be induced to differentiate into a variety of cell
types. Mouse ES cells are derived from the inner cell mass
of the blastocyst, and their capacity to either self-renew or
differentiate into cells of the three germ layers; thus this
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cell type is a useful model to dissect the molecular regu-
lation behind pluripotency and differentiation [1-3]. The
maintenance of stem cell pluripotency is controlled by a
core cluster of transcription factors, including NANOG,
OCT4 and SOX2. The molecular mechanisms by which
these factors act is complex and not completely char-
acterized; however part of their critical activity includes
the joint regulation of each other’s expression [4,5]. The
pluripotent status of stem cells is maintained through
high expression levels of these genes, and the downreg-
ulation of these factors accompanies and is required for
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cell differentiation. NANOG expression levels are crucial
as its forced expression is sufficient to sustain pluripo-
tency even in the absence of extracellular signaling factors
such as Leukemia Inhibiting Factor (LIF) [6,7] which are
otherwise required for stem cell maintenance.

Since the groundbreaking analysis of [8], the structure of
the NANOG-OCT4-SOX2 transcriptional regulatory net-
work has been revised — the recently proposed models are
compared in Figure 1. According to the current consensus,
the OCT4/SOX2 dimer acts as a common transcription
factor for all three genes and no autocatalytic activation
of NANOG takes place. High OCT4 levels were sug-
gested to be repressors of NANOG (in addition to the
activator function of the OCT4/SOX2 dimer) [5,9]. More
recently, the OCT4 inducing function of NANOG was
questioned, while NANOG was suggested to act as an
autorepressor [10].

In the last few years it also become clear that — despite
their fundamental importance — the expression of many
components of the stem cell self-renewal circuitry, including
NANOG, is heterogeneous in a population of undiffer-
entiated stem cells [7,9,11]. The heterogeneity is dynami-
cally maintained, with individual cells exhibiting transient
changes in expression levels. Genes with dynamic expres-
sion in mouse ES cells include growth factors, transcrip-
tion factors, and signal transduction proteins [10,12,13].
Recently Galvin-Burgess et al. proposed that undifferenti-
ated ES cells are in various distinct states, depending on
the activity of various signal transduction pathways [13].
The presence of states with distinct Nanog expression lev-
els was also suggested based on statistical modeling of
changes in flow-sorted populations [14]. Conceptually, the
pluripotent and differentiating states of these cells are thus
not described well by a simple “ON/OFF” switch. Instead,
a cell being in one of the various pluripotent states may be
primed or biased in a way that influences its response to
differentiation-inducing signals [15].
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In view of these developments, we revisit the dynam-
ics of the core NANOG transcriptional regulatory circuit.
As shown in Figure 2, we will consider the OCT4/SOX2
dimer as a common transcription factor for all three
genes, and the NANOG protein to be a transcription
enhancer for the SOX2 gene. We consider four model sce-
narios, in which NANOG either is or is not an inducer
of OCT4. We consider the models proposed by Pan et al.
where high OCT4 levels are repressors of NANOG and
OCT4 [5], and that of Navarro et al., which includes
an autorepressor feedback to NANOG [10]. By numer-
ical simulations we demonstrate that all these models
result in a bistable, switch-like behavior. To address the
observed heterogeneity in NANOG expression levels, we
also explore a biologically plausible scenario to couple the
core circuit to extracellular signals. Based on simulation
results we argue that instead of an instability within the
core regulatory circuit, fluctuations in NANOG expres-
sion levels and associated distinct cell states are likely to
be generated by stochastic autocrine feedback loops, like
the one involving secreted FGFs.

Results

Model structure

To explore the NANOG transcriptional regulatory net-
work, we adopted the method of [8]. The production and
degradation of proteins are assumed to be much slower
than the assembly or dissociation of multimolecular com-
plexes, we thus include the latter processes using a quasi
steady state approximation. With these simplifications the
system is governed by three differential equations of the
form

dlG
(1400 = agp — sl 1)

where G = NANOG, OCT4, SOX2 are transcription fac-
tor proteins, g denotes the regulatory site of a gene G,

autoinhibitory circuit suggested by Navarro et al. [10].

[T Oct4 [ sox2
‘Y'
0/s

| Nanog

LNANOGD

Figure 1 Suggested interactions of the NANOG-OCT4-SOX2 core module of transcriptional embryonic stem cell regulation. Black, green,
red and blue arrows represent complex formation, transcriptional activation, repression and translation, respectively. a: The symmetric model
considered by Chickarmane et al. [8]. b: The model suggested by Pan et al. [5] includes negative feedbacks through OCT4. ¢: The NANOG
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Figure 2 NANOG core circuit models studied in this work. We consider the OCT4/SOX2 dimer as a common transcription factor for all three
genes, and the NANOG protein to be a transcription enhancer for the Sox2 gene. We investigate model scenarios in which NANOG is (a) or

is not (c) an inducer of Oct4. Furthermore, we consider further variants, such as the model proposed by Pan et al. where high OCT4 levels repress
Nanog (b), as well as the NANOG autorepressor feedback proposed by [10] (d) and a combination of NANOG autorepressor feedback with OCT4

Pg is the probability of RNA Polymerase II (P) binding to
the promoter g; o is the combined translation and tran-
scription rate, and ég is the decay rate of the proteins.
The quasi steady state approximation yields the amount
of complex-bound specimen, [Gpoy,,4] as a function of the
concentration of free specimen [G]. As a change in the
total amount alters both the amount of free and complex-
bound specimen,

(2)

dlG] + d[Gpouna] = d[G] (1 + a[Gboum'i]> .

3[G]

Thus,
0 [Gbound]
0[G]

As we show in the Additional file 1, p; can be written in
the form of

®3)

Dg =

zZN
pg = ) (4)
Zg
where
Zg = 20N + z0FF (5)
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and the ZgN and ZgF F quantities are proportional to the
probability of RNA polymerase II being bound or absent
at locus g, respectively. If the transcription logic is limited
to two factors (enhancers or repressors) per locus, then for
each locus g € {Nanog, Oct4, Sox2} we obtain

C
ZON = [PlKep |1+ Y. [HIKgmexp (%)‘F
He{NANOG,
0OS,0CT4}

Ce
+ ) [HKgulKg exp< ;T )

H,Ie{NANOG,
0S,0CT4}
(6)
and
zXF =1+ Y [HKgu+ Y. [HKgullKq
He{NANOG, H,Ie{NANOG,
0OS,0CT4} 0OS,0CT4}
7)

In the expressions (6) and (7) the equilibrium constant
(binding affinity) of factor H to the binding site at locus g
is denoted by

[gbound] )
[gempty] [H]

As we discuss in the Additional file 1, the equilibrium
constants K as well as the cooperativity measures C are
related to the binding energies between the transcription
factors, the promoter and the RNA polymerase.

The magnitude of model parameters (Additional file 1:
Tables S1 and S2) were set by the following considera-
tions. The transcription and translation rates were chosen
in such a way that the steady state transcription factor
(protein) concentrations are in the nanomolar range (in
the order of 100 copy of the TF is present in the cell) when
the promoter is fully active [16,17]. To get a functional
transcriptional regulatory system, the nanomolar concen-
tration range must be also characteristic for promoter
binding affinities, which by Additional file 1: Eq. (S1)
translates (at T = 300 K) into binding energies around
12 kCal/mol. The transcription factors were assumed to
work through stabilizing RNAP II binding — with protein-
protein binding energies around 4 kCal/mol [16]. This
binding energy is increased for cooperative, multimolec-
ular complexes. We assume that the probability of RNAP
II binding in the absence of all the transcription factors
considered is very low, [P]Kgp ~ 1073

1<g,}—[ = (8)

The core network
First we consider various scenarios for the core NANOG
circuit (Figure 2) and compare their behavior. Steady state
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system behavior was characterized by numerically obtain-
ing intersections of nullcline planes (see Additional file 1:
Figure S1).

Our starting point is the model A, which is symmetric
in the roles of SOX2 and OCT4 (Figure 2a). This model
exhibits bistability: there are two stable fixed points cor-
responding to the “ON” and “OFF” states of the system,
separated by an unstable fixed point. Linear stability anal-
ysis reveals that the stable fixed points are stable nodes,
thus, no oscillations are expected in their vicinity.

Augmenting the model with a negative feedback
through OCT4, as suggested by [5,9], can be accomplished
by increasing the binding affinity of the OCT4 protein to
the Nanog regulatory site, and decreasing the stability of
the OCT4-containing RNAP II complex (Figure 2b). We
assume that the binding affinity of OCT4 is lower than
that of NANOG or the OCT4/SOX2 dimer - reflecting
that high concentration of OCT4 (overexpression) was
needed to elicit the inhibition. Once OCT4 is bound,
however, we assume a strong inhibitory effect. As sug-
gested [9], this change indeed can transform the “ON”
state from a stable node to a stable spiral, but only if
the OCT4 binding affinity is kigher than the values char-
acteristic for the other TFs. In such a case the fluctua-
tions in [OCT4] are of similar magnitude than that of
[NANOG] (data not shown). As OCT4 levels appear quite
stable in mouse embryonic stem cells ([13], Figure 3),
in models compatible with this observation the direct
OCT4 negative feedback is unlikely to play an important
role.

In model C (Figure 2c), OCT4 is independent of
NANOG activation. In such a scenario the same parame-
ters that were used for model A yield only the “OFF” fixed
point as OCT4 never turns on. Considering the steady
presence of OCT4 in embryonic stem cells, we argue that
for this model it is reasonable to choose an increased
probability for RNAP II binding to the Oct4 locus even in
the absence of SOX2. This choice yields a bistable system
similar to that of model A.

Model D (Figure 2d) is derived from model C by adding
a NANOG autorepression feedback. As Additional file 1:
Figure S1d demonstrates, this change does not alter sub-
stantially the systems dynamics as the Nanog promoter
activity can be obtained by scaling Additional file 1: Eq.
(517) the activity of model C.

Finally, we combine model D with model B to see if
NANOG autorepression can further promote the trans-
formation of the “ON” fixed point into a spiral. Adding
NANOG autorepression to model B reduces the equilib-
rium NANOG levels (as determined by the amount of
OCT4 present) according to Additional file 1: Eq. (S17),
which further stabilizes the fixed point. We also derived
model E (Figure 2e) by adding OCT4 as a Nanog repres-
sor to model D. In this scenario we found the fixed point
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Figure 3 The behavior of various signaling components during NANOG fluctuations. a: Expression levels, as determined by rt-pcr, of NANOG,
SOX2, OCT4, ESRRB and the FGFs active within mouse ESCs. Data show fold change differences in expression normalized to Gapdh transcript levels.
Each expression value is the average of values obtained from three independent experiments. b: ERK activity in cell populations with various extent
of NANOG expression. As a positive control, we also include pERK western blot data from mouse embryonic fibroblasts (MEF). €: Western analysis of
dox-inducible Nanog ES cell line. Note reduction of pERK levels in response to increasing amounts of NANOG.

still strongly attractive: oscillations decay fast and change
both NANOG and OCT4 levels to a similar extent.

This analysis of the core NANOG circuit variants sug-
gest that they are likely to behave as bistable systems.
Hence, the experimentally seen heterogeneity, given the
stability of OCT4 expression levels ([13], Figure 3), is an
unlikely consequence of the core NANOG-OCT4-SOX2
dynamics. In the following we will focus on model D,
as the simplest variant of the investigated networks, and
functionally equivalent with the one proposed by the most
recent experimental data [10]. This choice, however, is
somewhat arbitrary as all model networks function as a
bistable switch.

Sensitivity of the core network to model parameters
Changes in model parameter values can gradually shift the
nullclines and fixed points in the phase space. As changes
in nullcline positions and shapes can create or remove
intersections, the presence of both the “OFF” and “ON”
states are parameter dependent.

To gauge the model’s sensitivity to parameter values,
we systematically varied all of them, one-by-one, by 20%
and 40%. Starting the simulations from the “ON” fixed
point, we obtained the new steady state values under the
altered parameter setting. As Figure 4 demonstrates, most
parameters effect only one molecular species directly, and
the fixed point moves along a corresponding nullcline

intersection line. In particular, if the “ON” fixed point
falls onto the saturated regime of the nullcline inter-
sections, then the steady state concentrations of model
components, such as [NANOG] and [OCT4] may be dif-
ferently altered. For example, changing the binding energy
between RNAP II and the OCT4/SOX2 dimer at the
Nanog promoter by 20% shifts the equilibrium NANOG
concentration by more than an order of magnitude more
than that of OCT4. This observation is the basis of our
explanation for NANOG heterogeneity and OCT4 homo-
geneity within a cell population.

NANOG heterogeneity

As we demonstrated above, the most plausible assump-
tions do not suggest the presence of substantial oscil-
lations within the core NANOG-OCT4-SOX2 system.
To explain the observed broad distribution of NANOG
expression within a population of mouse ES cells, we
hypothesize that model parameters such as binding ener-
gies depend on the larger biochemical context. For exam-
ple, ERK activity is a known potent negative regulator of
NANOG transcription [12,13]. In turn, FGF signaling is
capable to create an autocrine feedback using cell sur-
face receptors that feed into the MAPK pathway, and FGF
activity is indeed a well established modulator of ES cell
heterogeneity [18]. Nodal signaling gives an alternative
possibility for an autocrine extracellular regulation of
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Figure 4 Parameter sensitivity analysis of the “ON” fixed point of the core NANOG circuit. a: Fach model parameter was changed by 20 and
40% and the obtained new steady states (blue circles) are overlayed on the phase space plot of Additional file 1: Figure S1d. Of particular interest is a
change in Canog,0s, the increase of binding energy of RNAP Il at the Nanog promoter in the presence of the OCT4/SOX2 dimer. Twenty percent
change in this parameter shifts the equilibrium NANOG concentration by more than an order of magnitude more than that of OCT4 (black circle). b:
Parameter dependence of nullclines and fixed points: the orange and cyan curves were obtained in a simulation with increased Cyanog,0s. Notice
that in the "ON" state, NANOG concentration is increased by a factor of 2, while OCT4 levels remained the same. Furthermore, the altered set of
parameters excludes the “OFF” state of the system. Concentrations are presented in the units of nM.

Nanog, mediated through the Smad family of transcrip-
tion factors [13].

To demonstrate that autocrine signaling loops can
induce fluctuating Nanog expression levels, we consider a
feedback through FGFs and ERK. As a particular exam-
ple, we investigate a scenario in which the stability of
the RNAP II complex containing the OCT4/SOX2 dimer
depends on ERK activation. To explore the behavior of
the FGF pathway during NANOG fluctuations, mouse ES
cells were sorted based on their NANOG expression lev-
els into four groups (low, medium, high, very high). For
each group we determined the transcriptional activity of
key genes, such as OCT4, ESRRB, and FGF family mem-
bers expressed by mouse ES cells: FGF4, FGF5 and FGEFS.
As Figure 3 demonstrates, the range of Oct4 variability is
less than half of that of Nanog. In contrast, the range of
variability in the expression levels of FGFs and ESRRB is
even greater than that of NANOG. High FGF4 expression
is associated with high Nanog expression, whereas high
FGF5 and FGF8 expression is characteristic for cells with
low levels of Nanog. ERK activity (phosphorilation) assays
revealed an inverse relationship between ERK activity
and Nanog expression levels (Figure 3). This correlation
between Nanog expression and ERK activity is seen in
both sorted Nanog subpopulations (Figure 3b) and in a
doxycycline-inducible Nanog ES cell line (Figure 3c).

Based on known regulatory binding sites [19], and the
expression data in Figure 3, we consider the autocrine

feedback loop shown in Figure 5. Using the available tran-
scription factor-DNA binding ChiP data set, we selected
two transcriptional regulators for each gene. In partic-
ular, we assume that the KLF4-ESRRB system is down-
stream of the NANOG core circuit. We suggest that
NANOG, KLF4 and ESRRB are activators and repres-
sors of the two FGF genes considered in the model.
Finally, we assume that secreted FGF proteins bind to
cell surface receptors in an autocrine manner. The acti-
vation of FGF receptors initiate the intracellular MAPK
signaling pathway [20], which closes the feedback to
NANOG through modulating the binding affinities of
the OCT4/SOX2 dimer, the only transcription factor of
NANOG explicitly considered in the model. In the follow-
ing we build up this complex signaling model from simpler
modules.

KLF4 and ESRRB

Klf4 and Esrrb are known to be pluripotency genes and as
arecent study exposed, both are direct targets of NANOG
[21]. KLF4 was reported to bind to it’s respective pro-
moter as well as to the promoter regions of Nanog and
Esrrb [22]. To keep our model as simple as possible, we
restrict the number of regulatory connections to two per
locus. We further assume that ESRRB is more down-
stream than KLF4 is (see Figure 6a). Promoter binding
affinities were chosen in such a way that [NANOG]
is in the nanomolar range when Kif4 and Esrrb genes
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Figure 5 The signaling and transcriptional network considered to regulate mouse ES cell maintenance. (a) Full model. Green, red and blue
arrows represent transcriptional activation, repression and translation, respectively. Black arrows represent complex formation, and various multi-
step processes: (i) FGF secretion resulting in an effective autocrine ligand concentration and (i) activation of the MAPK. (b) Schematic representation
of the autocrine feedback loop. The suggested model acts as a noisy negative feedback regulator which includes a signal amplifier and delay.

switch on. With such assumptions, the NANOG-KLF4-
ESRRB cascade can function as an amplifier. By keeping
[NANOG] steady (as input), the autocatalytic expression
levels of KLF4 are well approximated by a Hill function
of exponent 2 (Figure 6b). The steady state expression
level of ESRRB is an even more non-linear function of
[NANOG]: the abrupt switch is steeper than a Hill func-
tion with n = 6 (Figure 6c). Thus, consistent with

empirical data, if the KLF4-ESRRB system is tuned in
this regime of operation, changes in the transcriptional
activity of ESRRB may exceed by an order of magnitude
that of NANOG.

Autocrine FGF signaling
Chromatin immunoprecipitation assays revealed that the
Fgf4 gene has binding sites for KLF4 and ESRRB, and
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Figure 6 The KLF4-ESRRB module as an amplifier. We consider an autocatalytic regulation of KLF4, and cooperative positive regulation from
NANOG (a). Keeping [NANOG] at various pre-determined values, we obtained the steady state concentrations and promoter activity of KLF4 and
ESRRB. The relationship between these values and [NANOG] is strongly non-linear, reflecting the autoregulation and cooperative binding with
NANOG. The solid line represent fitted Hill curves with n = 2.3 & 0.2 and n = 6.2 & 0.4 for KLF4 and ESRRB, respectively (b, €). Concentrations are

presented in the units of NM.
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the Fgf5 gene has sites for NANOG and ESRRB [23,24].
Microarray expression analysis [25] has shown that FGF
Receptor 1, that can bind all three flavors of secreted
FGFs, is expressed by mouse ES cells. Thus, we work
with an aggregate autocrine FGF concentration, [FGF*]
to determine downstream receptor activity. As FGF5 and
FGF8 expression levels appear to be similarly regulated,
in our model both are represented by FGF5. While the
dynamics of autocrine FGF signaling has not been studied
in mouse embryonic stem cells, autocrine EGF signaling
was explored extensively in other experimental systems
[26]. Experiments with autocrine EGF signals revealed
a linear relationship between cell surface autocrine lig-
and concentration and the production rate of the protein.
Thus, we assume that the equation governing autocrine
FGF ligand concentration, [FGF*], is

d[FGF*
[dt I 2

ie{4,5)

rgf-iPEgf-i — OFGE-i[FGF-i]

)
1 + Drgr-i

where 0 < pryr; < 1 is the probability of transcription
at the Fgf4 and the Fgf5 locus, and Spgp.; is the decay
rate combined with the diffusive flux transporting the
ligand off the cell surface. The af,z; coefficient reflects
both production and the conversion between autocrine
ligand concentration and production. In the EGF sys-
tem the relationship between steady state autocrine lig-
and concentration and its production rate was 0.05
pM/(molecules/cell/h) ~ 0.05 pM/(30 pM/h) ~ 0.1% h
(see Figure six of [26]). Based on this result, we expect
that less than 1% of the FGF molecules produced in an
hour (our approximate time unit) will act as autocrine lig-
ands at the cell surface. Therefore, providing autocrine
ligand concentration in the nanomolar range requires
higher production rates than the rates we assumed for
transcription factors (see Additional file 1: Table S1).

The MAPK cascade, the signaling pathway down-
stream of the FGF receptor, has been studied extensively
both by computational and biochemical methods [27-29].
These studies revealed two characteristic operation mode:
changes in receptor ligation may elicit a transient and a
sustained ERK activity. Interestingly, both responses are
well approximated by a linear response function. Since
the characteristic lifetime of the transient response is in
the order of minutes, we assume that the relatively slow
changes in Nanog expression that take place over several
hours reflect a sustained change in steady state ERK acti-
vation. Our experimental data (Figure 3) is also consistent
with a change in the steady state ERK activity. Hence, we
propose that the normalized difference

_ [ERK*] - [ERK"],
©T T [ERK, (10
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between ERK activity (i.e., concentration of phospho-
ERK, [ERK*]) and a reference (baseline) level activity
[ERI(*]O is proportional to the number of active receptor
complexes R* as

e ~R" (11)
The steady state concentration of active receptors is
* tot [FGF*] (12)

1/K + [FGF*]’

where R’ is the total amount of FGF receptors at the
cell surface, and K is the binding constant between the
receptors and their FGF ligands.

The connection between ERK activity and NANOG
activation is currently unknown. Here we assume, that the
regulation involves the modulation of the binding affinity
of the OCT4/SOX2 dimer, the only transcription factor of
NANOG that is explicitly considered in the model:

0
CNanog,OS - CI(\[;nog,OS ~E, (13)
thus
FGF*
0
CNanog,OS - CI(\[;nog,OS = fot [ ] (14)

1/K + [FGF*]

where the coupling factor a is chosen in such a way that
for a typical simulation the magnitude of (14) is smaller
than one.

NANOG expression determined by autocrine feedback

To explore the behavior of the full model (Figure 5),
we first consider steady states obtained with various
(fixed) values of Cpnunog0s, the binding energy between
RNAP II and the OCT4/SOX2 dimer at the Nanog
promoter — the assumed site of ERK regulation (Figure 7).
When Cpganog0s is set by the feedback (14) with a specific
“gain” parameter g, the system reaches a single steady state
that falls on the steady state curves shown in Figure 7.
We propose that the observed Nanog heterogeneity is
resulted by slow alterations in model parameters — spe-
cific for individual cells — like the feedback strength or the
efficiency of autocrine ligand capture. For strong enough
autocrine feedbacks the system is characterized by a fold
in the phase space (pitchfork bifurcation), hence small
changes in the parameter values can have disproportion-
ally large effects on the steady state concentration values.
Furthermore, due to the hysteresis distinct sub-states can
co-exist (Figure 8), hence the concentration values also
reflect the history of the system. All these sub-states are,
however, still within the “ON” state of the NANOG core
circuit: the parameters identified in Figure 4, like the the
binding affinity of NANOG to the Sox2 promoter, are
still able to shut off Nanog expression through another
sudden change (Figure 8c). To address the robustness
of the substates, we performed a systematic variation of
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Figure 7 The effects of modulating the transcriptional regulation of Nanog. Steady state protein concentrations are plotted for various values
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feedback (14), the system evolves into a steady state (gray symbols) which depends on parameter g, the strength of the feedback.

model components by 10%. We found, that when both
distinct “ON” and “OFF” states were present, the “ON”
state exhibited substates separated by a bistable region in
85% of the cases.

Large fluctuations readily develop as a response to a
high frequency noise added to the parameters. As an
example, a 30% modulation of the FGF decay parame-
ter Spgr results in slow, but large amplitude transitions
between the substates (Figure 9a-c): the model-predicted
duration of a transition is in the order of a day, and
the typical time of the system spends in the same sub-
state is in the order of a week. Such simulations also
allow to correlate expression levels in the model with
experimental data shown in Figure 3. In the time series
we identified regimes where [NANOG] was below 0.7
nM (“Nanog low”) or above 1.0 nM (“Nanog high”). Fow
both types of time intervals we averaged the expression
level of each factor, and normalized it to the “Nanog
high” state (Figure 9d). The general tendencies of both
Figure 9d and Figure 3 are identical: Nanog expression
levels are more variable than that of Oct4, and the KLF4-
ESRRB amplifier can further increase the variability in Fgf
expression.

Discussion

The mechanism behind Nanog fluctuations

Protein and mRNA levels can fluctuate due to the inher-
ently stochastic kinetics of gene transcription and trans-
lation. Even an unregulated, constitutively expressed gene
exhibits a 30% spread of expression levels over a popula-
tion of identical cells [30]. Clearly, the reported variations
in the stem cell maintenance network, especially those

genes that are downstream of Nanog, greatly exceed this
baseline variability. Thus, we expect that the observed
heterogeneity in Nanog expression levels is generated by
the dynamics of the regulatory system as it greatly ampli-
fies the molecular stochastic noise. To describe a poten-
tial mechanism generating the experimentally observed
dynamics, we proposed a model that operates with bind-
ing affinities of multiple transcriptional regulators of
pluripotency, the topology of the transcriptional regu-
latory networks, and activity of an autocrine signaling
pathway. The resulting model produces varied expres-
sion levels of several components of pluripotency regula-
tion, largely consistent with our (Figure 3) and previously
reported empirical observations [13].

We argue that slow fluctuations in Nanog expression
likely reflect individual cell-specific changes in parame-
ters of an autocrine feedback loop, such as changes in
ligand capture efficiency, receptor numbers or the pres-
ence of crosstalks within the MAPK signal transduction
pathway. While high-frequency variability may be filtered
out by the slow dynamics of transcription factor syn-
thesis and accumulation, low frequency changes, such
as a slow alteration in the cell's microenvironment, are
capable to push expression levels across substate bound-
aries. Given the complexities of a cell’s variable exposure
to autocrine/juxtacrine signaling in culture, this model
incorporates a plausible basis for a variable activity of
an autocrine signaling pathway eliciting heterogeneous
expression of intracellular components. In this view the
fluctuations of Nanog reflect the response of a regula-
tory system with multiple feedbacks in a non-stationary
environment.
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This feedback mechanism, that does not involve
changes in OCT4, is consistent with both the stability
of Oct4 expression levels [13], (Figure 3) and the obser-
vation that alteration of OCT4 levels induces ES cells
to differentiate rapidly; too much or too little OCT4
rapidly directs cells to differentiate [31,32]. Very small
increases in OCT4 expression causes differentiation to
mesoderm and endoderm, and reduction of OCT4 lev-
els induces loss of pluripotency and dedifferentiation to
trophectoderm.

Comparison with experimental data

The proposed computational model needs to be com-
pared with experimental data on at least three levels.
(1) The dynamics of the whole system can be evaluated
and compared with corresponding experimental data.
(2) Our model makes explicit or implicit assumptions
on the topology of the transcriptional regulatory net-
work, and identifies functional modules. Finally, (3) most
model parameters are expressed either as molecular bind-
ing affinities or as parameters effecting the stability of
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the transcription complex in addition to production and
decay rates.

Dynamics

Our model calculations demonstrate that a biologically
plausible autocrine feedback can create distinct sub-states
within the “ON” state of the core Nanog switch. While
stochasticity and feedback regulation has been proposed
to explain Nanog fluctuations [9,17,33], the previously
proposed mechanisms involved noise induced transitions
between the “ON” and “OFF” states of the core Nanog
switch. Experimental evidence, however, suggests that
Nanog expression in Nanog-low ES cells is still much
higher than that in cells committed to differentiation
[13]. Furthermore, Nanog-low cells can still be maintained
indefinitely without committing to differentiation — their
Nanog expression level will, in fact, increase. These empir-
ical observations clearly support a mechanism that oper-
ates with transitions between substates that do not involve
the “OFF” state of the core Nanog switch. The existence of
distinct substates of Nanog expression was also suggested
by a recent study that analyzed experimentally observed
changes in Nanog expression profiles in terms of a phe-
nomenological model that made no explicit assumptions
on the underlying molecular signaling network [14].

Our approach also demonstrates that the slow modu-
lation of Nanog expression can reflect changes that are
external to the core circuit — instead of the stochastic
expression of the transcription factors [17]. The topol-
ogy of the regulatory network considered here is more
elaborated than in previous studies [9,17], and thus able
to represent and predict changes in expression of sev-
eral downstream genes. Furthermore, our model does
not include direct autoregulation of Nanog — a frequent
assumption in simplified models which lacks empirical
support.

FGF and NODAL signaling are clearly active in mouse
embryonic stem cells, and function in an autocrine fash-
ion in undifferentiated cells [18]. Previous studies [12,13]
have shown that these autocrine signaling pathways influ-
ence the dynamic heterogeneity of ES cells in culture,
likely through specific molecular mechanisms that have
yet to be elaborated. Our results show highly variable
expression of FGF ligands and intracellular ERK activity
in ES cells grown in serum-based media (Figure 3). The
model behavior presented in Figure 9, is largely consistent
with the anticorrelation found in ERK activity and Nanog
expression (Figure 3) as well as existing information on
FGF signaling [12].

Regulatory network topology

The regulatory network shown in Figure 5 contains motifs
that are well established as well as hypothetical regulatory
connections that we explore in this work. The full network
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can be broken up into four modules: the core NANOG
switch, the downstream ESRRB amplifier, the autocrine
FGF module and finally, the feedback through the MAPK
cascade.

Our analysis indicates that each of the recently proposed
regulatory architecture of the core NANOG-OCT4-SOX2
network (Figure 2) functions as a bistable switch. We
argue, that irrespective of the underlying model details,
the nonlinearity needed to create two stable fixed points
is provided by the autoregulation and the dimerization
of the OCT4/SOX2 transcription factors. The switch-like
behavior is also maintained when OCT4 acts as a likely
low affinity repressor — an assumption motivated by the
finding that OCT4 overexpression was required for the
manifestation of the repressive behavior [34].

The roles KLF4 and ESRRB play in stem cell main-
tenance are in the focus of recent scientific interest
[21,35,36]. Based on chromatin immunoprecipitation data
[19], both the Kif4 and Esrrb genes have several potential
regulatory sites, which include transcription factors from
the Nanog core as well as allow autoregulatory feedbacks.
We demonstrated that a subset of the known likely regu-
latory interactions is capable to function as an amplifier,
greatly expanding the variability of these factors. While
the existence of (functional) autoregulation in these loci
has not yet been established by targeted experiments, the
proposed amplifier function of the KLF4-ESRRB system is
in good agreement with the experimentally obtained large
variations in Esrrb (Figure 3 and [37]) and downstream Fgf
expression levels (Figure 3).

The Fgf genes which are known to be actively tran-
scribed in mouse ES cells exhibit regulatory sites for the
transcription factors considered in this work. Chromatin
immunoprecipitation data reveals that Fgf4 has putative
regulatory sites for KLF4 and ESRRB, Fgf5 has puta-
tive regulatory sites for NANOG and ESRRB, while Fgf8
exhibits a regulatory site for NANOG [19]. While the
nature of the regulatory connection is currently unknown,
based on the strong correlation between Nanog and Fgf4
expression and the strong anticorrelation between Nanog
and Fgf5 as well as Nanog and Fgf8 expression levels,
we assume that Fgf5 and Fgf8 are repressed while Fgf4
expression is enhanced by the transcription factors con-
sidered in this work. The repressional regulation of Fgf
genes is of key importance — it yields a negative feedback
loop, and this will tested by targeted experiments in the
future.

Finally, the MAPK module and the autocrine ligand
concentration was treated phenomenologically by sim-
plified input-output relationships reflecting previously
established results. In particular, we postulated a lin-
ear relationship between autocrine ligand concentration
and its rate of production [26,38]. The MAPK pathway
can exhibit transient and sustained activation [39,40],
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the latter lasting only for less than an hour [28]. As
changes in transcriptional regulation are operating on a
slower time scale, here we considered a change in sus-
tained ERK activation, which was also carefully studied
and is expected to operate as an amplifier (ultrasensi-
tive switch) linking input and output with a Hill coef-
ficient much greater than one [27,41]. This observation
motivates our use of a coupling factor a in Eq. (14)
that is able to substantially reduce Nanog expression, in
agreement with specific observations in mouse ES cells
[12,13].

Parameter values

A molecular regulatory network model is bound to have
several parameters, for most of which very little empiri-
cal data is available. As one way to contain this problem,
here we used a modular approach: first we identified the
behavior of smaller units, like the core Nanog switch,
or the Esrrb amplifier. Functional requirements can con-
siderably constrain the possible parameter values within
such a module. As a second effort to reduce the arbi-
trariness of model parameters we derived expression rates
from binding energies [16,42]. Finally, unless empirical
evidence suggested otherwise, we kept the simplest (uni-
formly assigned) values of the parameters and did not
try to match empirical data by fine tuning the param-
eters. Nevertheless, we do not consider our parameters
to be predictive — many different combinations can give
similar overall behavior. Yet, they are important to demon-
strate that the proposed regulatory system can work with
plausible parameter values.

Future directions

The major focus of this model involves a regulatory net-
work of Nanog, Oct4, and Sox2; these transcriptional reg-
ulators constitute a semi-independent regulatory module
(‘core’ module [43]) in maintaining pluripotency. Clearly
many other transcriptional regulators are involved in
this complex module however. Our model represents an
extensible platform for adding further components of
the core module. The integration of other transcriptional
regulators such as Tcf3 [44], Tbx3 [45], and signaling
pathways such as Nodal and BMP signaling [13], will be
an important future application of this model to study
the inherent instability of the pluripotent phenotype in
serum-based media. The model presented here does not
take into account potential role of allelic expression of
the Nanog locus [46] in directing heterogeneity in Nanog
expression. Experimental data for this phenomenon are
contradictory, however, [47]. Further experimental data
will be required to confirm this phenomenon, and if so,
how this unusual mode of transcriptional regulation may
be integrated into the model presented here.
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Conclusions

The pluripotency of embryonic stem cells is sustained
by a core cluster of co-regulated transcription factors,
NANOG, OCT4 and SOX2. Surprisingly, Nanog as well
as several other downstream transcription factors exhibit
widely fluctuating expression in a population of undiffer-
entiated stem cells. To explain the observed heterogeneity
of expression levels, we propose a computational model
that couples the transcriptional regulation of Nanog to
autocrine extracellular signals. We argue that the likely
source of fluctuations is not the core regulatory clus-
ter, but stochasticity within the autocrine feedback loops.
The model predicts fluctuating expression levels for sev-
eral factors involved in pluripotency maintenance, largely
consistent with empirical observations presented here or
reported previously. Our model indicates the presence of
distinct substates of pluripotency, each exhibiting various
expression levels of Nanog and downstream transcription
or signaling factors. Thus, we predict that subpopulations
within undifferentiated embryonic stem cells can have
non-uniform responses to extracellular stimuli. Finally, we
assign an empirically testable function to the transcrip-
tional regulators KIf4 and Esrrb, and predict differential
regulation of FGF family members. In vivo, we expect
autocrine feedbacks to be highly sensitive to alterations
of the stem cell microenvironment, hence our model can
guide future studies linking stem cell maintenance to
physical and biochemical properties of the stem cell niche.

Methods

Mouse ES cell culture

Experiments used the BAC-Nanog-GFP (BNG) ES cells
[13] in which Nanog-GFP bacterial artificial chromosome
(BAC) [48] was introduced into Ainv15 ES cells [49]. BNG
ES cells were maintained as described previously [13,25]
on gelatin-coated or fibroblast cocultured plates. Cells
were grown in serum-based ES cell media: Dulbecco’s
modified Eagle’s medium, 15% fetal bovine serum (FBS),
penicillin-streptomycin, L-glutamine, nonessential amino
acids, B-mercaptoethanol, and 10? units/ml leukemia
inhibitory factor (LIF).

Fluorescent cell sorting and analysis

ES cells were trypsinized to a single cell suspension and
analyzed by BD FACSAria (cell sorting) and BD LSRII flow
cytometer (cell analysis) for GFP expression. A convention
was established for sorting and analyzing subpopulations
of BNG ES cells based on the profile of GFP expression
of unsorted cells, as described in [13]. The GFP-medium
and GFP-high populations were determined by gating
30%—-35% of the cells from the peak of the GFP distri-
bution. Cells expressing higher levels of GFP than the
GFP-high subpopulation were classified as GFP-very high;
whereas cells with expression less than GFP-medium cells
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but above background were identified as GFP-low cells.
Analysis of control E14 ES cells were used as a negative
control for flow analysis and sorting. After cell sorting,
subpopulations were analyzed to confirm purity of the
population.

RNA analysis

RNA was isolated (Qiagen, Hilden, Germany), and cDNA
was synthesized (Invitrogen) following manufacturer’s
instructions. TagMan primer sets with the 7500 Real Time
polymerase chain reaction (PCR) system (Applied BioSys-
tems, Foster City, CA) were used for quantitative real-
time PCR analysis. Upon request, specific ABI TagMan
Primer/Probe assay identification numbers are available.

Protein analysis

Cells were pelleted and then lysed with radioimmune pre-
cipitation assay buffer supplemented with Halt Protease
and Phosphatase Inhibitor Cocktails (Pierce, Rockford,
IL). Protein samples were separated on BioRad Tris-HCl
gels, and blots were probed with primary antibodies for
GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA) and
PERK (Cell Signaling) and incubated overnight at 4 deg C
with appropriate secondary antibodies. SuperSignal West
Pico Chemiluminescence (Pierce) was used to detect the
Western blots.

Dox-inducible Nanog ES cell line

The Nanog coding sequence was inserted into a dox-
responsive locus via CRE-mediated insertion using previ-
ously described methods [13,25,49] into the Alnv-15 ES
cell line, to generate BNG-dox-Nanog cell line. These cells
were cultured under feeder-free conditions in standard
serum based ES cell media supplemented with doxycy-
cline (1 ug/ml) for the indicated times. Cells were then
harvested in RIPA buffer for western analysis.
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