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Forward and backward transitions between epithelial and mesenchymal phenotypes play crucial roles in embryonic development
and tissue repair. Aberrantly regulated transitions are also a hallmark of cancer metastasis. The genetic network that regulates
these transitions appears to allow for the existence of a hybrid
phenotype (epithelial/mesenchymal). Hybrid cells are endowed
with mixed epithelial and mesenchymal characteristics, enabling
specialized capabilities such as collective cell migration. Cell-fate
determination between the three phenotypes is in fact regulated
by a circuit composed of two highly interconnected chimeric modules—the miR-34/SNAIL and the miR-200/ZEB mutual-inhibition
feedback circuits. Here, we used detailed modeling of microRNAbased regulation to study this core unit. More speciﬁcally, we investigated the functions of the two isolated modules and subsequently of the combined unit when the two modules are integrated
into the full regulatory circuit. We found that miR-200/ZEB forms
a tristable circuit that acts as a ternary switch, driven by miR-34/
SNAIL, that is a monostable module that acts as a noise-buffering
integrator of internal and external signals. We propose to associate
the three stable states—(1,0), (high miR-200)/(low ZEB); (0,1), (low
miR-200)/(high ZEB); and (1/2,1/2), (medium miR-200)/(medium ZEB)—
with the epithelial, mesenchymal, and hybrid phenotypes, respectively. Our (1/2,1/2) state hypothesis is consistent with recent experimental studies (e.g., ZEB expression measurements in collectively
migrating cells) and explains the lack of observed mesenchymalto-hybrid transitions in metastatic cells and in induced pluripotent
stem cells. Testable predictions of dynamic gene expression during
complete and partial transitions are presented.
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directed collective cell migration, instead of the solitary migration of purely mesenchymal cells (3). The E/M hybrid state, the
result of what is commonly referred to as partial EMT (pEMT),
can revert to enable reepithelialization when required, for example, during the completion stages of wound healing and
branching morphogenesis (4–6).
Relevance to Tumorigenesis. Aberrantly regulated complete and
partial E–M transitions play a crucial role in cancer metastasis
(5). These processes begin when primary tumor cells lose their
epithelial apico-basal polarity and tight cell–cell adhesion to
become migratory and invasive. Upon reaching a proper colonization niche in a distant organ, some of the seeding mesenchymal cells undergo the backward transition, regain their epithelial characteristics, and form micrometastases, some of which
later evolve into full-grown macrometastases (2). Traversing the
extracellular matrix (ECM) toward blood vessels is a complex
task requiring specialized cellular motility. It has been shown that
cancer cells can migrate as dispersed individuals of the mesenchymal phenotype, or in coordinated collective motion of the
hybrid phenotype (5–7). Collective migration obviates the need for
all cells to be able to detect extrinsic signals for migration (8),
enabling the cohort of cells to adeptly adapt to different microenvironments. Thus, E/M hybrid cells have an important functional role for successful migration through the ECM. Notably,
whereas E/M hybrid cells have been observed during forward
E-to-M transitions, they have not been observed to occur during
the reverse M-to-E transitions (9, 10). These experiments
imply an innate asymmetry in the underlying mechanisms regulating the epithelial–mesenchymal cell fate.

Signiﬁcance

U

nderstanding cell-fate decisions during embryonic development and tumorigenesis remains a major research challenge
in modern developmental and cancer biology (1). Over recent
years, we have witnessed rapid progress in mapping the gene regulatory networks associated with cellular phenotype with applications to transitions from epithelial to mesenchymal modalities,
to the differentiation of pluripotent stem cells into progenitor
cells, to the existence and role of cancer stem-like cells (CSC), and
to the production of induced pluripotent stem cells (iPSCs). Cellfate determinations in all of these examples involve changes in
expression of various transcription factors (TFs) and microRNAs
(miRNAs) that regulate cascades of regulatory networks, ultimately
generating genome-wide gene-expression patterns and concomitant
protein levels corresponding to a particular cell lineage (fate).
The E/M Hybrid Phenotype. An archetypal example of cell-fate
decisions concerns the forward and backward transitions between the epithelial (E) and mesenchymal (M) phenotypes
(EMT and MET), transitions that play a critical role in embryonic development, tissue repair, and cancer metastasis (2). The
genetic network that regulates epithelial–mesenchymal transitions also allows for partial transitions into a hybrid phenotype,
which is endowed with combined epithelial (e.g., cell–cell adhesion) and mesenchymal (e.g., motility) capabilities. These mixed
traits of the E/M hybrid phenotype enable cells to undergo
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Epithelial–mesenchymal transitions play crucial roles in embryonic development, wound healing, and cancer metastasis. It
is clearly of interest to quantitatively understand the core circuitry that takes input from the cell’s environment to perform
this cell-fate decision. We devised a unique model of the
microRNA (miR)-based coupled chimeric modules underlying
this core circuit; this effort utilizes a unique theoretical framework for treating miR dynamics. We show that the miR-200/ZEB
module functions as a ternary switch, allowing not only for the
epithelial and mesenchymal phenotypes but also for a hybrid
phenotype with mixed characteristics of collective cell migration,
as seen in branching morphogenesis and wound closure. Our
results provide valuable clues on how to control and reverse
epithelial–hybrid–mesenchymal transitions.
Author contributions: M.L., M.K.J., H.L., J.N.O., and E.B.-J. designed research, performed
research, contributed new reagents/analytic tools, analyzed data, and wrote the paper.
The authors declare no conﬂict of interest.
1

M.L. and M.K.J. contributed equally to this work.

2

To whom correspondence may be addressed. E-mail: eshelbj@gmail.com, herbert.
levine@rice.edu, or jonuchic@rice.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1318192110/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1318192110

Ternary Switches. The realization that mutually inhibiting TF–TF

switches and mutually inhibiting miR–TF chimeric switches play
an important role in cell-fate determination has led several
groups to conduct theoretical studies of such circuits (17–22).
These studies have revealed that inclusion of transcription selfactivation can lead to the coexistence of three stable states
(tristability) (17–20). More speciﬁcally, the classical TF–TF toggle
switch has two stable states, (0,1) and (1,0), where state (0)
corresponds to relatively low expression (low concentration) and
state (1) corresponds to relatively high expression (23). However,
when one of the TFs is self-activating, the circuit can in general
have three such states—(0,1), (1,0), and (1/2,1/2), and thereby
acts as a ternary switch. Recently, Lu et al. (24) devised a theoretical framework to incorporate translation-transcription regulation in the dynamics of microRNA-dependent chimeric circuits.
Their dynamical system analysis revealed that inclusion of TF selfactivation can also allow the miR–TF chimeric circuit to act as
a ternary switch.
Ternary Chimera Switch Driven by Noise-Buffering Integrator. A
generalized version of the framework devised by Lu et al. (24) is
used to study the dynamics and task performance of the [miR-34/
SNAIL]:[miR-200/ZEB] core regulatory unit. This biologically
consistent approach incorporates in detail the dynamics of microRNA silencing, both translational repression and the active mRNA/
miR degradation. Consequently, the kinetic equations contain new
types of terms playing the roles of the inhibitory and excitatory Hill

functions. This approach enables us to investigate the effect of the
number of the microRNA binding sites on the mRNA. We found
that the [miR-34/SNAIL] module is a monostable circuit that
acts as a noise-buffering integrator, reminiscent of the bacterial
sporulation sensing system (25–27). The [miR-200/ZEB] module
was found to be a tristable circuit that acts as a ternary switch.
We show that the different operating characteristics of these two
modules are associated with the experimentally known differences in the nonlinearity of their translation-transcription inhibition (high vs. low) and in the TF self-regulation (ZEB selfactivation vs. SNAIL self-inhibition) (see SI Appendix, Section 2
for circuit details). The tristable structure of the [miR-200/ZEB]
module is retained upon coupling to the other module. We associate the decision module (1/2,1/2) state with the epithelial–
mesenchymal hybrid phenotype and discuss the consistency of
this picture with current experimental observations as well as
make speciﬁc testable predictions. In Discussion, we compare
our ﬁndings with a recently published contrasting view associating the hybrid phenotype with a mixed state of high miR-200
and low miR-34 (28).
Results
Summary View of the Core Regulatory Components. Before pre-

senting our detailed analysis, we summarize some of our key
ﬁndings. The core regulatory unit, Fig. 1, is composed of two
highly interconnected modules—the miR-34/SNAIL and the
miR-200/ZEB microRNA-TF double negative feedback loops.
In SI Appendix, Fig. S1, we illustrate how the decision circuit
participates in the regulation of other key cellular processes and
characteristics including stress response, stemness, genome stability, cell–cell communication, and cellular motility.
We initially considered each loop in isolation. Analyzing the
stand-alone dynamics, we found that the miR-200/ZEB generically exhibits tristability (the existence of three distinct stable
states) and that the miR-34/SNAIL circuit exhibits monostability
(existence of a single stable state). The term “generically” is used
to indicate that this is the characteristic behavior for a wide range
of realistic parameters inferred from experimental observations
(see SI Appendix for details), using as input the known functional
character of the translation and transcription inhibition of the
two circuits. Consequently we put forward the following interpretation regarding the function of the two modules: (i) the
miR-200/ZEB operates as a ternary switch (Fig. 2A); (ii) the
miR-34/SNAIL operates as a noise-buffering integrator (Fig.
2B). In this interpretation, the three states of the switch are as
follows: (i) the (1,0) state—high miR-200 with low ZEB, which
corresponds to the epithelial (E) phenotype; (ii) the (0,1) state—
low miR-200 with high ZEB, which corresponds to the mesenchymal (M) phenotype; and (iii) the (1/2,1/2) state—intermediate
levels of both miR-200 and ZEB, which corresponds to the epithelial–mesenchymal (E/M) hybrid phenotype.
Theoretical Framework for Modeling miRNA-based Chimera Circuits.

To incorporate the essential feature of miRNA-mediated regulation in the translation–transcription chimeric circuits, we followed and generalized the recent theoretical framework devised
by Lu et al. (24). This framework starts with a detailed description of the TF–promoter binding/unbinding dynamics and
adds the miRNA–mRNA binding/unbinding dynamics (Fig. 3).
The generic deterministic equations for a two-component chimeric circuit with miR (μ) targeting the mRNA (m) of a transcribed TF protein B are given by,
Fig. 1. The regulatory network governing epithelial–mesenchymal plasticity. The unit is composed of two highly linked miR-TF chimeric circuits, the
miR-34/SNAIL and the miR-200/ZEB mutually inhibiting loops. A solid arrow
denotes transcriptional activation, and a solid bar denotes transcriptional
inhibition. Dashed lines indicate microRNA-mediated translational regulation, and dotted lines represent indirect regulation. The numbers listed
alongside each regulatory line represent the number of binding sites, as
deduced from experiments.

Lu et al.

_ = gm − mYm − km m; B_ = gB mL − kB B; [1]
μ_ = gμ − mYμ − kμ μ; m
where gμ and gm are the synthesis rates (possibly functions of B
and of external signals) of μ and m respectively, kμ , km , kB are the
innate degradation rates of μ, m, and B, respectively, and gB is
the translation rate of protein B for each mRNA in the absence of
miR. The derivation of the functional form of the μ-dependent
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The Core Regulatory Unit. Cell-fate determination between the
three phenotypes can be induced by various internal and external
signals such as HIF-1α, p53, TGF-β, HGF, FGF, EGF, Notch,
Wnt, and Hedgehog (2). It is now understood that these signals
converge on a core regulatory unit composed of four components—two families of E-box binding transcription factors (TFs)
SNAIL and ZEB and two families of microRNAs (miRs) miR34 and miR-200. The unit architecture can be thought of as two
highly interconnected modules—the miR-34/SNAIL and the
miR-200/ZEB (Fig. 1). Each of these modules is a mutually
inhibiting microRNA–TF chimeric feedback loop circuit (11–
13). Generally speaking, high levels of miR-34 and miR-200
correspond to the epithelial phenotype, and high levels of
SNAIL and ZEB correspond to the mesenchymal phenotype and
are associated with higher metastatic capacity (2, 14). The two TFs
repress epithelial-speciﬁc gene expression, including E-cadherin,
the hallmark of the epithelial phenotype, and promote the expression of mesenchymal markers such as N-cadherin and vimentin
(14). The core regulatory system is also known to play an important
role as “a motor of cellular plasticity,” as it is coupled to a variety
of other key cellular features (SI Appendix, Fig. S1), including
stemness, cell-cycle arrest, apoptosis and senescence, resistance
to chemotherapy, and cell–cell communication (15, 16).

buffering characteristic, combined with the relatively mild input
dependence of the operating point (the stable state values of
miR-34 and SNAIL), can prevent aberrant activation of EMT
due to transient inputs and explain the stability of the epithelial
phenotype (14).
The effects of inhibitory nonlinearity and the nature of the TF selfregulation. The different operating characteristics of the mod-

Fig. 2. Dynamical system characteristics of the miR-200/ZEB and miR-34/
SNAIL modules. The ﬁgures show the nullclines and the possible states in
the phase-spaces corresponding to the two modules as are determined
from Eqs. S4.2 and S4.3 in SI Appendix. (A) The miR-200/ZEB driven
by signal SNAIL is tristable. Red nullcline is for dμ200/dt = 0 and dZ/dt = 0,
and blue nullcline is for the condition dmZ/dt = 0 and dZ/dt = 0. (B) The
miR-34/SNAIL is monostable. Blue nullcline is for the conditions dμ34/dt =
0 and dS/dt = 0, and red for dm S /dt = 0 and dS/dt = 0. The variables μ200,
μ34 , m Z, m S, Z, and S correspond to the levels of miR-200, miR-24, ZEB
mRNA, SNAIL mRNA, ZEB, and SNAIL, respectively, as are deﬁned in Eqs.
S4.2 and S4.3. Green solid dots denote stable ﬁxed points, and green
unﬁlled circles denote unstable ﬁxed points. The value of the SNAIL
signal for A is taken from the stable ﬁxed point in B. K Molecules,
thousand molecules.

miRNA–mRNA couplings Yμ, Ym, and L are presented in SI
Appendix; in Fig. 3B, we show the typical form of these functions—Yμ is weakly increasing with μ, Ym is strongly increasing, and L is strongly decreasing. The dependence of the
functional form on the number of binding sites of μ on m is
described in SI Appendix. We note that this system of threecoupled deterministic equations, derived by a more biologically consistent approach, differs from the previously derived
models studied in the context of miRNA–TF chimeric circuits
(21, 28–31). Because, typically, miRs are more stable than
mRNAs (32), in some cases, Eqs. 1 can be reduced to two
coupled equations for μ and B by assuming that m always
reaches steady states (SI Appendix, Sections 3–6).
Using this theoretical framework, the deterministic equations
for the stand-alone driven (by a signal S representing SNAIL)
miR-200/ZEB circuit, the stand-alone driven (by a signal I)
miR-34/SNAIL circuit and the combined regulatory unit are
given by equation sets S4.2, S4.3, and S4.4, respectively (SI
Appendix, Section 3). All of the model parameters and the
equations for each circuit module can be found in SI Appendix.
In our study, we used the continuation method [PITCON7 (33)
library] to calculate nullclines and plot bifurcations. See SI Appendix, Sections 4 and 6 for the model parameters.

ules are associated with the differences in the nonlinearity of
their translation–transcription inhibition (high vs. low) and in
their TF self-regulation (activation vs. inhibition). More speciﬁcally, the translation inhibition of ZEB by the miR-200 family
(which includes miR-200a/b/c, miR-141, and miR-429) is highly
nonlinear—at least six binding sites—and the transcription inhibition of miR-200 by ZEB has matched nonlinearity—a Hill
function of rank 3. In contrast, the translation inhibition of
SNAIL by the miR-34 occurs via only two binding sites, and the
transcription inhibition of miR-34 by ZEB is also a weakly
nonlinear Hill function of rank 1 (11–13). General study of the
requirements for multistability in chimera switches is presented
SI Appendix, Section 5. In SI Appendix, Section 8, we present
study of the effects of the TF auto-regulations.
The Combined Dynamics of the Core Regulatory Unit. Bifurcation
diagram of the mir-200/ZEB circuit driven by SNAIL. As a ﬁrst step to-

ward sorting out the combined system, we analyzed the behavior
of the decision circuit when it is driven by variable levels of
SNAIL. A typical bifurcation diagram illustrating the range of
coexistence of and the transition between the three stable states
is shown in Fig. 4A (additional bifurcation diagrams are included
in SI Appendix, Section 9). Next, we calculated a phase diagram
(a 2-dimensional bifurcation diagram) when the action of SNAIL
is represented by two independent signals, S1, a transcription
inhibitor of miR-200, and S2, a transcription activator of ZEB.
We identiﬁed, as is shown in Fig. 4B, the existence of seven possible phases (the corresponding nullclines are included in SI
Appendix, Section 10): (i) monostable phenotypes—{E}, {M},

Stand-Alone Driven Dynamics. Dynamics of the miR-200/ZEB—a ternary
switch. We performed an analysis of this circuit when it is driven

by a ﬁxed input signal S mimicking the effect of SNAIL—the
activation of ZEB and inhibition of miR-200. A typical phasespace diagram is shown in Fig. 2A. As can be seen, three stable
states coexist—(high miR-200/low ZEB), (low miR-200/high
ZEB), and (medium miR-200/medium ZEB), which we denote
as (1,0), (0,1), and (1/2,1/2), respectively. As mentioned earlier,
the states (1,0) and (0,1) correspond to epithelial (E) and mesenchymal (M) phenotypes, and we propose to associate the (1/2,1/
2) state with an epithelial–mesenchymal (E/M) hybrid phenotype.
Dynamics of the miR-34/SNAIL—a noise-buffering integrator. Next, we
performed an analysis of this circuit when SNAIL is driven by an
input signal I, mimicking the effect of the variety of input signals
known to affect this gene (e.g., HIF-1and TGF-beta). A typical
phase-space diagram is shown in Fig. 2B. As can be seen, only
a single stable state exists, which corresponds to ﬁxed levels So of
SNAIL and μo of miR-34. As the signal I increases, So smoothly
increases and μo smoothly decreases. Further investigations (SI
Appendix, Section 7) revealed that SNAIL self-inhibition reduces
the effect of external noise in incoming signals. This noise18146 | www.pnas.org/cgi/doi/10.1073/pnas.1318192110

Fig. 3. The microRNA-based circuit (MBC) modeling approach. (A) Schematic
diagram for the MBC model. One or more microRNAs (μ) reversibly bind to
mRNA (m) to form a μ–m complex. km and kμ are innate degradation rates of μ
and m, respectively. μ can inhibit the translation of m [the translation rate is
scaled by L(μ)] and degrade mRNA actively [at rate Ym(μ)]. The combined silencing effects can be characterized by P(μ). Also, μ can itself be degraded
actively [at rate mYμ (μ) for μ microRNAs]. (B) The values of the L, Ym, Yμ as the
functions of μ (scaled by the threshold μ0). The number of microRNA binding
sites on the mRNA is taken to be six. A vertical dotted line is plotted to show
the values at μ0. (C) The values of the shifted Hill function versus TF levels
(scaled by the threshold TF0). Here, the Hill coefﬁcient is three, and the fold
change λ is 10.

Lu et al.

Fig. 4. Bifurcation and phase-diagram of the driven miR-200/ZEB decision
module. (A) Bifurcation of ZEB mRNA levels when driven by a signal S (SI
Appendix, Eqs. S4.2) representing SNAIL. The bifurcation illustrates the
possible coexistence (for some range of S) of three states: (i) the (1,0) state
with high miR-200 and low ZEB, which corresponds to the epithelial (E)
phenotype; (ii) the (0,1) state, which corresponds to the mesenchymal phenotype (M); (iii) the (1/2,1/2) state, which corresponds to the hybrid phenotype (E/M). Starting with the (1,0) state (E) and increasing SNAIL, the
circuit undergoes a transition to the (1/2,1/2) state (E/M)—the ﬁrst upward
arrows on the right. Further increase in SNAIL leads to a transition from the
(1/2,1/2) state to the (0,1) state (M)—the second upward arrows on the right.
Starting from the (0,1) state and decreasing SNAIL yields a direct transition
to the (1,0) state—the downward arrows further to the left. (B) The phasediagram of the chimeric circuit when it is driven by two independent signals
S1 and S2, as is illustrated in the Inset circuit. Each phase corresponds to
a different combination of coexisting states. For example, in phase {E}, only
state (1,0) is stable, and, in phase {E,E/M}, the states (1,0) and (1/2,1/2) can
coexist.

Lu et al.

hybrid phenotype, both for the case of the stand-alone miR-200/
ZEB circuit and for the combined regulatory unit (when ZEB–
miR-34 feedback is included). Thus, cooperative auto-regulation
of ZEB is necessary for attaining the hybrid E/M phenotype. See
SI Appendix, Section 11 for the discussion of the coupling between modules for different parameters.
Testable Predictions. Our theoretical analysis of the regulatory
circuitry is consistent with several experimental ﬁndings, as is
discussed in more detail in SI Appendix, Section 2. Below, we
discuss possible future experimental veriﬁcation of the predictions, which emerged from this work.
Asymmetry in forward and backward phenotype transitions. To clarify
the predicted asymmetry and to ease comparison with future
experiments, we present in Fig. 6 the predicted response of the
core regulatory unit to a temporally varying external signal (Fig.
6A). The signal I serves as an activator of SNAIL and can represent the effect of a variety of inputs such as TGF-β and HIF-1.
In Fig. 6B, we show the corresponding trajectory in the ZEBSNAIL phase-space superimposed on the miR-200/ZEB bifurcation diagram (when this decision circuit is driven by
SNAIL). We show in Fig. 6 C–E the predicted changes in the
levels of miR-200, ZEB mRNA, and ZEB as the external signal
is increased and then decreased. It is clear that, upon increasing
the signal, the cell makes a transition from the epithelial phenotype to the hybrid phenotype and remains in this state (days
16–18 in Fig. 6D) before making a second transition into the
mesenchymal phenotype when the signal is further increased. In
contrast, direct transitions from the mesenchymal phenotype to
the epithelial phenotype are observed (between days 104–114 in
Fig. 6E) when the signal is decreased. A sudden increase of the
signal to high level leads to a direct transition from epithelia into
mesenchymal phenotype. However, it is possible to induce transitions into the hybrid phenotype by a sudden increase of the
signal, but to lower levels. These predictions can be tested by
comparing the dynamics of the epithelial–hybrid–mesenchymal
transitions by using different temporal applications of the signal,
for example, by exposing the cells to different levels of TGF-β
and/or different durations of hypoxia. Such tests can reveal some
insights into differential regulation of EMT during embryonic
development vs. cancer metastasis. We note that high level of
noise can also induce mesenchymal-to-hybrid transitions.
There is another manifestation of the asymmetry between the
forward and backward transitions. The basal level of the signal
(purple dashed line in Fig. 6A and red dots in Fig. 6 A–C) lies
below the threshold level of SNAIL transcription activation.
Thus, the transition from the epithelial phenotype occurs when
the signal rises above the basal level (Fig. 6B). After EMT is
complete, ZEB levels remain high (Fig. 6C); the cells maintain
the stable mesenchymal state, in agreement with observations
(37). Starting from this phenotype, the signal has to be reduced
signiﬁcantly below the basal level to allow for transitions back to
the epithelial phenotype. This asymmetry is consistent with
experiments showing that lifting the activation of SNAIL (i.e.,
returning it to basal levels) is insufﬁcient to trigger MET. SNAIL
needs to be actively inhibited, e.g., through activation of miR-34,
to initiate MET (38).
The existence and character of the hybrid phenotype. According to the
picture presented here, the experimentally observed epithelial–
mesenchymal hybrid phenotype is associated with partial expression of both miR-200 and ZEB, which we termed the (1/2,1/
2) state. Despite the supportive experimental ﬁndings, this core
assumption/prediction has not yet been veriﬁed by direct expression level measurements. We propose that experiments
should be carried out involving collective cell migration similar
to those reported in ref. 39, in which the levels of both miR-200
and ZEB would be directly measured (instead of focusing exclusively on downstream effectors such as E-cadherin and vimentin). Furthermore, according to our analysis, the (1/2, 1/2) state,
and thus the hybrid phenotype, can exist only if ZEB is selfactivating. This prediction can be tested by adding an indirect (e.
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and {E/M}; (ii) coexistence of two phenotypes—{E, M}, {E, E/M},
and {E/M, M}; and (iii) coexistence of all three phenotypes—
{E, E/M, M}. The richness of these identiﬁed phases can help
explain experiments regarding the diverse behaviors triggered
by SNAIL (34–36) in inducing EMT. According to the rate of
SNAIL increase and to the details of how it is increased (e.g., by
TFG-β or hypoxia, which also affect the level of ZEB), the cells
will follow a different trajectory in the phase diagram and thus
will go through different phenotypic transitions. The largest region in the phase diagram corresponds to the epithelial phenotype, consistent with the view that epithelial is the default
phenotype (14).
The effect of feedback from miR-200/ZEB to miR-34/SNAIL. The complete core regulatory unit includes feedback from the decision
circuit to the integrator via inhibition of miR-34 by ZEB. As
shown in Fig. 5A, the full unit retains the tristable nature of the
decision circuit even when the ZEB–miR-34 feedback is included. In Fig. 5B, we show the bifurcation diagram in response
to an external signal I, which acts as an activator of SNAIL. The
bifurcation diagram is presented in terms of the level of ZEB
mRNA. The corresponding bifurcation diagrams for miR-200,
miR-34, SNAIL, and ZEB are shown in SI Appendix, Fig. S9. As
is inferred from the bifurcation curve, the functional role of the
inhibitory feedback is to break the symmetry between the forward (EMT) and backward (MET) epithelial–mesenchymal
transitions: whereas the transition in the forward direction
occurs through the hybrid phenotype, the backward transition
proceeds directly from the mesenchymal phenotype to the epithelial one. This result can explain the fact that transitions into
the hybrid phenotype have not been observed during MET, such
as in reprogramming to iPSCs (9, 10).
Increasing the feedback strength toward stronger repression of
miR-34 leads to stronger asymmetry, as the bifurcation curve
shifts further to the left, as is illustrated in Fig. 5B. Transitions
from the mesenchymal phenotype into the hybrid one can be
obtained by replacing the inhibitory ZEB–miR-34 feedback by
an activating feedback (Fig. 5B). Finally, in the model presented
here, we assumed that ZEB is self-activating. We found that
removing this auto-regulation or making it noncooperative (using a Hill function of rank 1) would lead to the absence of any

Fig. 5. The phase-space and bifurcation diagram of the core regulatory
unit. (A) The nullclines and the possible states in the phase-space corresponding to the combined regulatory unit, modeled by Eqs. S4.4 in SI Appendix. The blue nullcline is for the whole circuit when all ODEs are set to
0 except for mZ′ = 0 (red line), and the red nullcline is for the conditions
when all ODEs are set to 0 except for μ200′ = 0. Green dots denote stable
ﬁxed points, and green unﬁlled circles denote unstable/saddle ﬁxed points.
(B) Bifurcation plots for the ZEB levels with respect to the driving signal I.
Different lines show different cases of feedback from ZEB to miR-34
(regulation fold change is denoted by λZEB->miR34). Compared with the
case without feedback (black, λZEB->miR34 = 1), strong repression (red, λZEB>miR34 = 0.2) or weaker repression (brown, λZEB->miR34 = 0.5) makes the bifurcation slightly shift to the left whereas activation (blue, λZEB->miR34 = 2.0)
makes the bifurcation shift mainly to the right. The vertical dotted lines
show the transitions among different states along the bifurcation curves.

g., via another gene) yet strong self-inhibition of ZEB. We also
predicted that a hypothetical positive feedback from ZEB to
miR-34 could allow transitions from the mesenchymal phenotype
into the hybrid one. This prediction can be tested by adding an
indirect yet strong transcriptional activation of miR-34 when the
level of ZEB is elevated. We also found that the existence of the
(1/2,1/2) state requires that miR-200 silences ZEB translation by
both translational repression and mRNA degradation, with the
larger contribution from the repression (see SI Appendix, Fig. S7 for
analysis on the role of the two different modes of microRNA silencing). This prediction could be tested by introducing mutations
to miR-200 to reduce the degradation part of the silencing.
Discussion
The complete and partial epithelial–hybrid–mesenchymal transitions play crucial roles during embryonic development and
during cancer metastasis (4). Considerable research effort has
been devoted to untangling the genetic regulation underlying these
transitions (40). The miR-200/ZEB double-negative feedback loop
with input from the mir-34/SNAIL module is a central regulatory
circuit of the transitions that, as already mentioned and detailed in SI Appendix, Section 1, couples to other key cellular
properties (e.g., stemness, cell–cell communication, and motility)
(15, 16). Although the recognized importance of the miR-200/
ZEB decision circuit has led to intense experimental efforts, the
circuit has been given limited theoretical attention.
Here, we generalized the recent theoretical framework devised by Lu et al. (24) to study the involvement of microRNAs in
decision-making circuits. Compared with previous studies (21,
28–31), the approach taken here incorporates in detail the dynamics of miR-mediated silencing (both translational repression
and the active mRNA/miR degradation) and includes the effect
of the number of binding sites of miR on mRNA (known for the
circuits studied here). This framework was used to unravel the
modular design principles of the epithelial–hybrid–mesenchymal
core regulatory network. More speciﬁcally, we investigated the
function of the miR-200/ZEB circuit and the function of its
paired miR-34/SNAIL mutual (inhibitory) feedback loop, as well
as the function of the combined [miR-34/SNAIL]:[miR-200/
ZEB] core regulatory unit. We found that the [miR-34/SNAIL]
module is a monostable circuit that acts as a noise-buffering
integrator and that the [miR-200/ZEB] module is a tristable
circuit that acts as a ternary switch. The three metastable states
are (high miR-200/low ZEB), (low miR-200/high ZEB), and
18148 | www.pnas.org/cgi/doi/10.1073/pnas.1318192110

(medium miR-200/medium ZEB), which we denote as (1,0),
(0,1), and (1/2,1/2), respectively. The states (1,0) and (0,1) correspond to the epithelial (E) and mesenchymal (M) phenotypes.
We propose to associate the (1/2,1/2) state with epithelial–
mesenchymal (E/M) hybrid phenotype, corresponding to concurrent intermediate levels of expression of both ZEB and
miR-200. By intermediate, we mean that the expression level
lies between those cells belonging to the epithelial and mesenchymal phenotypes.
Our (1/2,1/2) state hypothesis is consistent with recent studies
of gastrulation in Drosophila embryos that show that collectively
migrating cells, which correspond to the hybrid state, coexpress
ZEB1 and E-cadherin (39). The latter is inhibited by ZEB and
SNAIL (Fig. 1) and therefore is expressed in epithelial cells (low
levels of ZEB) but not in mesenchymal cells (high levels of
ZEB). Its continued expression in hybrid cells is indicative that
this phenotype corresponds to an intermediate level of ZEB. The
hypothesis is also consistent with the role of miR-200/ZEB in
cell–cell communication via the Jag1/Notch/Delta system (Fig. 1
and SI Appendix, Fig. S1). There is evidence of Jagged1-Notch
interaction between collectively migrating cells (41). Because
miR-200 strongly inhibits Jagged1 (Jag1 mRNA has ﬁve binding
sites for miR-200) (16), expression of Jagged1 is possible only for
either low or intermediate levels of miR-200 and not for the high
levels characteristic of epithelial cells.
As mentioned in the Introduction, the (1/2,1/2) state hypothesis presented here differs from the hypothesis suggested by et al.

Fig. 6. Temporal dynamics of the complete and partial epithelial–hybrid–
mesenchymal transition. (A) We simulated the effect of time-varying external signal. The basal signal level is shown in a purple dotted line. The
input signal starts from zero (blue) at day 0 and increases to 100 K molecules
(green) at day 25. Then, the input signal linearly decreases until day 50 (red).
(B) The dynamics of ZEB in response to the input signal is shown in the
SNAIL-ZEB phase-plane. The colors for the signal epoch and the corresponding response are matched. Both A and B also show arrows to clarify
the time evolution. A bifurcation plot for ZEB with respect to SNAIL (black) is
superimposed. (C) Temporal evolution of miR-200 (navy), ZEB mRNA (red),
and ZEB protein (blue, scaled by 0.33 to ﬁt in the plot). In A–C, we labeled
the states at the basal signal with red dots. The plot shows that cells at the
basal signal level are epithelial during EMT but are still mesenchymal during
MET. Thus, the two-way transitions are dynamically asymmetric. The areas
marked in gray are expanded in D to show that cells going from epithelial to
mesenchymal pass through a partial EMT state with intermediate levels of
miR-200 and ZEB during days 16–18, (E) but cells directly return from mesenchymal to epithelial without going through any intermediate state.
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(28) based on studies of the [miR-34/SNAIL]:[miR-200/ZEB]
when coupled to TGF-β. In that work, the self-regulations of
SNAIL and ZEB were not included, the two double-negative
feedback loops were assumed to be identical, and the transcription and translation inhibitions process were not distinguished (they were both modeled by inhibitory Hill functions of
rank 2). Under these assumptions, the two modules have similar
bistable dynamics and act as binary switches. Analyses of the
coupled system revealed the existence of a mixed (high miR-200,
low miR-34) state, which the authors associated with the hybrid
phenotype. The experimental ﬁndings mentioned above and in
Results are more consistent with our (medium miR-200, medium
ZEB) hypothesis. However, future direct measurements of the
expression level of all four components of the regulatory system
in the epithelial, mesenchymal, and hybrid phenotypes are
needed to fully resolve the issue. It might of course turn out that
different cell lines exhibit different hybrid phenotypes.
In SI Appendix, Section 1, we illustrate the participation of the
miR-200/ZEB circuit in other key cellular processes. Future
theoretical studies of these circuits can provide valuable new
insights about how circuits determining other cellular characteristics are coupled with the epithelial–hybrid–mesenchymal

transition. In general, we expect that cell–cell interactions between neighboring cells can lead to costabilization of the hybrid
phenotype. The hypothesis can be theoretically investigated by
dynamical system studies of a coupled circuit model (SI Appendix).
To conclude, better understanding of the transitions into and
from the hybrid phenotype holds promise for a better comprehension of cancer progression. It can also help to address longstanding fundamental questions linked to compelling clinical
needs—how to distinguish between the aberrant dynamics of
epithelial–hybrid–mesenchymal transitions during tumorigenesis
vs. the normal programs of embryonic development and tissue
regeneration. Of practical importance is the requirement that
pregnancy and normal wound healing must continue during
antimetastatic therapies, and wound healing augmentation must
not promote metastasis if a malignancy is present (42).
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