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helial-mesenchymal transition (EMT) is a key event in the generation of invasive tumor cells. A hallmark
T is the repression of E-cadherin expression, which is regulated by various signal transduction pathways
ing extracellular signal-regulated kinase (ERK) and Wnt. These pathways are highly interconnected via
le coupled feedback loops (CFL). As the function of such coupled feedback regulations is difficult to
e experimentally, we used a systems biology approach where computational models were designed to
t biological effects that result from the complex interplay of CFLs. Using epidermal growth factor (EGF)
nt as input and E-cadherin transcriptional regulation as output, we established an ordinary differential
on model of the ERK and Wnt signaling network containing six feedback links and used extensive com-
simulations to analyze the effects of these feedback links in isolation and different combinations. The
show that the feedbacks can generate a rich dynamic behavior leading to various dose-response pat-
nd have a decisive role in determining network responses to EGF and Wnt. In particular, we made two
tant findings: first, that coupled positive feedback loops composed of phosphorylation of Raf kinase
tor RKIP by ERK and transcriptional repression of RKIP by Snail have an essential role in causing a
-like behavior of E-cadherin expression; and second, that RKIP expression inhibits EMT progression
venting E-cadherin suppression. Taken together, our findings provide us with a system-level understand-
by pre

ing of how RKIP can regulate EMT progression and may explain why RKIP is downregulated in so many me-
tastatic cancer cells. Cancer Res; 70(17); 6715–24. ©2010 AACR.
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helial-mesenchymal transition (EMT) plays an impor-
ole in embryonic development, and the occurrence of
uring tumor progression allows benign (i.e., noninva-
d nonmetastatic) tumor cells to acquire the capacity
ltrate surrounding tissue and to ultimately metastasize
tinct sites (1–3). During this transition, epithelial cells
go a morphologic change that is appropriate for mi-
xtracellular matrix and settlement in an area
n formation or metastasis. EMT is character-
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y loss of cell adhesion, repression of E-cadherin, and
sed cell mobility. Many oncogenic pathways activated
wth factors such as epidermal growth factor (EGF),
growth factor, and hepatocyte growth factor (HGF),
as, integrin, Wnt/β-catenin, and Notch can induce
(4). In particular, extracellular signal-regulated kinase
and Wnt/β-catenin signaling pathways have been
to activate the transcriptional repressors Snail and

hat suppress E-cadherin expression, leading to the de-
ent of EMT (4–6).

ypeptides including EGF and Wnt secreted in many
ant tumor cells have been reported to be involved in
and the corresponding signal transduction pathways
highly interconnected network through multiple cou-

eedback loops (CFL). Table 1 summarizes all possible
e and negative feedback loops suggested from previ-
periments (7–24), which comprise CFLs between the
nd Wnt signaling pathways. The compilation of feed-
oops and topologies of the networks considered here is
mainly on studies done in colorectal cancer and, to a
r extent, in breast and prostate cancer cells. These ob-
ions indicate a highly complex regulation through a va-
of feedback loop motifs. They further suggest that
ck loops play key roles in the regulation of E-cadherin

MT. As little is known about the functional roles of the
ck loops that interconnect the ERK and Wnt signaling
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EGF
PFL ERK ⊣ GSK3β ⊣ PKCδ → ERK Colon and

prostate cancer
(10, 15) It indu

E-c
to E

EGF
PFL ERK ⊣ RKIP ⊣ MEK → ERK Colon cancer (16–18) It indu

PFL a f these feedback loops is blocked,

PFL
RKIP ⊣ MEK → ERK

a

NFL

NFL

NOT
Abbreviations: NFL, negative feedback loop; PFL, positive feedback loop.
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ays, our focus was to identify the functional roles of
FLs. However, it is difficult to experimentally analyze
ects of such CFLs or in fact even combinations of sim-
dback regulations and to envisage how the behaviors
h a complex nonlinear system can be understood
ut using a formal in silico approach. In this article, we
omputational modeling to predict the behavior of the
and its responses to perturbations of the CFLs. For

urpose, we integrated experimental data related to
nd Wnt signaling pathways and constructed a map
protein interactions and regulations. We note, howev-
t the constructed network might not be conserved in
cer cells because of their inherent heterogeneity as
tumor- and cell type–specific differences. This implies
ere could be different network topologies depending
ors, tumor cell types, and heterogeneity between tu-

ells that arise from stochastic processes or interactions
ifferent neighboring cells. To address this problem, we
ered different possible network topologies and ana-
their respective dynamic characteristics. In particular,
st developed a system-level signaling network model
ontains protein interactions and regulations reported

ERK and Wnt signaling pathways by integrating avail-
xperimental results and using an established basic

Data A
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r Res; 70(17) September 1, 2010
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matical model of each pathway. As our model was de-
d mainly on data from colorectal cancer cell lines, it is
likely applicable to this type of cancer. However, it is
ic in the sense that it also will apply to other cancers
similar network topology and protein expression pro-
ch as breast and prostate cancers (25). Then, we com-
different network topologies by introducing individual
binations of feedbacks through extensive computa-
simulations. We found that the coupled positive feed-
oops (CPFL), formed by ERK phosphorylation of RKIP
anscriptional repression of RKIP expression by Snail,
ratively cause a switch-like behavior of E-cadherin ex-
on. Furthermore, we revealed that the RKIP expression
ts the EMT progression by counteracting the suppres-
f E-cadherin.

rials and Methods

matical modeling and model reduction
ordinary differential equations for the mathematical

l of ERK and Wnt signaling pathways including their
riptional regulations are presented in Supplementary
1. A
ack l
ll feedback loops between the
oops suggested from the simu
EGF and Wnt
tion study
signaling pathw
, where the redu
cal model is als

16. © 2010 Am
ays and key effects of these
P
ossible feedback loops Rela
 ed tumors Expe
obs
rimental
ervation

Key
 effects of the feedback loops
suggested from this study

ases the sensitivity of Snail
β-Cate
⊣ G
nin/TCF complex → Ras → ERK
SK3β ⊣ β-catenin/TCF complex

Colon
live
and
cancer

(7
–14) It incre
and E
-cadherin expression to

stimulation.
ces the switch-like behavior of
adherin expression in response
GF stimulation.
ases a large state change of
It incre

E-cad
herin in response to
stimulation.

ces the switch-like behavior
-cadherin expression.
of E

It decre
ases the state transition interval
e state change of E-cadherin.
ERK →
 Snail ⊣ RKIP ⊣
→ ERK

Prost
 te cancer

in th

(19) If one o

MEK

ERK ⊣
 GSK3β ⊣ Snail ⊣ Prost
 te cancer

the sw

(20)

itch-like behavior disappears.

edback loop, together with the PFL
ERK ⊣
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 (21) This fe
media
ted by RKIP, increases EC50 of

adherin expression in response to EGF.
E-c
β-Catenin/TCF complex →

Axin ⊣ β-catenin/TCF complex
Colon and

liver cancer
(22, 23) It does not have any significant effect on the

cellular responses considered here.

E: The arrow denotes activation and the blunted arrow denotes inhibition.
ction procedure of the developedmath-
o described. The numerical integration
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erformed using Matlab R2009a software. The kinetic
eters were obtained or modified from the previous
(18, 26), and those not available from the literature were
ted through iterative simulations such that they are
atively well in accord with the experimental evidence.
arameter estimates used in the numerical simulation
mmarized in Supplementary Table S2 of Supplementary
.

tification of the results and identification of
ant feedback combinations using
ugh-map analysis
quantify the simulation results and to characterize the
esponse curves, we introduced the following three out-

dexes (Fig. 1): STI, SD, and EC50. STI denotes the stim-
nge corresponding to the state transition between 80%

the no
respec

output index. In the output indexes of a dose-response curve, RR20, RR50, an
ively, where x axis represents the normalized stimulation (0 denotes low and 1 den

acrjournals.org

Research. 
on February 10, 20cancerres.aacrjournals.org ownloaded from 
) and 20% (RR20) of the E-cadherin response range
respectively. SD indicates the range of E-cadherin ex-
on level between RR20 and RR80. EC50 denotes the
of stimulus over which the expression of E-cadherin
ses by 50%. Using these three output indexes, we quan-
the dose-response curves and summarized them in a
escribing the relationships between 32 feedback com-
ons and output indexes (Fig. 1, step 1; see also Supple-
ry Tables S1–S3 of Supplementary Data D).
discretize the continuous values of output indexes, we
fied the feedback combinations that have a statistically
cant effect on output indexes. It should be noted that
values of each output index are observed to follow al-
the normal distribution. We let ZSD, ZEC50, and ZSTI be

rmalized probability variables of XSD, XEC50, and XSTI,
tively, and selected those with Z ≥ Z for Z and Z
0 SD EC50

1. Identification of feedback combinations that have a significant effect on E-cadherin expression. To identify the feedback combinations that have
icant effect on E-cadherin expression, we introduced three output indexes—SD, STI, and EC50—and quantified the dose-response curves of
ork topologies for oncogenic stimulation. These are summarized in “the feedback combination-output indexes table” (step 1). The real-valued
of each output index are discretized. Then, a truth table was constructed from the previous feedback combination table based on the logical
ntation of each value (step 2). By using the K-map analysis method, we determined the simplest form of each Boolean function over the 32 feedback
ations and output indexes (steps 3 and 4). Each term of the Boolean function denotes a particular feedback combination that has a significant effect
d RR80 denote 20%, 50%, and 80% of the response range,
otes high) and y axis represents the expression level of E-cadherin.
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the statistical significance P(Z ≥ Z0) = 0.1 and Z ≤ −Z0
I where P(Z ≤ −Z0) = 0.1, and then assigned them with
gical value of “1”; the nonsignificant values were as-
with the logical value of “0” (Fig. 1, step 2). Then,

nstructed a truth table where each possible feedback
nation is represented by a binary string of length five.
it of the string represents an individual feedback link
he corresponding link is connected and 0 if not). The
utput indexes are also represented by binary strings of
three (Fig. 1, Truth table). By scanning out each line of
uth table, we could enumerate all possible feedback
nations that have a significant effect on each output
We then constructed a Boolean function by summing
se with the Boolean operator (+). However, as the re-
function can take a complex form, we then further

Karnaugh-map (K-map) analysis to obtain a simplified
This enables us to determine the simplest form of the
unction that represents the relationship between the
ck combinations and the corresponding output index
, steps 3 and 4). For instance, the Boolean function re-
ting the relationship between the feedback combina-
nd SD was expressed as seven feedback combinations
ows: F1F2F3F4F5; F1F2F3F4F5; F1F2F3F4F5; F1F2F3

F1F2F3F4F5; F1F2F3F4F5; F1F2F3F4F5; (Fig. 1, bot-
By applying the K-map analysis method, this Boolean
on can be simplified as three feedback combinations:

4; F1F3F4F5; and F1F2F3F4F5. See Supplementary
for further details.

lts

matical model
iagrammatic molecular interaction map. To develop
hematical model, we assembled the interactions be-
ERK and Wnt signaling pathways including their
riptional regulations in the form of a diagrammatic
ction map (Fig. 2). This map organizes the protein in-
ions and functional regulations and provides a basis for
r development of a mathematical model. The map con-
f three modules: the ERK and Wnt signaling pathway
les and the gene transcriptional regulation module (see
ementary Data A for details). The interaction map
multiple CFLs that are formed by protein interactions
gulations (Fig. 3A). We have investigated the role of
feedback loops in the EMT progression through the
tion of E-cadherin.

ation results
ular responses to oncogenic stimulation in the ERK
nt signaling pathways are greatly affected by the
nt feedback combinations. We have reconstructed a
ex network model of the ERK and Wnt signal trans-
n pathways by integrating protein interactions and
tions from the literature. To investigate how diverse
r responses are produced from this signaling network,
nsidered various network topologies obtained from the

nation of all possible protein interactions and regula-
that are likely to play essential roles in the ERK and

of E-ca
roles i

r Res; 70(17) September 1, 2010

Research. 
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ignaling pathways by forming coupled feedbacks. Such
ctions and regulations include Ras stabilization by the
nin/T-cell factor (TCF) complex (F1), inhibition of the
al interaction between Raf-1 and mitogen-activated
n/ERK kinase (MEK) by RKIP (F2), inhibition of the
rb2 complex by active ERK (F3), inhibition of glycogen
se kinase 3β (GSK3β) by active ERK (F4), inhibition of
n kinase Cδ (PKCδ) by GSK3β (F5), and expression of
y the β-catenin/TCF complex (F6; Fig. 3A). By consid-
the protein level of RKIP, F2 implicitly encompasses the
riptional regulation of RKIP by Snail. As each of these
ctions and regulations (F1–F6) is a key element within a
ck loop, we call it a feedback link. It should be noted
e feedback link denotes protein interaction or regula-
ut not the feedback loop itself. By considering all pos-
combinations of such feedback links (referred to as
ack combinations”), we have 64 (26 = 64 possible com-
ons) network topologies in total (note that feedback
an have two possible states: “connected” and “noncon-
”). We have simulated the cellular responses of each
rk topology to normalize oncogenic stimuli of EGF
nt. The activation of ERK; the expression of Snail, Slug,
E-cadherin; and the formation of the β-catenin/TCF
ex were considered as outputs. As in the initial stage
ulation we found that the feedback link F6 does not
significant effect on the change of those responses

not shown), we excluded it from further analysis. Thus,
ve a total of 32 network topologies (25 = 32 possible
inations; Fig. 3B). To investigate how the outputs of
naling networks vary depending on a specific network
gy, the 32 network topologies were analyzed using
pal component analysis (PCA). Here, PCA was carried
ith respect to five outputs (the activation of ERK; the
sion of Snail, Slug, and E-cadherin; and the formation
β-catenin/TCF complex), and then the results were
ted onto two dimensions for which 96% of the output
ces were accounted (Fig. 3B). The 32 network topolo-
n be clustered into four groups: group A, which has a
ant effect on both the first principal component (PC1)
e second principal component (PC2) both in a positive
roup B on PC1 in a positive way, group D on PC1 in a
ve way, and group C on PC2 in a negative way. Each
has a distinct characteristic of feedback link combina-
networks in group A have both the feedback links F1
but not F3, networks in group B contain F1 but not F3
, networks in group C have F2 and F3 but not F1 and F4,
etworks in group D have F4. Although the degree of
separation may depend on the parameter values used
numerical simulation, these results suggest that differ-
edback topologies in the network can cause different
r responses to the same oncogenic stimulation and
me particular feedback combinations have a profound
on the output of signaling networks. This result also could
tially explain how biological specificity can be encoded
binatorial linkage of a limited array of components.
CPFLsmediated byRKIP cause a switch-like behavior

dherin expression. E-cadherin plays crucial and direct
n EMT at developmental stages as well as during the
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ssion of malignant tumor cells (i.e., loss of E-cadherin
ssion is an important mark of EMT; refs. 1–3). To
atically identify feedback combinations that have a sig-
t effect on E-cadherin expression, we simulated the
esponse characteristics of E-cadherin expression for
work topologies as three-dimensional surfaces with re-
to two oncogenic stimuli (i.e., EGF and Wnt). We found
-cadherin expression is remarkably affected by different
ck combinations (Supplementary Fig. S1A and B of
mentary Data C). To further investigate, we considered
se-response curves of E-cadherin expression to EGF
nt) stimulation for a fixed level of Wnt (and EGF, re-

vely) and also the dose-response curves for a gradual
se of both EGF and Wnt at the same level. By introduc-
ee output indexes [i.e., state difference (SD), state tran-
interval (STI), and effective concentration 50 (EC50)],
antified the dose-response curves and identified the
ck combinations (i.e., combinations of connected and
nnected feedback links) that have a significant effect
h output index. To this end, we used K-map analysis
hich is a graphical method widely used in engineering
t analysis for simplification of logic equations rep-

mentary Data A.
ing the Boolean logic relationship between input and
t (see Fig. 1 and Materials and Methods for detailed

levels
conta

acrjournals.org

Research. 
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dures and Supplementary Data B for detailed K-map
is).
feedback combinations that have a significant influ-
n three output indexes and, among those, the most
only involved feedback combinations are summarized
plementary Table S1 of Supplementary Data C, where
se were investigated by gradually increasing EGF for
ed levels of Wnt and vice versa. Supplementary Table
upplementary Data C also shows the feedback combi-
s that have a significant effect on the output indexes
ultaneous increase of both EGF and Wnt. In particu-
e feedback combination F3F4F5 was most commonly
ed with respect to SD for all levels of Wnt. The logical
sion F3F4F5 means all possible combinations contain-
o feedback links F4 and F5 while not containing F3. This
sts that network topologies containing this feedback
nation would have a significant effect on SD for a grad-
crease of EGF with any fixed level of Wnt. The three
ck combinations F2F3F5; F1F3F4F5, and F1F2F3F4

most commonly observed with respect to STI, and
o feedback combinations F1F2F3F4 and F1F2F3F5;
ost commonly observed with respect to EC50 for all
2. The interaction map of the ERK and Wnt signaling pathways. The interaction map consists of the ERK and Wnt signaling modules and the
iptional regulation module. Here, xI denotes the state variable representing the concentration of a signaling molecule, and vI (referred to as a
of Wnt. These results suggest that network topologies
ining these feedback combinations would have a
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cant effect on STI and EC50, respectively, for gradual
se of EGF at any fixed level of Wnt. However, there
o commonly observed feedback combination for differ-
vels of EGF with respect to the three output indexes.

es were accounted. Label of each feedback combination is shown in the
mmonly observed feedback combinations for gradual
se of both EGF and Wnt were similar to those for grad-

cant e
F4F5 a

r Res; 70(17) September 1, 2010

Research. 
on February 10, 20cancerres.aacrjournals.org ownloaded from 
crease of EGF. We note, however, that the feedback
nations F1F2F3F4F5 and F1F2F5 significantly affected
d EC50, respectively, only for the combined stimula-
urthermore, the network topologies having a signifi-

this panel.
3. Multiple feedback loops connect the ERK and Wnt signaling pathways. A, the ERK and Wnt signaling pathways are highly interconnected
ch other through multiple feedback loops. Lines with a bar end denote negative feedback links, whereas lines with an arrow end denote
feedback links. The feedback link F1 represents Ras stabilization by the β-catenin/TCF complex, F2 represents the inhibition of MEK by RKIP,
sents the inhibition of SOS/Grb2 complex by ERK, F4 represents the inhibition of GSK3β by ERK, F5 represents the inhibition of PKCδ by GSK3β,
represents the expression of Axin by β-catenin/TCF complex. B, PCA of the network topologies that are determined by different feedback
ations. The 32 network topologies were analyzed using PCA with respect to the five outputs (the activation of ERK; the expression of Snail, Slug,
ffect on SD and STI contained the feedback links
nd F2, respectively (Fig. 4A and B), and those affecting
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ontained the feedback links F2F3 (Fig. 4C). Those feed-
inks form feedback loops with nonindexed links (see
d line of Fig. 4). Taken together, this implies that the
ck loops containing F2 have two roles in regulating E-
rin expression: one is to increase EC50 and the other is
rten STI. This suggests the hypothesis that CPFLs me-
by RKIP induce a switch-like behavior of E-cadherin

e gradual increase of EGF irrespective of the levels of
ecause the increase of EC50 and decrease of STI in a
esponse curve characterize the switch-like response.
verify the hypothesis and further investigate the func-
roles of the multiple CFLs included in the signaling
rk, we distinguished the CFL mediated by RKIP into
FLs: ERK ⊣ RKIP ⊣ MEK → ERK (PFL1) and ERK →
RKIP ⊣ MEK → ERK (PFL2). So, we have four PFLs to

e (Fig. 5).We removed each feedback loop one by one and
ted the resulting model for a gradual increase of EGF.
ically, PFL1 is removed by removing the RKIP phosphor-
by ERK, PFL2 by removing the RKIP regulation by Snail,
y removing the PKCδ inhibition by GSK3β, and PFL4 by
ing the Ras expression by β-catenin/TCF. Deletion of
PFL1 or PFL2 significantly diminished the switch-like
ior of cellular responses such as E-cadherin expression
A and B), which also supports our hypothesis that
KIP-mediated PFLs cause a switch-like behavior of
herin expression. In addition, the deletion of PFL3 sug-
that this feedback loop also plays an important role in
g a switch-like behavior of the Snail and E-cadherin
ssion curves. On the other hand, when PFL4 was re-
d, the Snail and E-cadherin expression curves were
d to the right but the switch-like shapes were well
rved, which suggests that the cross talk with the
ignaling pathway increases the sensitivity of Snail
-cadherin expressions to EGF stimulation. Taken to-
r, these simulation results suggest that multiple
cooperatively induce a switch-like behavior of the
r responses.
P regulation of E-cadherin expression. Most colon
rs have constitutively activated mutations in either or
both of ERK and Wnt signaling pathways (28–31), and
pression level of RKIP was found significantly decreased
ious metastatic cancer cells (32–36). This suggests that
sal level of RKIP expression influences the dynamics of
aling network in different ways depending on whether
Wnt, or both pathways are persistently activated. To
this, we simulated our model for two different initial
ions of RKIP (high or low) and three different combina-
f sustained stimulations (EGF = 1 and Wnt = 1, EGF = 1
nt = 0, or EGF = 0 and Wnt = 1). The simulation results
d that higher RKIP levels delayed the suppression of
erin and the activation of ERK when both the EGF
nt signaling pathways (EGF = 1 and Wnt = 1) were
tently stimulated (Supplementary Fig. S2 of Supple-
ry Data C). On the other hand, the suppression of
herin expression at a higher RKIP level was much
and less pronounced when only the EGF signaling
ctive (EGF = 1 and Wnt = 0). This suggests that the
4. Feedback loops in the ERK and Wnt signaling pathways have
t roles in the regulation of E-cadherin. A, the PFL (including F4F5)
antly increases SD, where the activity of PKCδ gets increased
inhibition of GSK3β by ERK phosphorylation. B, the PFL

ng F2) mediated by RKIP significantly increases STI. C, EC50 is
antly decreased by CFLs (including F2F3) formed by the positive
talk between ERK and Wnt signaling pathways might
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a synergistic role in suppressing the E-cadherin
sion. We note, however, that RKIP is not crucial in
gulation of E-cadherin expression when only the
ignaling pathway is persistently stimulated (EGF =
Wnt = 1). In summary, we found that the initial level
P and the different combination of constitutively ac-
d mutations in either or both of ERK and Wnt sig-
pathways play an important role in shaping the
ics of ERK activity and determining the E-cadherin

ssion.
further investigate the effect of RKIP on cellular re-
es, we increased the RKIP expression by changing its
ction rate and simulated the activation of ERK and
pression of Snail, Slug, and E-cadherin when both
nd Wnt were constitutively activated. The simulation
s show that the activation of ERK (Fig. 5C) and the
sion of Snail and Slug (Supplementary Fig. S3A and
upplementary Data C) are decreased, and E-cadherin
ssion is upregulated as the level of RKIP increases
D). We found that all these responses show switch-like
iors. In other words, when RKIP increment is below or

in → Ras → ERK (PFL4).
a certain threshold range (3–4 in this case), phospho-
Snail, Slug, and E-cadherin do not change, but they

and t
ERK a

r Res; 70(17) September 1, 2010
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ramatically induced (Snail and Slug) or decreased
ho-ERK and E-cadherin) when RKIP levels cross the
threshold range. However, when one of the two PFLs

and PFL2 in Fig. 5C and D and Supplementary Fig. S3A
of Supplementary Data C) mediated by RKIP was
d, the switch-like behaviors disappeared. This can be
ned by the two RKIP-mediated PFLs that cooperatively
nsate for the increase of RKIP up to the point where
levels are high enough to sequester Raf completely and
y block MEK activation and the positive feedback. Fig-
and D (insets) show how RKIP determines the system
ics (see also the insets of Supplementary Fig. S3 of
ementary Data C). When RKIP increment is below
reshold range, there was no prominent change for
tivation of ERK and the expression of Snail and Slug
se the expression of RKIP is suppressed by the high
f Snail and the level of phospho-RKIP is increased
high level of ERK activity. In contrast, when RKIP
ulates above the threshold range, ERK activation
nail expression were significantly decreased because
pression of RKIP is no longer suppressed by Snail
5. CPFLs cooperatively induce a switch-like behavior of cellular responses, and RKIP determines ERK activation and E-cadherin suppression. A, Snail
ion in response to normalized EGF simulation. B, E-cadherin expression. “Control” denotes the case when all PFLs are connected, and “No PFLi”
, 4) indicates the case when PFLi is removed. Within a certain range of concentration values of RKIP, a switch-like behavior of cellular responses is
d. This switch-like behavior disappears if one of the CPFLs mediated by RKIP is blocked. C, activation profile of ERK. D, expression profile of
erin. The right inset shows the illustration of four feedback loops through which the ERK signaling pathway is regulated through ERK ⊣ RKIP ⊣MEK →
he phospho-RKIP level is decreased by the reduced
ctivity.
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ssion

and Wnt signaling pathways implicated in the
process contain multiple CFLs that form a highly
onnected network. However, little is known about
nctional role of these feedback loops. In this study,
und that the positive feedback in which activated
ounteracts the inhibition of PKCδ by GSK3β has a sig-
t role in inducing a large state change of E-cadherin
ponse to EGF stimulation, whereas the positive feed-
ediated by RKIP decreases the state transition inter-

the state change of E-cadherin (Fig. 4A and B; Table 1).
omposed of the RKIP-mediated PFLs and the negative
ck loop where ERK phosphorylates and inhibits the
rb2 complex increase EC50 in response to the EGF
ation (Fig. 4C; Table 1). On the other hand, it turns
at the negative feedback loop where the β-catenin/
omplex induces Axin does not have any significant role
regulation of E-cadherin expression.
previous study (18), we found that the PFL formed
phosphorylation of RKIP by ERK induces a switch-like
ior of ERK andMEK activities. In this study, we have fur-
vealed that such switch-like behaviors are cooperatively
by CPFLs through phosphorylation of RKIP by ERK

anscriptional repression of RKIP by Snail (Fig. 5C and
one of these feedback loops is blocked, the switch-like
ior becomes weaker or even disappears.
m extensive in silico simulation of the dose-response
cteristics to oncogenic stimulation and the K-map
is method (Fig. 1), we found that particular feedback
nations had a significant effect on E-cadherin regula-
ome of them were commonly observed for gradual
se of EGF with a fixed level of Wnt, whereas none
served for a gradual increase of Wnt with a fixed level
(Supplementary Table S1 of Supplementary Data C).

uggests that the dose-response of E-cadherin expres-
o EGF stimulation is mostly not affected by the cross
ith Wnt but that Wnt stimulation is significantly af-
by the cross talk with EGF. This result might raise
teresting possibility that the ERK and Wnt signaling
ays play different roles in inducing EMT, which can
e partially supported by other recent experimental
. For instance, both the ERK and Wnt signaling path-
re activated by the growth factors secreted bymalignant
cells with epithelial phenotype, and they contribute to
T process possibly at an initial phase (6). However, in

ormed mesenchymal cells, the ERK signaling pathway
to be strongly activated comparedwith theWnt signaling
ay because themesenchymal cells secrete various growth
that strongly stimulate ERK, such as fibroblast growth
, EGF, and HGF (37). Thus, it seems that both the ERK
nt pathways participate in the initial phase of the EMT
s, whereas the ERK pathway takes the major role in the
hase when the epithelial cells are transformed to the
chymal cells.

simulation results show that RKIP controls the EMT
s through regulation of E-cadherin (Fig. 5C and D).

analys
of fee
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l recent studies showed a statistically significant in-
relationship between RKIP expression and metastasis
verall survival both in animal models and in human
r patients (32–36, 38–40). For instance, Fu and collea-
(33) showed that highly metastatic C4-2B prostate
r cells lack RKIP expression and that enforced expres-
f RKIP decreased cell invasiveness in in vitro assays
uppressed the development of lung metastasis when
ted into mouse prostate without affecting the growth
primary tumor. In human cancer patients, it was
that the retention of RKIP expression in colorectal
s correlates with a low risk of metastatic relapse and
ved survival (32). Similar results were obtained by
and colleagues (36), who used colon cancer tissue

arrays to show that the loss of cytoplasmic RKIP is asso-
with distant metastasis, vascular invasion, and worse
al. Thus, although an important role for RKIP in metas-
uppression especially in colon and prostate cancer
emerging, the underlying mechanisms of how RKIP
sion is altered in tumors and how RKIP counteracts
velopment of metastasis are less well understood.
gulation of RKIP expression seems to involve at least
echanisms. One is the silencing of the rkip gene pro-
by hypermethylation (38), and the other is the repres-
f the rkip gene promoter by Snail (19). The molecular
on of RKIP as inhibitor of the ERK pathway that inhi-
EK phosphorylation by Raf is well characterized (16, 17).
t data show that ERK can inactivate RKIP as part of
back loop and thereby confer nonlinear dynamics on
ctivation (18). However, thus far, this feedback loop
as been analyzed in isolation. The same is true for most
feedback loops described here.
analysis of the combinatorial effects of such feedback
revealed several new findings. One is that RKIP is an
tant feedback loop that exerts major control over both
d EC50 and that RKIP levels are crucial for these effects
B and C). Thus, the CPFLs where ERK phosphorylates
and Snail transcriptionally represses the expression of
cause a switch-like behavior of E-cadherin expression
D), where the RKIP expression determines the EMT
ssion by antagonizing the suppression of E-cadherin.
er result is that subtle changes in the combination of
ck links may substantially change the output of the
rk. This is interesting in light of the observation that
nin is found in the nucleus of the mesenchymal-like
t the invasive front of colorectal tumors, whereas it
solic in the central epithelial areas of the same tumor
hese changes were attributed to slightly different
environments. Our results suggest that combinator-
nges in the network topology could be the molecular
rate for such dramatic influences of the microen-
ment. This flexible topology afforded by different
ack link combinations also would enable the facile
tion of cells between epithelial and mesenchymal
hologies as observed in tumors. In summary, our

is shows that feedback loops formed by combination
dback links have roles not only in shaping dynamic
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n and diversification of responses.
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