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Cell migration is a tightly-regulated process that involves protein gradients formed by the Rho family of
GTPases, including Rho and Rac. The front (rear) of cells is generally characterized by higher active Rac
(Rho) and lower active Rho (Rac) concentrations. Protein clusters, called adhesions, that anchor cells to
their external environment have been shown to be dynamic and small (stable and large) at the cell front
(rear), forming the force-transmission points necessary for persistent movement. Differences in adhesion
sizes and dynamics have been linked to gradients in Rac and Rho activity. Here, we study the effects of
Rac activation and gradients in Rac and Rho concentrations and activities on cellular polarity and adhe-
sion size using mathematical and experimental approaches. The former is accomplished by expanding an
existing reaction-diffusion model to a 2D domain utilizing stochastic dynamics. The model revealed that
a hysteresis between the induced/uninduced states (corresponding to higher/lower Rac concentrations,
respectively) along with Rac and Rho activation gradients, generated by chemical cues, were vital for
forming polarity. Experimentally, the induced state was generated by increasing the cellular bPIX (a
Rac-GEF) level and/or decreasing ROCK (a Rac-GAP effector protein) activity with Y-27632 (a ROCK-
inhibitor). In agreement with the simulations, our results showed that cells with elevated RacGTP
migrated faster, indicating more robust cellular polarization. However, the directionality of cells was
not changed significantly, suggesting that external and/or internal physical or chemical cues were
needed. Complementing the faster migration observed, adhesions were smaller, generating the pheno-
type expected with the induced state.

� 2019 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cellmigrationdrivesmany essential biological processes, such as
embryonic development, wound healing and inflammation,
and is also central in many pathological conditions, including
neurological disorders and cancer metastasis [15]. It requires the
recruitment of many proteins to cell-matrix adhesion complexes
andproteins that play a central role in regulating cell signalling, such
as the adaptor protein paxillin. Cell signalling leads to the activation
of downstream processes necessary for protein activation and
expression. The former allows for cohesive movement of the cell
through the coordination of the cytoskeleton and the regulation of
both adhesions and cellular morphology [62]. Under physiological
conditions and in the absence of soluble external cues, the initial sig-
nal for adhesion formation and cell migration is the activation of
integrins throughbinding to specific extracellularmatrix (ECM)pro-
teins [11]. For example, in Chinese Hamster Ovary (CHO-K1) cells,
integrin cell surface receptors and ECM substrate interaction occurs
by binding to a conserved arginine-glycine-aspartic acid-serine
(RGDS) sequence in fibronectin [1]. As a result of this initial binding,
integrin receptors are activated, causing rearrangement of the
cytoskeleton to promote changes in cell morphology followed by
cell migration [70,16]. Initially, localized actin polymerization and
branching at the cell front causes the membrane to protrude
[70,16]. This process is then accompanied by the assembly ofmacro-
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molecular complexes known as adhesions at this leading edge
[70,16]. The adhesions behave as traction points to pull the cell
against the ECMwhile actin-mediated contractions around the rest
of the cell allow for the translocationof thenucleus andorganelles to
the front of the cell [70,16]. As the adhesions at the rear of the cell
disassemble, the tail of the cell retracts such that the cell advances
forward [70,47,16].

All of these aspects of cell migration are regulated by signalling
pathways involving the Rho subfamily of the Ras superfamily of
small GTP-binding proteins, which include Rac, Cdc42 and Rho
[23]. These small GTPases are critical for activating signalling
molecules involved in regulating actin polymerization, adhesion
dynamics and cell polarity [49,23]. Rac1 (Rac) is typically involved
in actin polymerization at the leading edge, which allows for the
formation of lamellipodia and controls adhesion formation [41].
Similar to Rac, Cdc42 regulates the organization of actin and adhe-
sions but in specialized membrane protrusions, known as filopodia
[41]. Finally, RhoA (Rho) promotes actin organization into stress
fibers, adhesion assembly, and tail retraction at the rear of the cell
[41,67]. To execute these functions in the cell, the Rho GTPases
transition between a GDP-bound inactive form (RacGDP and
RhoGDP) and a GTP-bound active form (RacGTP and RhoGTP),
and the switch between the two forms is regulated by intracellular
GTPase-inactivating proteins (GAPs) and proteins with guanine-
exchange factor (GEF) activity, respectively [23,48,66]. In the
GTP-bound active state, these Rho family proteins mediate their
effects on cell migration and adhesion dynamics by activating their
respective effector proteins.

Multiple proteins are recruited to regulate adhesion dynamics
and the protein paxillin has been found to play an important role
in this process [9,30]. For instance, paxillin has previously been
shown to bind to vinculin, another focal adhesion protein, to regu-
late its spatial localization in the adhesion, as well as recruit other
proteins to adhesions through a variety of tyrosine and serine
phosphorylation sites [61,56,40]. The phosphorylation of paxillin
at serine 273 (S273) in the leucine-aspartic acid rich (LD4) domain
is a key regulator of adhesion dynamics and cell migration [40,57].
Phosphorylation of S273 is mediated by p21-activated kinase
(PAK1), a serine-threonine kinase that is also a Rac effector protein
[55,42,40,57]. Notably, this modification of S273 significantly
increases the binding affinity between paxillin and the trimolecu-
lar, GIT1-bPIX-PAK1 complex at adhesions, promoting rapid adhe-
sion dynamics and increased cell motility [40,57]. bPIX recruitment
to adhesions through this complex likely facilitates local Rac acti-
vation at adhesions since bPIX is a Rac-GEF [31,40,57]. Knowing
that both PAK1 and bPIX interact with Rac, it has been suggested
that the localization of these proteins at adhesions enhances cell
protrusion and migration through the maintenance of a high, local
concentration of active Rac at adhesions in protrusive regions of
the cell [40].

Although these Rho GTPases have been shown to have defined
functions and activities in cell migration, in most biological sys-
tems, there also exists crosstalk between the pathways regulated
by these proteins. This crosstalk can lead to mutual activation or
antagonism, depending on the cellular context and extracellular
conditions [60,13]. For instance, Tsuji et al. [60] showed that Rho
can both activate and inhibit Rac, depending on which Rho-
dependent signalling pathway is predominantly favoured in the
cell. Specifically, they showed that completely inhibiting Rho sig-
nalling in lysophosphatidic acid (LPA)-induced Swiss-3T3 fibrob-
lasts led to the inhibition of Rac activation because mDia1, a Rho
effector protein which also promotes Rac activation, was sup-
pressed [60]. However, selectively inhibiting Rho-associated
coiled-coiled containing protein kinase (ROCK), which is another
effector of Rho, led to an increase in Rac activation and, conse-
quently, promoted cell spreading, cell migration and focal complex
formation [60].

A way to understand the complex inner workings of cells is by
taking experimental observations and developing a mathematical
model that reproduces the results obtained experimentally. The
relationship between Rac and Rho has been previously investigated
mathematically using molecularly explicit models [27,28,57]. By
assuming mutual inhibition between Rac and Rho, these models
exhibited bistability with a hysteresis in their dynamics, a phe-
nomenon in which two steady states of the system can coexist
[29,7,4]. This behaviour indicates that cells can attain one of two
(stable) steady states within a given parameter regime, depending
on the initial concentrations of the proteins under consideration
and on the history of the protein concentrations within the cell.
The hysteresis of such systems allows for verification through
experiments by varying key parameters of the model that can be
targeted chemically. The models of Rac and Rho interaction can
be refined by experimentation that quantifies protein concentra-
tions after changing external or internal cues. Our aim in this study
was to explore if the hysteresis obtained in [57] persists in the
presence of stochasticity and diffusion in a 2D domain, and if so,
determine whether it could generate cellular polarity.

One biochemical mechanism by which we hypothesized that
Rho and Rac could antagonize each other’s respective functions
was through the regulation of Rac-GEF activation. This activation
could be suppressed through inhibition of bPIX (a Rac-GEF) activ-
ity [57] or suppression of Rho activity (and thus cell contractility)
with a Rho-associated protein kinase (ROCK) inhibitor. ROCK has
been reported to mediate both modes of RacGTP suppression.
RhoGTP first binds to ROCK to activate it, and the resulting com-
plex either suppresses bPIX (depicted by the green, dashed line in
Fig. 1), decreasing the levels of RacGEFs, or phosphorylates FilGAP
(a Rac-GAP) (depicted by the red, dashed line in Fig. 1), increasing
the levels of Rac-deactivating species [50,22,39]. Here, we exper-
imentally demonstrated that suppression of Rho signalling
through selective inhibition of ROCK using a small molecule inhi-
bitor, Y-27632, led to migratory phenotypes consistent with
higher Rac activity. The mathematical simulations we performed
revealed a propensity for the Rho/Rac signalling system to attain
the induced state (more active Rac, higher migration speeds),
once Rac activation was increased, and to remain in this state
even once Rac activation was reduced significantly. Experimen-
tally, elevations in active RacGTP concentration was induced by
simultaneously overexpressing bPIX-mCherry and pharmacologi-
cally inhibiting ROCK, resulting in increased cell migration with-
out any effect on intrinsic directionality. This observation
appeared to agree with the outcomes of the model which showed
that increasing Rac activation led to a global increase in RacGTP
without producing the polarization required for enhanced direc-
tionality. Interestingly, ROCK-inhibition did not significantly alter
bPIX localization at adhesions, but the results suggest that local
bPIX activity is likely increased. In turn, ROCK-inhibition led to
cells having decreased paxillin localization at adhesions and
exhibiting smaller adhesion complexes, reminiscent of higher
Rac and lower Rho activity.

In brief, here are the main highlights of this study:

� Cellular polarity (and hence directionality) did not form sponta-
neously when simulating a stochastic spatiotemporal model of
Rac, Rho and paxillin in a 2D domain representing a randomly
moving CHO-K1 cell. This result of the simulation was verified
experimentally by inhibiting ROCK in these cells, which was
previously shown to increase directionality in fibroblasts [59].
Although polarity was not formed, hysteresis was still pre-
served by the model.



Fig. 1. Diagram illustrating the interaction between the different proteins involved in cellular motility. Chemical reactions are represented by black arrows, green lines
indicate catalysis of a reaction by a specific protein, and red arrows signify inhibition of a protein’s catalytic activity. The dashed lines show plausible mechanisms by which
our experimental manipulations could have influenced the biochemical pathways. ROCK is written in blue text to emphasize that it was the target in the experiments. Briefly,
the activation/inactivation of the twomembers of the Rho family of GTPases, Rac and Rho, are regulated by Rac-GEF/Rac-GAP and Rho-GEF/Rho-GAP, respectively, while ROCK
activates Rac-GAP. Rac and Rho also mutually inhibit each other’s activation through inhibiting their respective GEFs. Activated Rac activates PAK which in turn induces
paxillin phosphorylation at Serine 273 (S273). Phosphorylated paxillin then binds to the protein complex GIT-bPIX-PAK, where bPIX is a Rac-GEF (i.e., can induce Rac
activation). Thus, according to this diagram, PAK and bPIX act upstream and downstream of paxillin phosphorylation and Rac activation, respectively. The RacGTP is in blue
boxes to indicate that active Rac comes from the same protein pool. Finally, X = [bPIX], [bPIX-PAK], [bPIX-PAK-RacGTP], [GIT-bPIX-PAK], [Paxp-GIT-bPIX-PAK], [Paxp-GIT-
bPIX-PAK-RacGTP] (i.e. the set of all protein complexes containing bPIX), whereas R� ¼ Rþ cK (i.e., the set of protein complexes containing RacGTP).
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� Imposing activation gradients on the 2D domain of the model
produced polarity in a manner similar to that observed
experimentally.

� Experimentally inhibiting ROCK led to phenotypes similar to
those seen following Rac hyperactivation, including increases
in cell motility speeds and a reduction in adhesion size.

� Cells treated with Y-27632 also had decreased localization of
paxillin at adhesions but increased association between bPIX
and paxillin, as predicted by the model.

2. Methods

2.1. Mathematical model and simulations

2.1.1. Model formalism
We adopted the same spatiotemporal model presented in [57]

(see Fig. 1), which was originally developed from the experimental
findings of [40]. This molecularly explicit model consists of six
equations governing the dynamics of the following key proteins:
inactive Rho or RhoGDP, active Rho or RhoGTP, inactive Rac or
RacGDP, active Rac or RacGTP, unphosphorylated paxillin and pax-
illin phosphorylated at serine residue 273 (S273). Other proteins
involved in the dynamics of this system include p21-Activated
Kinase 1 (PAK), G protein-coupled receptor kinase InteracTor 1
(GIT) and beta-PAK-Interacting eXchange factor (bPIX). The main
assumptions of this model are (see Fig. 1):

1. Active PAK mediates the phosphorylation of paxillin at S273,
allowing the protein complex GIT-bPIX-PAK to subsequently
bind to it [40].

2. Rac and Rho activation and inactivation are mediated by
GTPase-specific Guanine Exchange Factors (GEFs) and GTPase-
specific GTPase-Activating Proteins (GAPs), respectively [49,12].

3. Rac and Rho mutually inhibit each other through the inhibition
of each other’s Rho- and Rac-GEFs, respectively [12,25,26,43].

4. Active Rac (RacGTP) activates PAK by forming the intermediate
PAK-RacGTP, while bPIX and its intermediates can act as Rac-
GEFs [31,42,3].
For the remaining set of model assumptions, see [57].
Rescaling the concentrations of the key proteins Rho, Rac and

paxillin (Pax) by their total corresponding concentrations within
the cell, we obtain

q ¼ ½RhoGTP�
½Rhotot� ; R ¼ ½RacGTP�

½Ractot� ; P ¼ ½PaxP�
½Paxtot � ð1Þ

qi ¼
½RhoGDP�
½Rhotot � ; Ri ¼ ½RacGDP�

½Ractot� ; Pi ¼ ½Pax�
½Paxtot � ;

where

Rhotot½ � ¼ RhoGDP½ � þ ½RhoGTP�;

Ractot½ � ¼ RacGDP½ � þ RacGTP½ � þ PAK � RacGTP½ � þ ½bPIX � PAK

� RacGTP� þ Paxp � GIT � bPIX � PAK � RacGTP
� �

and

Paxtot½ � ¼ Pax½ � þ Paxp
� �þ Paxp � GIT � bPIX � PAK

� �
þ Paxp � GIT � bPIX � PAK � RacGTP
� �

:

The fraction of total active Rac (including RacGTP and RacGTP-
containing complexes) is given by

R� ¼ RacGTP½ � þ PAK � RacGTP½ � þ ½bPIX � PAK � RacGTP� þ ½Paxp � GIT � bPIX � PAK � RacGTP�
½Ractot � ;

whereas the fraction of total phosphorylated paxillin (including
Paxp and Paxp-containing complexes) is given by

P� ¼ Paxp
� � þ Paxp � GIT � bPIX � PAK

� � þ ½Paxp � GIT � bPIX � PAK � RacGTP�
½Paxtot � :

Based on the assumptions listed above and the rescaling in Eq.
(1), we obtain the following equations for the model

@q
@t

¼ Iq
LnR

LnR þ Rþ cKð Þn
� �

qi � dqqþ Dqr2q ð2Þ
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@qi

@t
¼ �Iq

LnR
LnR þ Rþ cKð Þn
� �

qi þ dqqþ Dqi
r2qi ð3Þ

@R
@t

¼ IR þ I�K
� � Lnq

Lnq þ qn

 !
Ri � dRRþ DRr2R ð4Þ

@Ri

@t
¼ � IR þ I�K

� � Lnq
Lnq þ qn

 !
Ri þ dRRþ DRir2Ri ð5Þ

@P
@t

¼ B
Kn

LnK þ Kn

 !
Pi � dpP þ DPr2P ð6Þ

@Pi

@t
¼ �B

Kn

LnK þ Kn

� �
Pi þ dpP þ DPir2Pi; ð7Þ

where K is the ratio of total active PAK (PAK-RacGTP and all
complexes containing it)-to-total PAK concentrations, given by

K ¼ aRR 1þ kX bPIX½ � þ kGkXkC GIT½ � bPIX½ �½Paxtot�Pð Þ
C

;

and

I�K ¼ IK 1� 1þ aRR
C

� �
;

with

C ¼ 1þ kX bPIX½ � þ kGkXkC GIT½ � bPIX½ �½Paxtot�Pð Þ 1þ aRRð Þ
þ kGkX GIT½ � bPIX½ �:

The first terms in Eqs. (2) and (3) represent the inhibition of Rho
activation by active Rac (through Rac-GEF), the second terms sig-
nify Rho inactivation (occurring at a constant rate), and the third
terms depict the diffusion of active and inactive forms of Rho. Sim-
ilarly, the first terms in Eqs. (4) and (5) represent the inhibition of
Rac activation by active Rho (through Rho-GEF), the second terms
denote Rac inactivation (occurring at a constant rate), and the third
terms designate the diffusion of active and inactive forms of Rac.
Finally, the first and second terms in Eqs. (6) and (7) describe the
phosphorylation and dephosphorylation of paxillin, respectively,
while the third terms describe their diffusion. The terms K and I�K
represent the feedback loops involving PAK, RacGTP and Paxp
(along with their complexes) and result from the quasi-steady
state assumptions imposed on various intermediates as well as
other proteins, including GIT, bPIX and PAK. Specifically, K repre-
sents the role of active PAK complexes (assumed at steady state)
in driving Rac activation, Rho inactivation and paxillin phosphory-
lation [40], while I�K (which is a function of C) represents the role of
bPIX in Rac activation as a Rac-GEF through the feedback loop
involving GIT-bPIX-PAK binding to paxillin (see Fig. 1). For more
details about how these terms are derived, please see the Supple-
mentary Materials of [57].

In the absence of diffusion (i.e, by setting Di ¼ 0, for
i ¼ q;qi;R;Ri; P; Pi) and by applying quasi-steady state approxima-
tion, the model can be further simplified to a system of three ordi-
nary differential equations [57], given by

dq
dt

¼ Iq
LnR

LnR þ Rþ cKð Þn
� �

ð1� qÞ � dqq ð8Þ

dR
dt

¼ IR þ I�K
� � Lnq

Lnq þ qn

 !
ð1� R�Þ � dRR ð9Þ

dP
dt

¼ B
Kn

LnK þ Kn

 !
ð1� P�Þ � dpP; ð10Þ
where

R� ¼ Rþ cK

is the total concentration of active Rac (RacGTP and all com-
plexes containing it), rescaled by the total concentration of Rac,
and

P� ¼ P 1þ kGkXkC GIT½ � bPIX½ �½PAKtot� 1þ aRRð Þ
C

� �

is the total concentration of phosphorylated paxillin (Paxp and
all complexes containing it), rescaled by the total concentration
of paxillin. For the full derivations of the model, please see [57]
and its Supplementary Material. Model parameters are listed in
Table 1.
2.1.2. Stochastic simulations
Like many other cellular processes, cell migration is stochastic

in nature. This stochasticity is apparent at the cellular level in
the seemingly random directional changes that CHO-K1 cells
undergo and is due to noisy molecular processes which can be
observed when using fluorescent biosensors for Rac and Rho
[2,69,21,35]. In a well-mixed setting, the dynamics of these pro-
cesses are described rigorously at the microscopic level by the
Chemical Master Equation [18], which can be extended to a spatial
setting as the Reaction Diffusion Master Equation (RDME) [14].
While it is possible to simulate this system using a set of stochastic
partial differential equations with appropriate noise terms, this
approach has been shown to produce solutions that are qualita-
tively different from realizations of the RDME when the reaction
propensities are nonlinear (as is the case with the model presented
here) [17]. Thus, we have opted to incorporate stochasticity in the
model through the use of the Spatial Stochastic Simulation Algo-
rithm (SSSA, a spatial variant of the Gillespie Algorithm) in order
to produce realizations of the RDME [19,14].

In the implementation of the SSSA using Eqs. (2)–(7), we con-
sidered the dynamics of the six proteins: active/inactive Rho,
active/inactive Rac and phosphorylated/unphosphorylated pax-
illin. These proteins were distributed uniformly over a 2D square
domain, divided into a 40 by 40 matrix. The total copy number
of protein molecules in the cell for both Rho and Rac was estimated
to be 2,250,000, whereas the initial copy number of paxillin mole-
cules was estimated to be 690,000. These values were obtained
from model parameters presented in [57]. Here, we have reduced
these copy numbers by a factor of 10 to decrease computation
time. In order to verify the validity of this approach, a simulation
was done with the estimated copy number of molecules and no
qualitative differences were observed (results not shown). The
stochastic simulations were performed step-by-step, based on
the following set of conditions/decisions:

1. The six species of proteins could undergo 34 different possi-
ble reactions, which included:

I. Rac inactivation (RacGTP to RacGDP).
II. Rac activation (RacGDP to RacGTP).
III. Rac complexing (formation\de-formation of [PAK-RacGTP],

[bPIX-PAK-RacGTP], [Paxp-GIT-bPIX-PAK-RacGTP]).
IV. Rho inactivation (RhoGTP to RhoGDP).
V. Rho activation (RhoGDP to RhoGTP).
VI. Paxillin S273 dephosphorylation (Paxp to Pax).
VII. Paxillin S273 phosphorylation (Pax to Paxp).
VIII. Paxillin complexing (formation\de-formation of [Paxp-GIT-

bPIX-PAK], [Paxp-GIT-bPIX-PAK-RacGTP]).
IX. Four directional movements within the 2D domain for each

of the six-protein species (24 possible reactions).



Table 1
Model parameters are as specified and references used to obtain the parameter values are provided in [57].

Parameter Description Value Unit References

L Cell length 10 lm [29]
Iq Rho activation rate 0:016 s�1 [45,46]
dq Rho inactivation rate 0:016 s�1 [45]
LR Rho level at half-maximal inhibition 0:34 Unitless [45,51,46]
IR Basal Rac activation rate 0:003 s�1 Estimated, [57]
IK Additional Rac activation rate 0:009 s�1 Estimated, [57]
Lq Rac level at half-maximal inhibition 0:34 Unitless [45,51,46]
dR Rac inactivation rate 0:025 s�1 Estimated, [57]
c Ratio of total PAK-to-total Rac 0:3 Unitless Estimated, [57]
aR Affinity constant for PAK-RacGTP binding 15 Unitless [58,32,29]
kG Association constant for GIT-bPIX binding 5:71 s�1 [53]
kX Association constant for bPIX-PAK binding 41:7 s�1 [31]
kC Association constant for Paxp-GIT binding 5 s�1 Estimated,[57]
B Maximum paxillin phosphorylation rate 4:26 s�1 [56]
LK Scaled level of paxillin at half-maximum activation 5:77 Unitless [56]
dP Paxillin dephosphorylation rate 0:00041 s�1 [56]
n Hill coefficient; level of cooperativity 4 Unitless [32,29]
GIT½ � Concentration of GIT 0:11 lM [34,54]
bPIX½ � Concentration of bPIX 0:069 lM [34,54]
½PAKtot� Total concentration of PAK 2:25 lM Estimated, [57]
Paxtot½ � Total concentration of paxillin 2:3 lM [34,54]
Dq Diffusion coefficient of active Rho 2� 10�7 lm2/s [8]

Dqi
Diffusion coefficient of inactive Rho 4:3� 10�6 lm2/s [8]

DR Diffusion coefficient of active Rac 2� 10�7 lm2/s [8]

DRi
Diffusion coefficient of inactive Rac 4:3� 10�6 lm2/s [8]

DP Diffusion coefficient of phosphorylated paxillin 3� 10�7 lm2/s [10,5]

DPi
Diffusion coefficient of unphosphorylated paxillin 3� 10�7 lm2/s [10,5]
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2. Reaction propensities were calculated for each of the eight
reactions in I-VIII based on Eqs. (8)–(10) that govern the temporal
dynamics of the system (assuming matter is conserved). The
resulting coefficients were then multiplied by the total amount
of their respective proteins, as done in [64]. For example, to calcu-
late the propensity for the conversion of inactive Rho to active Rho,

the coefficient representing the activation rate Iq
LnR

LnRþ RþcKð Þn
� 	� 	

,

found in the first term of Eq. (8), was multiplied by the total num-
ber of inactive Rho proteins within a given lattice square. Likewise,
the propensity of the conversion from active to inactive Rho was
calculated by multiplying the inactivation coefficient in Eq. (8)
with the number of active Rho proteins in a given lattice square.
The same was done to quantify the number of proteins for (in)ac-
tive Rac and (un)phosphorylated paxillin. This process is then
repeated for every lattice square in the domain.

3. Diffusion of proteins was modelled in a similar way, with the
propensity for diffusion in a given direction determined by multi-
plying the rate, kdiff ¼ D

h2
, by the number of molecules in that lattice

square (where D is the diffusion coefficient and h is the length of a
lattice square). This process is repeated for all allowed directions of
movement.

4. Reactions governing the formation of complexes involving
Rac and paxillin were assumed to be instantaneous (leading to
the nonlinearities in Eqs. (2)–(7)). These instantaneous reactions
were implemented within the framework of the SSSA by repeat-
edly performing appropriate complexation reactions (with a time
increment of zero) every time a (non-instantaneous) reaction
changed the propensity of these (instantaneous) reactions. This
was done by randomly choosing a (complexing or de-
complexing) reaction according to the probability of forming a
complex. For active Rac, this probability of forming a complex is
given by

P1 ¼ RacGTP½ �KR

½RacGTP�KR þ ½R� Y � ;

while for phosphorylated paxillin, it is given by
P2 ¼ ½Paxp�KP

½Paxp�KP þ P � Z½ � ;

where

KR ¼ 1þ kX bPIX½ � þ kGkXkC GIT½ � bPIX½ � Paxp
� �� �

aK�
i PAKtot½ �;
KP ¼ ð1þ a½RacGTP�ÞkGkXkC ½GIT�½bPIX�K�
i ½PAKtot�

and ½R� Y� and ½P � Z� are the concentrations of complexes formed
by active Rac and phosphorylated paxillin, respectively.

When a non-instantaneous reaction changed either the Rac or
paxillin concentration in a lattice square, these probabilities were
used to choose one of the relevant instantaneous reactions 50
times before a non-instantaneous reaction was allowed to occur.
The choice of 50 iterations was found to be sufficiently large
enough to obtain no qualitative changes in the simulation when
more iterations were added.

5. In the presence of Rac/Rho activation rate gradients, the
propensity of each protein (e.g. Rac) was calculated using a gradi-
ent in the activation parameter (e.g. IR) such that it linearly
decreased along each row (e.g. ½4:0;3:9;3:8 � � �0:3;0:2;0:1�). The
propensity in a specific lattice square was calculated using the cor-
responding activation rate constant along the row.

6. For generating the hysteresis, we varied the maximum phos-
phorylation rate (B) linearly over time. For example, for a total
reaction time of 100 time units and a hysteresis ranging between
½0;10� s�1, we would set

B ¼ 10
100� 0:5ð Þ � Time:

This ensured that the value of B increased linearly with reaction
time. When the time variable reached half the total reaction time
(50 s), we redefined the equation for B so that it decreased linearly
from 10 to 0.
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2.1.3. Software
Numerical simulations and bifurcation analysis were performed

using MATLAB (MathWorks, Natick, MA) and xppauto (a free-
ware available at http://www.math.pitt.edu/~bard/xpp/xpp.html).
Steady state expressions for intermediate complexes were previ-
ously derived using Wolfram Mathematica (Wolfram, Champaign,
IL). All codes required for reproducing the stochastic simulations
are available online [72].

2.2. Cell culture, plasmid transfection and drug treatments

Chinese Hamster Ovary K1 (CHO-K1) cells stably expressing G.
gallus paxillin-EGFP were maintained in DMEM cell culture media
containing low-glucose plus L-glutamine, 110 mg/L sodium pyru-
vate and pyridoxine hydrochloride (ThermoFisher Scientific,
11885–084). Media were supplemented with 10% vol/vol fetal
bovine serum (FBS) (ThermoFisher Scientific, 10082–147), 1% vol/
vol 100X non-essential amino acids (ThermoFisher Scientific,
11140–050), 1% penicillin–streptomycin (ThermoFisher Scientific,
10378–016), and 25 mM 4-(2-hydroxyethyl)-1-piperazineethane
sulfonic acid (HEPES) (ThermoFisher Scientific, 15360–080). CHO-
K1 cells stably expressing paxillin-EGFP were provided by Rick
Horwitz at the University of Virginia. Cells were only allowed to
reach 70–80% confluency to maintain the exponential phase of
growth. For every passage, cells were split using 0.05% trypsin-
EDTA (Thermofisher Scientific, 25200–056).

Plasmids of bPIX fused with mCherry were constructed as pre-
viously described in [57]. Transient transfections were conducted
in CHO-K1 cells stably expressing paxillin-EGFP that were grown
to 70–80% confluence in cell culture media. In phenol red-free
and reduced serum 1X OptiMEM media (Thermofisher Scientific,
11058201), 1 mg of bPIX-mCherry plasmid and 2.5 mL of Lipofec-
tamine 2000 (Thermofisher Scientific, 11668–027) were incu-
bated in separate tubes for 5 min at room temperature. The
plasmid and Lipofectamine were then combined in the same tube
and incubated for 20 min at room temperature. Cell culture media
was replaced with Opti-MEM media to which the plasmid DNA
and Lipofectamine 2000 solutions were added. Five hours follow-
ing transfection, Opti-MEM media were replaced by regular cul-
ture media. The cells were plated on fibronectin coated 35-mm
glass-bottom dishes 24 post-transfection for all the experiments.
All live-cell experiments described below were performed on live
cells seeded on fibronectin-coated glass-bottom dishes (Word
Precision Instruments, FD-35). Fibronectin-coated dishes were
prepared prior to seeding the cells by incubating overnight at
4 �C with a solution of 2 mg/mL of human plasma fibronectin
(Sigma Aldrich, F-0895) diluted in phosphate buffered saline
(PBS). The plates were washed three times the following day with
PBS after which cells were plated and incubated overnight at
37 �C to properly settle.

A 5 mM stock solution of ROCK inhibitor Y-27632 (Selleckchem,
S1049) was prepared in double distilled water (ddH2O) and stored
at �20 �C. For inhibition studies, the stock solution was diluted in
media to treat the cells with a final concentration of 20 mM of
the inhibitor. For control treatments, an equal volume of double
distilled water was added to media.

2.3. Cell migration and persistence experiments

CHO-K1 cells stably expressing paxillin-EGFP alone or trans-
fected with bPIX-mCherry were imaged in transmitted light illumi-
nation on an automated inverted Zeiss AxioObserver microscope
(Carl Zeiss, Jena, Germany) using a 20X/0.80 Plan-Apochromat
objective lens and a 16 ms exposure time on an Axiocam 506
monochrome CCD camera. A stage-top environmental control
chamber kept the cells at 37 �C and 5% CO2 throughout the live-
cell experiments (Live Cell Instruments, Seoul, Korea). For cells
transfected with bPIX-mCherry, fluorescence images were col-
lected using an X-Cite 120 LED light source and FS15 (TRITC) filter
cube just prior to time-lapse imaging as a reference for tracking
transfected cells.

For the ROCK inhibition studies, cells were allowed to migrate
and were imaged with transmitted light every 2 min for 3 h, after
which they were treated with 20 mM of Y-27632. One hour post-
treatment, the same cells were imaged for another 3 h. The raw
time-lapse images were loaded in MetaXpress 5.0 (Molecular
Devices Inc., SunnyVale, CA). The ‘‘track points” application was
used to track cells by clicking on the centre of each call in a
semi-automated way (automatic frame advance). The tracked data
was logged and exported into Microsoft Excel. For each cell, the
instantaneous speed between each tracked frame was first calcu-
lated by measuring the distance moved by the cell between two
frames and then divided by 2 min. The average cell speed was
determined by averaging the instantaneous speed between each
tracked frame over the 3 h. The persistence measurement of each
cell’s trajectory was calculated as a ratio of the net displacement
over the total track distance over the 3 h. Speed and directionality
analyses and Rose plots were obtained by using a published cus-
tom Excel macro [20].

2.4. Quantification of protein intensity at adhesions

Cells co-expressing paxillin-EGFP and transiently transfected
bPIX-mCherry with or without treatment for 1 h with 20 mM Y-
27632 were fixed with 4% para-formaldehyde (PFA) for 15 min at
room temperature, washed with PBS three times and left in PBS
overnight at 4 �C. The untreated and treated cells were imaged
the next day on the Zeiss LSM 710 confocal laser scanning micro-
scope, equipped with a 63X/1.4NA Plan-Apochromat oil immersion
objective lens. Sequential imaging of paxillin-EGFP and bPIX-
mCherry was done using 1% of the 488 nm line of a 25 mW
Argon-Ion laser and 1% laser power from the 561 nm 20 mW
diode-pumped solid state (DPSS) laser, respectively, and each pixel
was exposed for 3.15 ms. The acquired images were 1024-by-1024
pixels with a pixel size of 0.088 mm. A built-in 488/561 beam split-
ter was used to collect the images, capturing light from 493 to
550 nm for EGFP and 584 nm to 674 nm for mCherry. Imaris
9.3.1 software (Bitplane, Switzerland) was used to perform quanti-
tative analysis of adhesion intensity in the acquired images. The
‘‘surface” application was used to generate a surface to detect indi-
vidual adhesions in the cells. A reference non-adhesion surface was
generated manually by copying adhesion surfaces to areas beside
each selected adhesion. The mean intensity of paxillin-EGFP and
bPIX-mCherry in the adhesions and non-adhesion regions were
extracted to measure the relative % enrichment of the proteins in
adhesions as follows: % enrichment = (Fadhesions � Fnon-adhesion)/
Fnon-adhesion, where F represents the average fluorescence intensity.
The histogram function in Microsoft Excel was used to generate
distributions of protein localization for all conditions.

2.5. Total internal fluorescence reflection (TIRF) microscopy

A TIRF microscope (Spectral Applied Research, Richmond Hill,
Toronto) attached to a Leica inverted DMI6000B microscope (Leica
Microsystems, Wetzler, Germany) with a Leica Plan ApoChromat
63�/NA 1.47 TIRF oil immersion objective lens was used. The plat-
form incorporated a 488 nm diode laser and a 561 nm diode-
pumped solid-state laser (Spectral Applied Research) and was
equipped with two Flash 4 sCMOS Cameras (Hamamatsu, Hama-
matsu City, Japan). A 100-Watt X-Cite 120 LED (370–700 nm) light
source was used for visualization of fluorescent proteins by eye.
The platform was integrated with MetaMorph 7.1 image acquisi-

http://www.math.pitt.edu/%7ebard/xpp/xpp.html
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tion software (Molecular Devices Inc.) and custom-designed TIRF
controls (Quorum Technologies Inc., Guelph, ON). Cells plated on
fibronectin-coated 35 mm glass-bottom dishes were placed in a
stage-top live cell instrument chamber maintained at 37 �C under
a 5% CO2 humidified environment (Live Cell Instruments, Seoul,
Korea). For all imaging, the TIRF penetration depth was set to
80 nm using the MetaMorph software. To monitor adhesion size,
the 488 nm diode laser was set at 20% laser intensity with laser
pulsing set such that the laser was only on 1% of the time using
the Quorum Flicker device, so the effective laser intensity was
0.2%. The exposure time was set to 5 s. Images of paxillin-EGFP
at adhesions were acquired using the prism-based TIRF system
and an EGFP emission filter (ET 525/50 nm). In cells co-
expressing paxillin-EGFP and bPIX-mCherry, doubly-labelled cells
were identified by eye and were imaged on the TIRF microscope
using the 488 nm laser to capture paxillin-EGFP fluorescence
intensity at adhesions.

2.6. Adhesion intensity measurements

The adhesions in background-subtracted images were found
using the surfaces function in Imaris. Surfaces were created using
the following settings on the creation wizard. ‘‘Track surfaces over
time” was selected, and a smoothing filter was applied
with the ‘‘Surface Area Detailed Level” of 0.25 lm. The ‘‘Sphere
Diameter” used to perform background subtraction was also
0.25 lm. Adhesions close in location were identified as separate
using ‘‘Split Touching Objects” with a ‘‘Seed Points Diameter” of
0.70 lm. Some additional noise was removed by applying a ‘‘Qual-
ity” filter with the threshold of 2.65. If a surface had the centre
pixel intensity below this value, it was not considered an adhesion.
To prevent erroneous linking of adhesions between frames, the
‘‘Autoregressive Motion” algorithm was chosen and a ‘‘Maximum
Distance” that a presumed adhesion could travel between frames
was set at 0.35 lm. Lastly, if a surface was not found in 4 consec-
utive frames, the track was terminated. Any track lasting fewer
than 4 frames (40 s) was not used in further analyses. The intensity
values of the generated ‘‘surfaces” (which corresponded to adhe-
sions) were exported as a CSV file and imported into MATLAB
(MathWorks, Natick, MA). The intensity values reported are the
maximum sum intensities the adhesions reached over their respec-
tive lifetimes (where the sum intensity is the sum of the intensity
units of each pixel corresponding to the adhesion).

2.7. Statistical tests

All experiments were performed in at least three, independent
trials and analyzed with Microsoft Excel. Statistical significance
of all data generated from the experiments was determined by
two-tailed Student’s t-tests. The t-test for the adhesion parameter
(intensity sum) was performed on the percentage change (i.e. the
‘before’ condition value was 100%, and the ‘after’ condition value
was the ratio of the ‘after’ condition value to the ‘before’ condition
value multiplied by 100%) rather than the raw values, due to the
inherent variability between cells. P-values less than 0.05 were
considered statistically significant.
3. Results

3.1. Stochastic simulations in the absence of a gradient

It has been previously shown that, in the deterministic case, the
temporal dynamics of the six key proteins (active/inactive Rac,
active/inactive Rho, and phosphorylated/unphosphorylated pax-
illin described by Eqs. (8)–(10)) could produce bistability [57], a
phenomenon in which two steady states can coexist. In this sys-
tem, bistability consisted of two branches of steady states, one of
which was the induced state with elevated active Rac and reduced
active Rho, while the other was an uninduced state with elevated
active Rho and reduced active Rac. The deterministic spatiotempo-
ral model given by Eqs. (2)–(7), on the other hand, was also shown
to produce polarity in a 1D domain [57]. While these deterministic
approaches robustly produce bistability and/or polarity, the molec-
ular events underlying Rac and Rho biochemical pathways are
intrinsically stochastic in nature [2,69,21,35]. This situation raises
the question of whether localized activations of Rac or Rho can lead
to qualitatively different patterns of biochemical activity compared
to the deterministic case. For example, can they produce a sponta-
neous change in the direction of cellular polarization, as is seen in
CHO-K1 cells, without the effect of chemokines?

To further explore the role of Rac and Rho in generating bista-
bility and polarity in the presence of stochasticity, we simulated
Eqs. (8)–(10) using the SSSA over a square 2D domain, where both
protein reactions and diffusions were considered (see Methods
Section). Starting with uniformly distributed concentrations of
these proteins over the entire 2D domain of the cell, with the inac-
tive (active) form of Rac (Rho) and unphosphorylated form of pax-
illin taken to be at much higher (lower) level than the active
(inactive) and phosphorylated forms (Fig. 2), the heat-maps at
steady state obtained after 25 time units displayed an overall ele-
vation in the active form of the protein Rac and an elevation in
phosphorylated paxillin throughout the cell (Fig. 3A). The results
obtained, however, did not generate any spontaneous increase in
localized activity manifested as small regions of elevated activated
Rac (R�) and/or phosphorylated paxillin (P�) or cellular polarization
with a large-scale gradient in any of the proteins of interest. This
was mainly due to the fact that there was large disparity between
the propensity for diffusion and chemical reactions. The results
obtained thus suggest that a biochemical or physical cue or a
pre-existing gradient must be present to produce such outcomes.

Interestingly, plotting the average levels of active Rac (R�), Rho
(q) and paxillin (P�) from 2D simulations as a function of the max-
imum paxillin phosphorylation rate (B) produced a hysteresis for
all three proteins (Fig. 3B). The hysteresis was generated by lin-
early increasing the value of B from 0 s�1 to 60 s�1, starting the cell
in the uninduced state (blue line). At the half-way point in the sim-
ulation, when the cell has reached the induced state (orange line),
B was decreased linearly back to 0 s�1. We note that, during this
time, all of the chemical reaction rates were increased such that
B effectively acts as a parameter for the system rather than a
time-dependent quantity. The fact that the blue and orange lines
do not coincide in Fig. 3B was indicative of a hysteresis. Indeed,
the blue line exhibited a right-shifted jump for all proteins, while
the orange line exhibited either a left-shifted jump in paxillin
(top panel) or no jump at all in active Rho and Rac (bottom two
panels, respectively). In other words, the system was biased
towards the uninduced state.

Hysteresis is a hallmark of bistability. It suggests that either one
of the two steady states, the induced and uninduced states, can be
attained, depending on the initial concentrations or numbers of
proteins present in this system. As previously demonstrated
[12,57], such behaviour was mainly due to the mutual inhibition
exerted by active Rho on Rac and active Rac on Rho. In the case
of paxillin, however, bistability (or hysteresis) was less pronounced
and smaller in range compared to that exhibited by Rac and Rho
(compare Fig. 3B top with middle and bottom panels), consistent
with previous observations [57].



Fig. 2. Heat-maps of the 2D square domain showing the initial state of a simulated cell. The six key proteins (active/inactive Rho, active/inactive Rac and phosphorylated/
unphosphorylated paxillin) were considered, while setting the remaining proteins to steady state. The simulated cell is a 40� 40 square lattice with an integer number of
Rho, Rac and paxillin molecules residing in each lattice square. Heat-maps of the initial number of these proteins per lattice square, colour-coded according to the colour-bar
to the right of each panel, show the spatially-uniform initial condition of our simulations. Simulations were initiated from a state with a lower level of inactive/active Rac/Rho
and phosphorylated paxillin compared to active/inactive Rac/Rho and unphosphorylated paxillin (i.e. near the uninduced steady state).

Fig. 3. Spatiotemporal dynamics of the model in a 2D square domain representing the cell in the absence of a gradient. (A) Heat-maps of inactive/active Rac, inactive/active
Rho and unphosphorylated/phosphorylated paxillin at steady state (at the end of the simulation), as indicated by the legend in each panel, in the absence of gradients in Rac
and Rho activation rates. The heat-maps were colour-coded according to the colour-bar to the right of each panel. (B) Averaged total number of phosphorylated paxillin (top),
active Rho (middle) and active Rac (bottom) molecules over the entire 2D domain in the absence of gradients in Rac and Rho activation rates. The model exhibits a hysteresis,
a hallmark of bistability, consisting of non-coinciding jumps between two co-existing states representing the induced (high active Rac/low active Rho) and uninduced (low
active Rac/high active Rho) states, depending on where the simulations were initiated. Blue/orange lines correspond to model responses when maximum paxillin
phosphorylation rate, B, was increased/decreased while starting the simulations from the uninduced/induced state. Although the model exhibits bistability at the whole-cell
level, stochastic dynamics were insufficient to produce polarity in the absence of a gradient in reaction rates.
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3.2. Stochastic simulations in the presence of a gradient

Due to the absence of polarity in the simulations performed
previously, we repeated the same analysis but imposed a linear
gradient from the ‘‘front” to the ‘‘back” of the cell on three activa-
tion parameters: basal Rac activation rate (IR;decreasing from
0:003 to 0 s�1), additional Rac activation rate (IK , decreasing from
0:009 to 0 s�1) and Rho activation rate (Iq, increasing from 0 to
0:016 s�1) vertically along the 2D domain while keeping it constant
in the horizontal direction (See Fig. 4). These gradients would sim-
ulate a cell moving downward or upward based on the plots shown
in Fig. 5A. In the first set of simulations, we kept the remaining
parameters constant throughout the cell as before (i.e., as in
Fig. 3A). The goal of these simulations was to mimic the physiolog-
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ical effects of chemical cues, such as chemotaxes that can drive
protein activity gradient formation across the cell and cause it to
move in a given direction, polarize or localize proteins to a specific
area. The linear gradients introduced were strong enough to pro-
duce heat-maps with cellular polarization in all proteins under
consideration (Fig. 5A). Outcomes of these simulations were very
similar to those observed experimentally for active Rac [57], con-
firming its role in inducing an increase in cellular motility. These
simulations highlight the importance of external cues, such as
chemical (chemotaxes) or mechanical (durotaxis), to drive protein
activity gradients, resulting in cellular polarity in motile cells.

Our results also revealed that the model could still produce a
hysteresis but within a limited range with respect to the maximum
phosphorylation rate of paxillin, B. The hysteresis was manifested
as a jump from the uninduced to the induced state when increas-
ing B (Fig. 5B, blue line) and a lack of it when decreasing B (Fig. 5B,
orange lines). As before, the jump was obtained by starting the
simulations from the uninduced state, whereas there was no jump
when starting from the induced state (Fig. 5B). Similar results were
obtained with a gradient in Rho activation rate only, Rac activation
rate only or in combination with the gradient in Rac inactivation
rate (results not shown).

As indicated by our previous results, the presence of hysteresis
was a consequence of the bistable nature of the model described by
Eqs. (8)–(10). In the presence of activation gradients, however, the
range of the hysteresis was less pronounced (i.e., smaller in range)
and generally more left-shifted compared to that obtained in the
absence of such gradients (compare Fig. 3B with Fig. 5B). This
result was due to the narrow bistable regime formed towards the
front of the cell, limiting the areas of the cell that can be found
in both the induced and uninduced state (see Fig. 6), causing the
jump to occur earlier and be less pronounced (compare Fig. 5B
with Fig. 3B). The lack of downward jump from the induced to
the uninduced state in Fig. 3B, middle and bottom, and Fig. 5B
was mainly due to the closeness of the left threshold (i.e., the fold)
of the bistable switch to zero, as suggested in a previous study [57].
3.3. Inhibition of ROCK led to increased cell migration speeds

We sought to explore whether indirectly increasing Rac activity
by inhibition of ROCK (inactivation of Rac-GAP leaving more Rac in
the GTP bound active state), one effector protein of Rho, could lead
to increased cell migration speeds or changes in intrinsic direction-
ality. CHO-K1 cells were imaged at 20X magnification with trans-
mitted light for 3 h prior to the addition of 20 mM Y-27632 for
1 h followed by an additional 3 h of imaging. Cells expressing
paxillin-EGFP moved with an average speed of 27 mm/h but sped
up to 41 mm/h following Y-27632 treatment (Fig. 7A, Video 1 and
2). This increase in cell speed was quite apparent from Rose plots
Fig. 4. Schematic showing how the linear gradient in Rac and Rho activation rates is imp
rates are provided in the legends.
of individual cell tracks (Fig. 7B). Overexpression of bPIX-
mCherry in paxillin-EGFP expressing cells did not impact cell speed
(23 mm/h) or the response to ROCK-inhibition (36 mm/h, Fig. 7A,
7C). This indicates that there are no obvious bPIX overexpression
artifacts, causing more rapid cell migration, but rather bPIX GEF
activity is highly regulated in the cell. These results suggest that
ROCK-inhibition may suppress ROCK antagonism on bPIX activity
(represented by the red dashed line in Fig. 1), allowing bPIX activ-
ity to increase, thus increasing Rac activation. To ensure the
observed changes were specifically due to the addition of the Y-
27632 inhibitor, control experiments were executed by incubating
cells after an addition of ddH2O to the culture media instead of
concentrated ROCK inhibitor solution. The control cells did not
demonstrate any changes in migration speed or track shape or
duration (24 mm/h versus 22 mm/h, Fig. 7A, 7D).

Localized Rac activation has been implicated as a positive regu-
lator in migration and in maintaining increased cell directionality
during migration, although in different contexts [6,40,68]. The
directionality index is a measure of persistence along one direction
(i.e. straightness) in the path of a migratory cell and represents a
ratio of the net displacement of the cell (direct distance from the
initial to the final position) to the total distance the cell travelled
along its trajectory (blue line, Fig. 7E). The ratio yields a value
between 0.0 and 1.0, with smaller numbers representing more ran-
dom cell movement and higher numbers representing a more per-
sistent migration path. Although cells migrated faster after ROCK-
inhibition, the cell movement for all cases was random and did not
show any evidence of changes in intrinsic directionality under any
condition tested (Fig. 7E, 7F). The control cells also showed no
changes in cell migration persistence in any one direction
(Fig. 7E, 7F). Thus, ROCK-inhibition and the presumed increases
in Rac activation did not contribute to nor obstruct the cells’ pre-
ferred intrinsic direction of cell migration.
3.4. ROCK-inhibition alters the localization of paxillin but not bPIX at
adhesions

Adhesions are the fundamental protein sub-structures that con-
trol communication between the cell and ECM, and their molecular
composition is important in regulating cell migration. Even though
bPIX plays a significant role in cell migration, unlike paxillin, it
does not localize at high levels at adhesions but rather remains dif-
fuse across the cell (Fig. 8A) [44]. The relative enrichment of both
paxillin-EGFP and bPIX-mCherry in adhesions was determined
quantitatively by comparing the intensity in each adhesion to the
intensity in a region of the cell adjacent to the adhesion (i.e. non-
adhesion area) (Fig. 8A, 8B). While paxillin was always highly
localized in adhesions, with a relative enrichment of 2–6-fold
(Fig. 8C, top, blue panel), bPIX was only modestly enriched in adhe-
osed on the 2D domain representing the cell. The range of values for the activation



Fig. 5. Spatiotemporal dynamics of the model in a 2D square domain representing the cell in the presence of a gradient. (A) Heat-maps of inactive/active Rac, inactive/active
Rho and unphosphorylated/phosphorylated paxillin at steady state (after 500 time units), as indicated by the legend in each panel, in the presence of gradients in Rac and Rho
activation rates as indicated by Fig. 4. The heat-maps were colour-coded according to the colour-bar to the right of each panel. (B) Averaged total number of phosphorylated
paxillin (top), active Rho (middle) and active Rac (bottom) molecules over the entire 2D domain in the presence of a gradient in Rac activation rate only. Blue/orange lines
correspond to model responses when maximum paxillin phosphorylation rate, B, was increased/decreased while initiating the simulations from the uninduced/induced state.
Notice here that the hysteresis is less pronounced (compared to that in Fig. 3B) and that there is no jump from the uninduced to the induced state.
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sions with an average of 10–40% enrichment, and an occasional
enrichment in non-adhesion areas (Fig. 8D, top, blue panel). This
observation is consistent with previous work from our group
[44]. Cells co-expressing paxillin-EGFP and bPIX-mCherry were
then treated with 20 mM Y-27632 for 1 h, and the relative enrich-
ment of each of the proteins was measured (Fig. 8C and 8D, bot-
tom, red panels). Upon treatment with ROCK inhibitor, the mean
enrichment of paxillin decreased significantly in adhesions from
230% to 190% (Fig. 8E), but there was no change in the % enrich-
ment of bPIX-mCherry in adhesions (16%, Fig. 8F). Thus, Rho-
dependent ROCK signalling promotes either paxillin recruitment
to adhesions or more stable paxillin-binding in adhesions, which
allows adhesions to grow. It is more likely that the latter is the case
because our dynamic binding experiments show that mutants of
paxillin that cannot be phosphorylated at paxillin S273 show
longer binding in adhesions [44]. bPIX localization at adhesions
did not change with inhibition of ROCK signalling. According to
our model, however, it was hypothesized that, under physiological
conditions, Rho-mediated activation of ROCK would lead to the
inhibition of the bPIX GEF activity (red, dashed line in Fig. 1). Thus,
although ROCK-inhibition did not affect bPIX localization to adhe-
sions, it presumably affected its activity.
3.5. Adhesions do not grow in size when ROCK is inhibited

We next investigated how adhesions behave when the
induced state was promoted. Faster cell migration and decreased
enrichment of paxillin at adhesions following ROCK-inhibition
led us to hypothesize that adhesions would also be more
dynamic and would remain as smaller, nascent structures and
not increase in size following ROCK-inhibition. Paxillin-EGFP-
containing adhesions were imaged in single cells using TIRF
microscopy before and after a 1-h treatment with Y-27632.
Imaging the same cells before and after ROCK-inhibition allowed
for a direct comparison of adhesion sizes (measured by total
intensity of paxillin-EGFP), while removing some dependence
on cell-to-cell variation. Fig. 9 shows representative images of
one cell expressing paxillin-EGFP before and after treatment
with Y-27632 (panels A and B, respectively), one cell expressing
paxillin-EGFP (fluorescence shown) and bPIX-mCherry (fluores-
cence not shown) before and after treatment with Y-27632 (pan-
els C and D, respectively) and one cell expressing paxillin-EGFP
in control conditions (panels E and F, respectively). The total
intensity of each adhesion, rather than the area, was measured
as an indication of the number of proteins in the adhesion, since
many adhesions were beyond the resolution of the microsope.
The cells expressing paxillin-EGFP had adhesions with an inten-
sity of 9,000 ± 600 arbitrary units (A.U.) before treatment and a
30% decrease to 6,300 ± 100 A.U. after Y-27632 treatment
(Fig. 9G). A similar decrease in intensity of 38% was observed
in cells with elevated bPIX concentrations, which had adhesions
with intensities of 13,100 ± 200 A.U. before and 8,200 ± 100 A.U.
after the inhibition of ROCK (Fig. 9G). Control cells, treated with
the addition of ddH2O, did not demonstrate any significant
changes in adhesion intensity (Fig. 9G). Thus, ROCK-inhibition
led to smaller adhesions (Fig. 9B, D), indicating that ROCK is a
key player in protein localization to adhesions and adhesion
growth and stabilization.
3.6. bPIX binds strongly to paxillin in the cell after ROCK-inhibition

When assessing how the Rac inactivation rate affects the ratio
of paxillin-bound bPIX to the total level of bPIX using the spa-
tiotemporal model, our results revealed that decreasing this rate
leads to an increase in the ratio of paxillin-bound bPIX-to total
bPIX when averaged over 10 simulations (Fig. 10A, blue line).
Imposing the gradient defined by Fig. 4 produced similar results,
but the increase in the ratio was less steep (Fig. 10A, orange line).
Experimentally, Rac inactivation was induced by treatment of
CHO-K1 cells with 20 mM of Y-27632. Based on data shown in
Fig. 8, this treatment led to a significant increase in the ratio of
bPIX to paxillin intensity in both adhesions and non-adhesion
regions of the cell (Fig. 10B, 10C). This observation is supported
by the shifts in the distribution of the ratio of bPIX/paxillin
towards higher values after ROCK-inhibition (Fig. 10D, 10E). An
increase in the ratio of the intensity of bPIX to paxillin indicates
that, even though there are less paxillin molecules present in
the adhesions, the paxillin that is present at adhesions is likely
active and bound to bPIX. The fact that the ratio of paxillin/bPIX
is also higher in areas outside of adhesions suggests the proteins
may be in a complex that is active and ready to bind adhesions
once a binding site is available.



Fig. 6. Regimes of coexistence (bistability) between the induced and uninduced
states when varying the activation rates, demonstrating the model’s sensitivity to
the parameter Iq. The gray region (bounded by two black lines) corresponds to the
bistable regime in which both of these states coexist, whereas the white regions
correspond to the monostable regimes in which either the induced (above the gray
region) or uninduced (below the gray region) state exists. Notice that decreasing the
value of Iq from (A) Iq ¼ 0:016 s�1 to (B)Iq ¼ 0:013 s�1 diminishes the regime of
bistability until it becomes almost negligible.
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4. Discussion

The crucial role of Rac/Rho activation and paxillin phosphoryla-
tion in inducing cellular polarity has been previously highlighted
[57]. A deterministic model, identical to the one described by
Eqs. (2)–(7), was developed, to show that in the absence of diffu-
sion, the system exhibits bistability consisting of an induced and
uninduced state. The induced (uninduced) state represented the
steady state of the system with elevated (reduced) active Rac and
reduced (elevated) active Rho. In the presence of diffusion over a
1D domain, polarity was formed when a gradient in the initial pax-
illin concentration or in the maximum paxillin phosphorylation
rate was imposed. This generated a phenomenon, called wave-
pinning [38,37], in which the front of the wave remains fixed in
time. In this study, we sought to further investigate, experimen-
tally and mathematically, how activated Rac (along with its inter-
mediates) affects the dynamics of this system based on the
mechanism proposed in Fig. 1 [57].

The complex interactions Rac has with other proteins, particu-
larly with Rho, within a very stochastic environment that is also
subject to cellular heterogeneity, render cell polarization challeng-
ing to study. For instance, deterministic mathematical models sug-
gest that asymmetry in Rac and/or Rho activation rates is necessary
to induce cellular polarization while global changes in Rac/Rho
activation are only likely to influence overall migration speed
[38,57]. However, experimental evidence also suggests that inhibi-
tion of ROCK activity at the whole-cell level both increases migra-
tion speed and induces polarization in cells which exhibited
random movement prior to the ROCK-inhibition [59]. In order to
test if this discrepancy in outcomes is due to stochastic, micro-
scopic effects influencing the dynamics of the macroscopic system,
as has been reported in other theoretical studies [24,14,65], we
implemented a stochastic spatiotemporal model in a 2D domain
representing the cell. The effects of stochasticity at low molecular
copy numbers have been previously investigated in a wave-
pinning model, where it was found that, at very low copy numbers,
symmetry breaking through constitutively imposing local eleva-
tions in activation rates fails to propagate along the domain (i.e.
the wave-pinning mechanism fails) [64]. Here, we investigated if,
at high copy numbers, stochastically-induced local activation
would be able to propagate outwards to produce either transient
or long-lived polarization in the absence of symmetry breaking
activity gradients. As with [57], this work was done theoretically
by studying the relationship between Rac, Rho and paxillin while
varying the phosphorylation rate of paxillin. In the absence of
activity gradients, stochastic realizations of the model revealed
that cells still possessed two steady states in the form of a hystere-
sis, consisting of the induced and uninduced states. This phe-
nomenon was demonstrated by showing that increasing the
maximum paxillin phosphorylation rate caused a right-shifted
jump to the induced state when starting from the uninduced state
whereas decreasing the maximum phosphorylation rate caused a
left-shifted or unapparent jump to the uninduced state when start-
ing from the induced state.

Although a hysteresis, a critical component of the Rac/Rho-
driven wave-pinning mechanism that drives cell polarity models
[29], was observed both in the presence and absence of chemical
cues (such as gradients in the activation rates of Rac and Rho),
polarity was only detected in the former. In the absence of polarity,
we only observed a global increase in active protein concentrations
of the three species investigated. Consistent with previous theoret-
ical investigations, imposing a gradient in the activation of Rac and
Rho, which would be more realistically observed in cells, active Rac
and Rho produced cellular polarity [64]. The hysteresis observed in
both sets of simulations is consistent with the bistable nature of
the model used (see Eqs. (2)–(7) and (8)–(10)) and is consistent
with the experimental results obtained in [57] which showed that
the distribution of assembly and disassembly rates of adhesions in
CHO-K1 cells is bimodal and that the recovery of these cells when
treated with an inhibitor of paxillin dephosphorylation rate (called
okadaic acid) is partial (i.e. it exhibits a hysteresis). Indeed, a sim-
ilar type of hysteresis was observed when a PAK inhibitor (called
IPA-3) was used, suggesting that bistability is an intrinsic property
of Rac/Rho signalling [4], as well as when adhesion dynamics were
analyzed at the protein-cluster level [71]. Together with previous
deterministic results, the stochastic simulations presented here
help to highlight the importance of activation gradients in generat-
ing polarity through Rac/Rho signalling pathways by demonstrat-
ing that, in a parameter regime estimated from CHO-K1 cells,
activation gradients are required to produce polarization.

It is important to point out that, in the stochastic simulations
presented in this paper, the jump between the two steady states
(Fig. 3B) is less dramatic than that seen in the deterministic system
[57]. This difference is due to the fact that, in the deterministic
case, the system is either in the induced or uninduced state (but
not both), producing a very pronounced jump when crossing the
threshold (or fold) of the bistable switch as the value of B is
increased [57]. In the stochastic case, however, noise causes some
lattice squares to be in the induced state while others to be in the
uninduced state, blurring the system’s transitions between the two
states.

To validate the theoretical results obtained, we further exam-
ined polarization in CHO-K1 cells experimentally. We increased
RacGTP concentrations in CHO-K1 cells by two means: increasing
Rac activation (by overexpressing bPIX, a Rac-GEF) or inhibiting
Rac deactivation (inhibiting ROCK signalling). Once the induction
of RacGTP was promoted, the cells experienced faster migration
speeds, consistent with observations using other cell types
[63,59]. The distance travelled by these cells was also greater, an
effect correspondingly seen in previous work on ROCK-inhibition
in fibroblasts [59]. Although the fibroblasts studied by Totsukawa
et al. [59] exhibited increased directionality in their overall travel,
the CHO-K1 cells did not, suggesting that, although some polarity



Fig. 7. Suppression of Rho signalling through ROCK-inhibition leads to an increase in cell migration but not intrinsic cell directionality. Cell speed and directionality were
calculated from time lapse images acquired with transmitted light microscopy before treatment and 1-hour post-treatment with 20 mM of the ROCK inhibitor or ddH2O. (A)
Average cell speed of CHO-K1 cells expressing paxillin-EGFP or co-expressing paxillin-EGFP and bPIX-mCherry before (blue) and after (red) treatment with Y-27632 or ddH2O.
Rose plots of migration tracks of CHO-K1 cells (B) expressing paxillin-EGFP, (C) co-expressing paxillin-EGFP and bPIX-mCherry before (top panels) and 1 h after (bottom
panels) addition of Y-27632, or (D) control paxillin-EGFP expressing cells before (top panel) and after addition of ddH2O (bottom panel) in culture media. For the Rose plots,
each cell track starts at the 0,0 position. (E) Visual representation of how the directionality ratio was assessed from a cell’s migratory track, where d represents the net
distance and D represents the total cumulative distance travelled by a cell along the entire track distance. (F) Cell directionality ratios of CHO-K1 cells expressing paxillin-
EGFP or co-expressing paxillin-EGFP and bPIX-mCherry before and after treatment with Y-27632 or ddH2O. Error bars are standard errors of the means. Four stars correspond
to (****) p < 0.0001. n = 60–70 cells in total from 3 independent experiments.
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Fig. 8. Inhibition of ROCK results in decreased paxillin-EGFP localization without affecting bPIX-mCherry localization at adhesions. (A) Laser scanning confocal images of
CHO-K1 cells co-expressing paxillin-EGFP and bPIX-mCherry before and after 1-hour treatment with 20 mM Y-2763. (B) Imaris surface generation on adhesions. Higher
magnification insets show adhesion surfaces (blue) and an adjacent non-adhesion surface (yellow). The relative enrichment of paxillin-EGFP (C) and bPIX-mCherry (D) at
adhesions without (top, blue panels) or with (bottom, red panels) 1-h of treatment with 20 mM Y-27632. Negative enrichment values denote a higher concentration of the
proteins in non-adhesion areas and are represented by lightly-shaded histogram bars. Average enrichment of (E) paxillin-EGFP and (F) bPIX-mCherry at adhesions before and
after Y-27632 treatment. Error bars are standard errors of the means. n = 80–90 adhesions from at least 12–15 cells in total from three, independent experiments. Two stars
correspond to (**) P < 0.01. Scale bars are 10 mm.
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Fig. 9. Paxillin-EGFP signal intensity in adhesions decreases upon the addition of a ROCK inhibitor. TIRF images of a representative CHO-K1 cell expressing: (A, B) paxillin-
EGFP acquired before (A) and after (B) treatment with Y-27632, (C, D) paxillin-EGFP in cells also transfected with bPIX-mCherry (not shown) acquired before (C) and after (D)
treatment with Y-27632, and (E, F) paxillin-EGFP acquired before (E) and after (F) the addition of ddH2O (control). Scale bars are 10 mm. (G) The average intensity of adhesions
within cells before and after treatment with Y-27632 or ddH2O (control). Nine cells from at least three independent experiments were averaged in the Y-27632 treatment and
ten cells, from four different experiments, were averaged in the control. There were a total of 2104 adhesions before Y-27632 treatment and 1784 adhesions after for the
paxillin-EGFP cells, 4772 adhesions before treatment and 4510 adhesions after for the paxillin-EGFP and bPIX-mCherry cells, and 5873 adhesions before treatment and 6315
adhesions after for the control cells. Statistical significance was calculated using a t-test on the percentage change (relative change of the after condition to the before
condition) and is indicated by stars, with four stars (****) indicating P < 0.0001 and three stars (***) corresponding to P < 0.001. Error bars represent standard errors of the
means.
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was established, external cues may be necessary to generate the
internal protein gradients necessary for persistent directionality
in this cell line, as is suggested by the model. The distribution of
adhesion-related proteins in cells indicated that decreasing Rho
signalling does not alter the amount of bPIX localized to adhesions,
when Rac activation is promoted or deactivation is inhibited. These
findings suggest that the faster migration rates, characteristic of
cells with an amplified level of RacGTP, are not caused by increas-
ing the concentration of the Rac-GEF bPIX but may be due to an
increase in the activity of the Rac-GEF and potentially increased
binding between active bPIX and paxillin. Future experiments with
bPIX biosensors will need to be conducted to verify if bPIX activity
is increased. Consistent with other published work and with
increased Rac activity, we found that ROCK-inhibition decreased
the average size of the adhesions [59,60].

Although our model shown in Fig. 1 assumed active Rac and
Rho inhibit each other’s GEFs, causing mutual inhibition, Byrne
et al. [4] created a model in which Rac inhibits RhoGEF but Rho
deactivates Rac by increasing the activity of Rac-GAP. Experimen-
tally, this group inhibited PAK, a RhoGAP activated by Rac, activity
using IPA-3 [4]. Interestingly, bistability and a hysteresis were also
seen in Rac activation and Rho activation with the altered RhoGAP
concentration. Both our model and the Bynre et al. [4] model
emphasize that the starting condition of a cell determines how it
responds to changes in the environment as there are two possible
stable steady states that can be attained for a given cellular condi-
tion. Interestingly, our numerical simulations have shown that
replacing Rac-GEF inhibition through Rho by Rac-GAP activation
in our model, as was the case in Byrne et al. [4], produced bistabil-
ity with a very small hysteresis range despite performing extensive
parameter exploration using Latin Hypercube Sampling [33]
(results not shown). This finding suggests that Rac-GEF inhibition
through Rho could be the dominant pathway for Rac-inhibition
and is more likely to be the process used in the cell to robustly pro-
duce bistable Rho/Rac signalling.

Previous studies have reported that Rac inactivation in biologi-
cal systems can depend on a signalling pathway involving the acti-
vation of Rac-GAPs [52,36]. ARHGAP22 is a Rac-specific GAP that
has been shown to be a downstream effector of ROCK signalling,
indicating another means of cross-talk and antagonism between
Rho/Rac signalling [52]. Although ARHGAP22 has been shown to
be localized at endosomes, is involved in regulating actin dynamics
and can influence cell motility and morphology, its role in paxillin
and adhesion signalling is not well-characterized [52,36]. The



Fig. 10. Inhibition of ROCK leads to increased bPIX localization with paxillin. (A) Fraction of paxillin-bound bPIX to total bPIX levels as a function of Rac inactivation rate (dR),
calculated by averaging over 10 simulations, 4000 s each, in the absence (blue) and presence (orange) of the gradient defined in Fig. 4. The ratio of the average intensity of
bPIX to paxillin was assessed at (B) adhesions and (C) non-adhesion regions of the cell before and after treatment with 20 mM of Y-27632 for 1 h. n = 89–90 adhesions from at
least 12–15 cells. Two stars (**) correspond to P < 0.01, one star (*) corresponds to P < 0.05. The distribution of the ratio of bPIX to paxillin at (D) adhesions and (E) non-
adhesion regions before (left, blue panels) and after (right, red panels) treatment with 20 mM Y-27632 for 1 h. Error bars represent the standard errors of the means.
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mechanism by which an increased RhoGTP concentration leads to a
decreased RacGTP concentration, whether it be through inhibition
of Rac-GEFs, activation of Rac-GAPs or both, is not entirely known,
but it is evident that it is a complex relationship with many factors
to consider. ARHGAP22 is an interesting avenue to consider for fur-
ther testing, since, unlike ROCK, it acts to decrease RacGTP levels in
the cell without known involvement with RacGEF pathways. Con-
tinued experimental and mathematical modelling studies will be
required to continue to unravel and understand the interplay
between these processes.
These simulation and experimental results taken together indi-
cate the importance of Rac gradients in generating cellular polarity
and subsequent motility. Without protein activation gradients in
the simulations, whole-cell protein levels could be varied by
changes in parameters, but polarity was not observed. Similarly,
increasing levels of RacGTP in the cell in a non-spatially con-
strained manner using ROCK-inhibition caused cells to migrate fas-
ter, but persistent polarity leading to increased directionality in the
migration was not observed. Through mutual inhibition, Rho/Rac
signalling aids in producing cell migration by creating spatially-
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segregated protrusive cell edges and retractive tails. The fact that a
hysteresis and bistability are still observed without imposed gradi-
ents in these two proteins highlights the mutual inhibition
between Rac and Rho that allows for two steady states. While it
remains unclear how ROCK-inhibition might produce the increase
in directionality observed by [59] in fibroblast cells, we have
shown that neither ROCK-inhibition nor bPIX activation were cap-
able of producing sustained polarity in CHO-K1 cells. Therefore, it
is not surprising that we were not able to observe polarity through
global changes in reaction rates because the model presented here
was parameterized primarily from CHO-K1 cell data. Based on
some preliminary results, the exploration of alternative parameter
regimes (e.g., protein copy number) in which stochasticity may
play a more significant role is a promising future avenue. Observa-
tion of cell migration on patterned substrates where cells have to
turn slightly or fully turn around will also help us gain insight into
the molecular mechanisms at play.

With the model and its parameter values, we designed a quan-
titative method for determining how biochemical perturbations to
cells lead to localized Rac activation based on our previous exper-
imental findings [57]. Furthermore, the experimental findings pre-
sented here quantified some of the downstream effects on cell
directionality and velocity, as well as adhesion-related protein
localization and adhesion size. It would be interesting to use this
combination of modelling and experimentation to generate a
biochemically-relevant, virtual cell and further investigate the
intracellular processes and protein relationships through a top-
down approach. Through this approach, measurements of cellular
motility (e.g., protrusion rates, velocity) will inform how the
molecular processes occurring at the subcellular level are regulat-
ing motility.
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