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At the lamellipodium, the conventional calcium/calmodulin-
dependent myosin light chain kinase (MLCK) has been shown 
to play an essential role in a Rac-dependent lamellipodial exten-
sion.4 Inhibition of calmodulin or MLCK activity by specific 
photoactivatable peptides in motile eosinophils effectively blocks 
lamellipodia extension and net movement.5 Furthermore, there is 
a strong correlation between activated MLCK and phosphorylated 
MLC within the lamellipodia of Ptk-2 cells as revealed by fluo-
rescence resonance energy transfer (FRET) analysis.6 More recent 
studies showed MLCK to regulate the formation of focal complexes 
during lamellipodia extension.7,8 Functionally, MLCK is thought 
to play a critical role in the environment-sensing mechanism that 
serves to guide membrane protrusion. It mediates contraction that 
exerts tension on integrin-extracellular matrix (ECM) interaction, 
which, depending on the rigidity of the substratum, will lead to 
either stabilization of adhesion resulting in protrusion or destabili-
zation of attachment seen as membrane ruffling on non-permissive 
surfaces.8,9

As a Rho effector, Rho-associated kinase (ROK/ROCK/
Rho-kinase) has been shown to regulate stress fibers and focal adhe-
sion formation by activating myosin, an effect that can be blocked 
by the specific ROK inhibitor Y-27632.10,11 Myosin activation by 
ROK is the effect of two phosphorylation events: the direct phos-
phorylation on MLC and the inhibition of myosin phosphatase 
through phosphorylation of its associated myosin-binding subunit 
(MBS).11 Consistent with this notion of a localization-function 
relationship, ROK and MBS, which can interact simultaneously 
with activated RhoA,11 have been shown to colocalize on stress 
fibers.12,13 In migrating cells, Rho and ROK activities have been 
mostly associated with the regulation of tail retraction, as inhi-
bition of their activities often results in trailing tails due to the 
loss of contractility specifically confined to the cell rear.14,15 Tail 
retraction requires high contractile forces to overcome the strong 
integrin-mediated adhesion established at the rear end, an event 
which coincides with the strategic accumulation of highly stable 
and contractile stress fibers that assemble at the posterior region 
of migrating cells.

MRCK was previously shown to phosphorylate MLC and 
promote Cdc42-mediated cell protrusion.16 More recently, it was 
found to colocalize extensively with and regulate the dynamics of a 

Cell motility is a highly coordinated multistep process. 
Uncovering the mechanism of myosin II (MYO2) activation 
responsible for the contractility underlying cell protrusion and 
retraction provides clues on how these complementary activities 
are coordinated. Several protein kinases have been shown to acti-
vate MYO2 by phosphorylating the associated myosin light chain 
(MLC). Recent work suggests that these MLC kinases are strate-
gically localized to various cellular regions during cell migration 
in a polarized manner. This localization of the kinases together 
with their specificity in MLC phosphorylation, their distinct 
enzymatic properties and the distribution of the myosin isoforms 
generate the specific contractile activities that separately promote 
the cell protrusion or retraction essential for cell motility.

Cell movement is a fundamental activity underlying many 
important biological events ranging from embryological devel-
opment to immunological responses in the adult. A typical cell 
movement cycle entails polarization, membrane protrusion, forma-
tion of new adhesions, cell body translocation and finally rear 
retraction.1 A precise temporal and spatial coordination of these 
separate steps that take place in different parts of the cell is impor-
tant for rapid and efficient movement.2

One major event during eukaryotic cell migration is the myosin 
II (MYO2)-mediated contraction that underlies cell protrusion, 
traction and retraction.1,3 An emerging theme from collective 
findings is that there are distinct myosin contractile modules 
responsible for the different functions which are separately regu-
lated by local myosin regulatory light chain (MLC) kinases. These 
kinases contribute to contractile forces that connect adhesion, 
protrusion and actin organization.2 Unraveling the regulation of 
these contractile modules is therefore pivotal to a better under-
standing of the coordination mechanism. 
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specific actomyosin network located in the lamella and cell center, 
in a Cdc42-dependent manner but independent of MLCK and 
ROK.17 The lamellar actomyosin network physically overlaps 
with, but is biochemically distinct from the lamellipodial actin 
meshwork.9,18 The former network consists of an array of fila-
ments assembled in an arrangement parallel to the leading edge, 
undergoing continuous retrograde flow across the lamella, with 
their disassembly occurring at the border of the cell body zone 
sitting in a deeper region.17-19 Retrograde flow of the lamellar 
network plays a significant role in cell migration as it is responsible 
for generating contractile forces that support sustained membrane 
protrusion and cell body advancement.17-19

It is therefore conceivable that these three known MLC kinases 
are regulated by different signaling mechanisms at different 
locations and on different actomyosin contractile modules. The 
coordination of the various modules will ensure persistent direc-
tional migration (Figure 1). Phosphorylation of MLC by PAK 
and ZIP kinase has also been reported, but their exact roles in this 
event have yet to be determined.20,21 It is also noteworthy that 
individual kinases can work independently of each other, as amply 
shown by evidence from inhibitor treatments. This is particularly 

true for MRCK in the lamella, whose activity on lamellar acto-
myosin flow is not affected by ML7 and Y-27632, the inhibitors 
of MLCK and ROK respectively.17 These findings further indi-
cate that although both ROK and MRCK have been shown to 
upregulate phosphorylated MLC levels by inhibiting the myosins 
phosphatases,11,22 they are likely to act as genuine MLC kinases 
themselves, without the need of MLCK as previously suggested.11

In conjunction with their differences in localization, the three 
MLC kinases show apparent individual preferences and specificity 
towards the MYO2 isoforms that they associate with. The two 
major MYO2 isoforms MYO2A and 2B are known to have distinct 
intracellular distributions that are linked to their individual func-
tions (Figure 1).23,24 In motile cells, MYO2A localization that 
is skewed towards the protruding cell front is consistent with it 
being the major myosin 2 component of the lamellar filaments 
regulated by MRCK as well as  its regulation by MLCK in lamel-
lipodial contraction.8,17,19 In contrast, the enrichment of MYO2B 
at retracting cell rear conforms well with the requirement of 
thick and stable stress fibers capable of causing tail contraction 
and prevention of protrusion under the control of Rho/ROK 
signaling.23,25 The selection for MYO2B filaments in the cell rear 
stems from their more contractile and stable nature compared with 
MYO2A, a consequence of their higher time-averaged association 
with actin.26,27 Conversely, the lower tension property of MYO2A 
filaments suggests that they are more dynamic in nature,26,27 a 
characteristic which fits well with the dynamic actomyosin activi-
ties at the leading edge and lamella that regulate protrusion. 

It deserves special mention that the three MLC kinases 
display subtle differences in their specificity towards MLC. 
While MLCK and MRCK phosphorylate only a single Ser19 site 
(monophosphorylation),18,28 ROK is able to act on both Thr18 
and Ser19 residues causing diphosphorylation of MLC,29 MLCK 
only causes diphosphorylation when present at higher concentra-
tions.30 By further increasing its actin-activated ATPase activity, 
diphosphorylation of MLC has been shown to induce a higher 
myosin activation and filament stability.30-32 The use of specific 
antibodies that can differentiate between the two populations of 
phosphorylated MLC has been instrumental in revealing their 
localization and correlation with the activity of the MLC kinases. 
The emerging picture from these experiments is that mono and 
diphosphorylated MLC exhibit distinct distributions in migrating 
cells, with the monophosphorylated MLC localized more towards 
the protrusive region, while the diphosphorylated form is more 
enriched at the posterior end.21,33 Taking into account their 
biochemical properties, the polarized distributions of these differ-
entially phosphorylated MLC coincide functionally with the 
segregation of the MYO2 isoforms and their corresponding regu-
lators. These findings provide further support for the existence of 
segregated contractile modules in migrating cell and their distinc-
tive regulation.

The mechanisms that determine the specific segregation of the 
contractile modules and their regulation are unclear. However, 
some clues have emerged from recent studies. It has been shown 
that the C-terminal coiled-coil region of MYO2B is important 
for determining its localization in cell rear25 and which requires 

Figure 1. Upper panel depicts a model for the specific activation of the  
different MLC kinases at various locations in the cell. In response to 
upstream signals, MLC kinases MLCK, MRCK and ROK are activated and 
localized to different regions. In the case of MRCK and ROK, the interac-
tion of the GTP-bound Rho GTPase binding domain will determine the spe-
cific action of the downstream kinase, resulting in actomyosin contractility 
at different locations. The coordination of these signalling events is crucial 
for directional cell migration.  Lower panel shows a typical front-rear loca-
tion for Myosin 2A and 2B in a migrating U2OS cell.
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Rho/ROK activity as their inhibition resulted in the loss of this 
specific localization.23 Correspondingly, the inhibition of MRCK 
activity resulted in the loss of lamella-localized MYO2A.17 These 
findings suggest that activation of MYO2 filaments by their 
upstream regulators is important for their functional segrega-
tion and maintenance. It is noteworthy that both ROK and 
MRCK have distinct regulatory domains including the pleckstrin 
homology domains which have been shown to be essential for their 
localization, a process which may involve myosin interaction and 
lipid-dependent targeting as has been respectively shown for ROK 
and MRCK.11,13,16 Further, the specificity of MRCK for lamellar 
actomyosin is believed to be largely determined by the two proteins 
it forms a complex with: the adaptor LRAP35a, and the MYO2-
related MYO18A. Activation of MYO18A by MRCK, a process 
bridged by LRAP35a, is a crucial step which facilitates MRCK 
regulation on lamellar MYO2A.17

The mechanisms responsible for segregating the contractile 
modules and their regulators may also comprise a pathway that 
parallels the microtubule-modulatory Par6/aPKC/GSK3β signal-
ling pathway which regulates cellular polarization. This notion 
is supported by both Cdc42 and Rho being common upstream 
regulators of these two pathways.34 GTPase activation may deter-
mine the localized activities of the separate contractile modules 
and create an actomyosin-based asymmetry across the cell body, 
which together with the microtubule-based activities, result in the 
formation of a front-back axis important for directional move-
ment. The involvement of MRCK in MTOC reorientation and 
nuclear translocation events,35 and our unpublished observation 
that LRAP35a has a GSK3β-dependent microtubule stabilizing 
function are supportive of a possible cross-talk between these two 
pathways.

In conclusion, the complex regulation of contractility in cell 
migration emphasizes the importance of the localization, speci-
ficity and enzymatic properties of the different MLC kinases and 
myosin isoforms involved. The initial excitement and confusion 
caused by the emergence of the different MLC kinases are fading, 
being now overtaken by the curiosity about how they cooperate 
and are coordinated while promoting cell motility. 
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