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ABSTRACT
Rho-associated kinase (ROCK) activity drives cell migration via actomyosin contractility. During
invasion, individual cancer cells can transition between 2 modes of migration, mesenchymal and
amoeboid. Changes in ROCK activity can cause a switch between these migration phenotypes
which are defined by distinct morphologies. However, recent studies have shown that the ROCK
isoforms are not functionally redundant as previously thought. Therefore, it is unclear whether the
ROCK isoforms play different roles in regulating migration phenotypes. Here, we found that ROCK1
and ROCK2 differentially regulate carcinoma cell morphology resulting in intermediate phenotypes
that share some mesenchymal and amoeboid characteristics. These findings suggest that the ROCK
isoforms play unique roles in the phenotypic plasticity of mesenchymal carcinoma cells which may
have therapeutic implications.
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Introduction

The vast majority of cancer patients will die due to the
metastatic spread of cancer cells. For metastasis to occur,
cancer cells must migrate away from the primary tumor
by invading neighboring tissues. Cell migration has been
suggested as a novel target for inhibiting invasion and
metastasis.1 This process is driven by cellular forces gener-
ated by actomyosin contractility through phosphorylation
of the myosin light chain (MLC) of non-muscle myosin II
(NM II) by rho-associated kinase (ROCK), a downstream
effector of the small GTPase Rho.2 While ROCK activity
is increased in a variety of cancer types,3,4 pan-inhibition
of ROCK does not always inhibit migratory and invasive
properties of cancer cells.5,6 Historically, the 2 ROCK iso-
forms have been viewed as redundant; however, more
recent work has uncovered important functional differen-
ces between ROCK1 and ROCK2 in a variety of normal
cell types.7-10 Although cell-type dependent, isoform-spe-
cific effects that have been found include differential regu-
lation of the actin cytoskeleton, actomyosin contractility,
adhesions, and cell morphology.7-10 Given the failure of
ROCK inhibitors to progress clinically, understanding the
precise roles of ROCK1 and ROCK2 in different types of

cancer cells may provide new therapeutic avenues based
on isoform selectivity to inhibit migration.3,11,12

The epithelial to mesenchymal transition (EMT) is a
fundamental process necessary for migration in which
epithelial cells convert to a motile and invasive mesen-
chymal phenotype.13 This transformation is regulated by
a complex set of signal transduction pathways that can
be triggered by biochemical and biophysical factors in
the tumor microenvironment.14 For example, oncogene
signaling and ECM rigidity can activate Rho/ROCK sig-
naling leading to cytoskeletal reorganization, cellular
spreading, focal adhesion formation, actomyosin con-
tractility, traction force generation, and proteolysis of the
ECM.15-17 Cells can also transition from a mesenchymal
to a rounded amoeboid phenotype (MAT) to navigate
pre-existing spaces and use non-apoptotic blebs to physi-
cally deform and push through porous ECM when deg-
radation is not required.18 These membranous pushing
forces are generated by the actomyosin cortex via ele-
vated Rho/ROCK activity which can be isoform specific
but cell-type dependent as well.19-24 However, amoeboid
migration does not generate significant traction forces
due to weak adhesion by diffusely distributed integrins.25
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A high degree of plasticity exists between these pheno-
types—pan-inhibition of ROCK can induce an amoeboid
to mesenchymal transition (AMT) which can be reversed
by blocking protease activity leading to MAT in 3-D
environments.19,26 However, the transitions between dis-
tinct modes of migration (e.g., MAT and AMT) are char-
acterized by significant changes in cellular morphology
that are observed in both 2-D and 3-D.19-23,26

The ability to degrade the ECM is necessary for migrat-
ing cells to invade the basement membrane and other
densely cross-linked tissues.27,28 To penetrate these tissues,
cancer cells form actin-rich adhesive protrusions known as
invadopodia that localize proteinases to focally degrade the
ECM.29-31 Our previous work has shown that ECM rigidity
can induce more invadopodia and ECM degradation in
several carcinoma cell lines using substrates that mimic the
mechanical properties of tumors.32-34 Using chemical
inhibitors, this rigidity response was found to be dependent
on NM II and ROCK suggesting that cellular force genera-
tion plays a critical role in driving invasiveness.32 To con-
firm a role for actomyosin contractility, we later found that
cellular traction forces mediate ECM degradation indicat-
ing that invadopodia activity is likely regulated by
ROCK.34 Overall, these results suggest that actomyosin
contractility regulates invadopodia activity through a
ROCK-dependent mechanism that may promote both
migration and invasion.

Given the emerging functional differences between
ROCK1 and ROCK2,7-10 we recently determined
whether the effects of ROCK on invadopodia activity
were isoform specific.35 Interestingly, we found that
ROCK1 and ROCK2 differentially regulate ECM degra-
dation by invadopodia via contractile and non-contrac-
tile mechanisms, respectively, in 2 different carcinoma
cell lines.35 In particular, ROCK2 signaling occurred
through LIM kinase (LIMK), but not NM II like
ROCK1, and was not necessary for traction force genera-
tion or Transwell migration.35 Thus, our findings indi-
cate that selective inhibition of the ROCK isoforms
produced behavioral characteristics that were not fully
described by either the mesenchymal or amoeboid phe-
notype. Since these phenotypes are routinely distin-
guished by distinct morphologies,18,19,25,26 the goal of
this study was to evaluate the physical characteristics of
these ROCK1- and ROCK2-inhibited carcinoma cells to
further evaluate their isoform-dependent phenotypes
and discuss the potential therapeutic implications for
preventing invasive migration.

Results

We previously modified established methods for prepar-
ing polyacrylamide gels (PAAs) for use in both traction

force and invadopodia assays that span the range of
reported mechanical properties for human breast34-36

and head and neck (unpublished preliminary data)
tumors. To elucidate the roles of the ROCK isoforms in
actomyosin contractility and ECM degradation, we had
used soft and rigid PAAs since they provide maximum
sensitivity in detecting differences in traction forces and
invadopodia activity, respectively.34-36 The soft PAAs are
conjugated with fibronectin for cellular adhesion while
the rigid PAAs are also overlaid with cross-linked gelatin
and FITC-labeled fibronectin or cross-linked, FITC-
labeled gelatin for detection of ECM degradation.34-36

Using these assays, we found that ROCK1 and ROCK2
differentially regulated invadopodia activity through NM
II and LIMK pathways, respectively, while only ROCK1
regulated actomyosin contractility.35 These results were
further confirmed with Transwell assays in which only
ROCK1 knockdown (KD) inhibited migration while
ROCK1 and ROCK2 KDs inhibited invasion.35 To deter-
mine if these phenotypic differences with ROCK KDs
include morphological changes, we revisited this data35

as well as performed some additional experiments and
measured cell sizes and shapes of the 2 invasive human
cell lines previously used, SCC-61 (head and neck squa-
mous cell carcinoma) and MDA-MB-231 (breast adeno-
carcinoma), in both assays.

We previously confirmed expression of the ROCK iso-
forms, specificity of the ROCK1 and ROCK2 siRNA, and
efficacy of the KDs in SCC-61 cells35 which we demon-
strate here as well (Fig. 1A-B). For SCC-61 cells on the soft
PAAs (Fig. 1C), ROCK1 KD led to a decrease in cell size
(Fig. 1D) while promoting cell rounding (Fig. 1E). On rigid
PAAs (Fig. 1F), ROCK1 KD also led to a reduction in cell
size of SCC-61 cells (Fig. 1G) but did not lead to a statisti-
cally significant change in cell shape when compared with
non-target control (Fig. 1H). ROCK2 KD had no effect on
cell size (Fig. 1D&G) but led to a longer cell shape (Fig. 1E
&H) for SCC-61s on soft and rigid PAAs.

We also previously confirmed ROCK KDs in
MDA-MB-231 cells35 which we demonstrate here once
again as well as siRNA specificity (Fig. 1I-J). Similar to
SCC-61 cells, we also found that ROCK1 KD in MDA-
MB-231 cells (Fig. 1K & N) led to a decrease in cell size
(Fig. 1L & O) on the soft and rigid PAAs. MDA-MB-231
cells also became more rounded on the soft PAAs
(Fig. 1M) as well as on the rigid PAAs (Fig. 1P) with
ROCK1 KD. ROCK2 KD led to a slight increase in cell
size (Fig. 1L & O) but had no effect on cell shape
(Fig. 1M & P) on both the soft and rigid PAAs. These
data further support different roles for the ROCK iso-
forms in regulating cellular morphology while also sug-
gesting that the effects of ROCK2 KD may be more
cell-type specific.
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Since actomyosin contractility can regulate cellular
adhesion to influence cell spreading,37-39 we also per-
formed additional experiments and evaluated focal adhe-
sion numbers of SCC-61 cells in invadopodia assays on
glass for optimal imaging (Fig. 2A-C). While ROCK1
KD led to a significant decrease in the number of focal
adhesions, ROCK2 KD had no effect on the number of
focal adhesions (Fig. 2D).

Discussion

Changes in ROCK activity can regulate the transitions
between the mesenchymal and amoeboid phenotypes
which are characterized by significant differences in cel-
lular morphology.19-23,25,26 We previously determined
that the ROCK isoforms are important in regulating
invadopodia35 which are associated with a mesenchymal
phenotype in carcinoma cells.40 In this study, we have
shown that ROCK1 KD led to cell rounding and a
decrease in cell size while ROCK2 KD cells maintained a
spread and elongated morphology which was fairly

consistent across different ECM rigidities and composi-
tions. These changes in cell morphology from ROCK1
KD were also accompanied by reductions in focal adhe-
sion numbers which did not change with ROCK2 KD.
Similar effects on focal adhesions and cell morphology
have been observed in fibroblasts indicating that the
ROCK isoforms regulate different aspects of the mesen-
chymal phenotype.7

While our morphological results suggest that ROCK1
KD could promote the transition from a mesenchymal-
to amoeboid-like phenotype, MAT is characterized by an
increase in ROCK activity and faster migration rates in
porous environments.18-20,25,26 Although we did observe
decreases in cell size and shape (Fig. 1) as well as focal
adhesions (Fig. 2), we previously found that ROCK1 KD
significantly impaired Transwell migration.35 Therefore,
this phenotype is likely due to reductions in mesenchy-
mal-based force transduction necessary for effective
adhesion-based migration consistent with pan-inhibi-
tion13-17 which is supported by the decreases in focal
adhesions (Fig. 2) and traction forces.35 In contrast,

Figure 1. ROCK1 regulates cell size and shape of invasive carcinoma cells on different ECM rigidities and compositions. Representative
Western blots showing ROCK1 and ROCK2 KDs in (A, B) SCC-61 and (I, J) MDA-MB-231 cells. Representative wide-field (C, K) phase con-
trast and (F,N) immunofluorescence images of non-target control, ROCK1 KD, and ROCK2 KD SCC-61 and MDA-MB-231 cells on soft and
rigid PAAs, respectfully. Quantitation of (D, G, L, O) cell size and (E, H, M, P) shape factor for non-target control, ROCK1 KD, and ROCK2
KD cells. Data are presented as box and whisker plots with the black lines indicating the medians, the whiskers representing the 10th

and 90th percentiles, and � indicating p<0.05 for n D 70–145, 142–234, 72–82, and 60 cells for 4–5, 3–4, 5, and 2 independent experi-
ments for (C-E), (F-H), (K-M), and (N-P), respectively. Scale bar represents 10 mm.
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carcinoma cells maintained mesenchymal-like properties
with ROCK2 KD including morphology (Fig. 1) and
focal adhesions (Fig. 2) as well as the ability to generate
traction forces and migrate across Transwell inserts.35

However, the mesenchymal phenotype is also associated
with invasion via ECM degradation17,40 which was inhib-
ited with ROCK2 KD in both invadopodia and Transwell
invasion assays.35 We also used pharmacological inhibi-
tors in the Transwell migration and invasion assays to
further validate our siRNA results.35 Therefore, ROCK2
inhibition also produces a phenotype having some mes-
enchymal and amoeboid characteristics.

ROCK is regulated by Rho GTPases which have been
implicated in cancer cell migration, invasion, and metas-
tasis, including RhoA and RhoC.41 Similar to the ROCK
isoforms, RhoA and RhoC can activate similar targets
but have also been shown to have unique functions sug-
gesting involvement in different signaling pathways.42 In
particular, RhoA signaling through ROCK is known to
regulate cellular contractility43 while RhoC affects actin
polymerization at invadopodia in a cofilin-dependent

manner through a ROCK-LIMK pathway.44 We have
previously found that ROCK1 regulates traction forces
and pMLC levels in carcinoma cells35 which would sug-
gest a specific role for RhoA upstream. We also found
that ROCK2 signaling occurred through LIMK to alter
F-actin at invadopodia35 suggesting regulation through a
RhoC/ROCK2 pathway. LIMK has previously been
shown to regulate invadopodia and invasion but not cell
motility by MDA-MB-231 cells45 which further support
a role for ROCK2 in ECM degradation but not actomyo-
sin contractility.35 Therefore, specific Rho and ROCK
isoforms may form distinct signaling complexes that dif-
ferentially regulate migration and invasion.

In this study, we have shown that the ROCK isoforms
differentially regulate cell morphology in invasive carci-
noma cells by producing phenotypes that share some
mesenchymal and amoeboid characteristics. Other
hybrid and intermediate phenotypes with different char-
acteristics have been described, but they have not been
observed in human carcinoma cell lines or have shown
dependence on specific ROCK isoforms.46,47 Although

Figure 2. ROCK1 regulates the number of focal adhesions in SCC-61 cells. Representative wide-field immunofluorescence images of (A)
non-target control, (B) ROCK1 KD, and (C) ROCK2 KD SCC-61 cells in invadopodia assays on glass, respectfully. (D) Quantitation of the
number of focal adhesions for non-target control, ROCK1 KD, and ROCK2 KD cells. Data are presented as box and whisker plots with the
black lines indicating the medians, the whiskers representing the 10th and 90th percentiles, and � indicating p<0.05 for n D 73–81 cells
for 3 independent experiments. Scale bar represents 10 mm.
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our previous work revealed that both isoforms regulated
invadopodia activity and invasion, these distinct mor-
phologies coincide with significant differences in the
ability of these carcinoma cells to migrate which could
have considerable therapeutic implications.35 Selective
isoform targeting has become an attractive alternative
given the concerns regarding the side effects and toxicity
of pan-inhibition of ROCK.3,11,12 Although further stud-
ies are required, our work suggests that selectively inhib-
iting ROCK2 may induce a non-proteolytic phenotype
still capable of migration in a mesenchymal-like manner
since only ROCK1 regulated NM II-driven cellular forces
in our system. Therefore, ROCK1 may be the more
appealing therapeutic choice and provide an advantage
by inhibiting not only the migration of certain types of
cancer cells but their ability to degrade the ECM as well.

Methods and materials

Cell culture and ROCK inhibition

SCC-61 and MDA-MB-231 cells were cultured as
described previously as well as KD of ROCK1 and
ROCK2 with siGENOME SMARTpool siRNA (Thermo-
Scientific) to maximize inhibition while minimizing off-
target effects as well as any possible compensatory
effects.34-36 KDs were confirmed with Western blotting
as described previously.35 A double KD experiment was
previously performed to confirm that compensation was
not occurring between the ROCK isoforms.35

PAAs

As described previously, we used fibronectin-embedded
soft (elastic modulus D 1,023 Pa) and rigid (elastic mod-
ulus D 22,692) PAAs that are used for our traction force
and invadopodia assays, respectively.34-36 As used in the
invadopodia assay, the rigid PAAs were overlaid with
cross-linked 1% gelatin and FITC-labeled fibronectin or
cross-linked 0.2% FITC-labeled gelatin for SCC-61 and
MDA-MB-231 cells, respectively.35

Cell morphology

Cells were incubated overnight in invadopodia
medium for live cell imaging (soft PAAs) or then
fixed and stained for immunofluorescence (rigid
PAAs) and imaging as described previously.34-36 Cells
were identified with phase contrast for live cell imag-
ing and F-actin staining with Alexa Fluor phalloidin
(Life Technologies) for immunofluorescence imag-
ing.34-36 Metamorph software (Molecular Devices)
was used to manually outline cells, and quantitation

of cell size and shape factor were performed using
measurement tools.

Focal adhesions

Cells were once again incubated overnight in invadopo-
dia medium then fixed and stained in invadopodia assays
overlaid with cross-linked 1% gelatin and unlabeled
fibronectin for immunofluorescence imaging. Vinculin
was identified with a mouse monoclonal antibody
(Sigma) following previously established methods for
focal adhesion staining.48 Fluorescent images were cap-
tured on a Nikon Ti-E inverted microscope with a Plan
Fluor 40£ oil immersion objective lens. Focal adhesions
were quantitated using the Focal Adhesion Analysis
Server.49

Statistics

As described previously, all statistical analyses were per-
formed on pooled data using SPSS Statistics (IBM).33-35

The majority of data did not pass the normality test and
therefore were analyzed with a Kruskal-Wallis test for
significance followed by a Tamhane post-hoc test for
group comparisons.33-35

Disclosure of potential conflicts of interest

No potential conflicts of interest were disclosed.

Funding

Research reported in this publication was supported by the
Research Scholar Grant RSG-15–226–01-CSM from the Amer-
ican Cancer Society to A.P.

References

[1] Wells A, Grahovac J, Wheeler S, Ma B, Lauffenburger D.
Targeting tumor cell motility as a strategy against inva-
sion and metastasis. Trends Pharmacol Sci 2013; 34
(5):283-9; PMID:23571046; https://doi.org/10.1016/j.tips.
2013.03.001

[2] Amano M, Ito M, Kimura K, Fukata Y, Chihara K,
Nakano T, Matsuura Y, Kaibuchi K. Phosphorylation
and activation of myosin by rho-associated kinase (rho-
kinase). J Biol Chem 1996; 271(34):20246-9; PMID:870
2756; https://doi.org/10.1074/jbc.271.34.20246

[3] Rath N, Olson MF. Rho-associated kinases in tumorigen-
esis: Re-considering rock inhibition for cancer therapy.
EMBO Rep 2012; 13(10):900-8; PMID:22964758; https://
doi.org/10.1038/embor.2012.127

[4] Morgan-Fisher M, Wewer UM, Yoneda A. Regulation of
rock activity in cancer. J Histochem Cytochem 2013; 61
(3):185-98; PMID:23204112; https://doi.org/10.1369/002
2155412470834

SMALL GTPASES 135

https://doi.org/10.1016/j.tips.2013.03.001
https://doi.org/10.1016/j.tips.2013.03.001
https://doi.org/8702756
https://doi.org/10.1074/jbc.271.34.20246
https://doi.org/22964758
https://doi.org/10.1038/embor.2012.127
https://doi.org/10.1369/0022155412470834
https://doi.org/10.1369/0022155412470834


[5] Harma V, Knuuttila M, Virtanen J, Mirtti T, Kohonen P,
Kovanen P, Happonen A, Kaewphan S, Ahonen I, Kallio-
niemi O, et al. Lysophosphatidic acid and sphingosine-1-
phosphate promote morphogenesis and block invasion of
prostate cancer cells in three-dimensional organotypic
models. Oncogene 2012; 31(16):2075-89; PMID:21996742;
https://doi.org/10.1038/onc.2011.396

[6] Vishnubhotla R, Bharadwaj S, Sun S, Metlushko V,
Glover SC. Treatment with y-27632, a rock inhibitor,
increases the proinvasive nature of sw620 cells on 3d col-
lagen type 1 matrix. Int J Cell Biol 2012; 2012:259142;
PMID:22690219; https://doi.org/10.1155/2012/259142

[7] Yoneda A, Multhaupt HA, Couchman JR. The rho kin-
ases i and ii regulate different aspects of myosin ii activ-
ity. J Cell Biol 2005; 170(3):443-53; PMID:16043513;
https://doi.org/10.1083/jcb.200412043

[8] Lock FE, Ryan KR, Poulter NS, Parsons M, Hotchin
NA. Differential regulation of adhesion complex turn-
over by rock1 and rock2. PLoS One 2012; 7(2):e314
23; PMID:22348083; https://doi.org/10.1371/journal.
pone.0031423

[9] Shi J, Wu X, Surma M, Vemula S, Zhang L, Yang Y,
Kapur R, Wei L. Distinct roles for rock1 and rock2 in the
regulation of cell detachment. Cell Death Dis 2013; 4:
e483; https://doi.org/10.1038/cddis.2013.10

[10] Newell-Litwa KA, Badoual M, Asmussen H, Patel H,
Whitmore L, Horwitz AR. Rock1 and 2 differentially reg-
ulate actomyosin organization to drive cell and synaptic
polarity. J Cell Biol 2015; 210(2):225-42; PMID:261693
56; https://doi.org/10.1083/jcb.201504046

[11] Hahmann C, Schroeter T. Rho-kinase inhibitors as thera-
peutics: From pan inhibition to isoform selectivity. Cell
Mol Life Sci 2010; 67(2):171-7; PMID:19907920; https://
doi.org/10.1007/s00018-009-0189-x

[12] Chin VT, Nagrial AM, Chou A, Biankin AV, Gill AJ,
Timpson P, Pajic M. Rho-associated kinase signalling
and the cancer microenvironment: Novel biological
implications and therapeutic opportunities. Expert Rev
Mol Med 2015; 17:e17; PMID:26507949; https://doi.org/
10.1017/erm.2015.17

[13] Kalluri R, Weinberg RA. The basics of epithelial-mesen-
chymal transition. J Clin Invest 2009; 119(6):1420-8;
PMID:19487818; https://doi.org/10.1172/JCI39104

[14] Wei SC, Yang J. Forcing through tumor metastasis: The
interplay between tissue rigidity and epithelial-mesenchy-
mal transition. Trends Cell Biol 2016; 26(2):111-20;
PMID:26508691; https://doi.org/10.1016/j.tcb.2015.09.009

[15] Paszek MJ, Zahir N, Johnson KR, Lakins JN, Rozenberg
GI, Gefen A, Reinhart-King CA, Margulies SS, Dembo M,
Boettiger D, et al. Tensional homeostasis and the malig-
nant phenotype. Cancer Cell 2005; 8(3):241-54; PMID:16
169468; https://doi.org/10.1016/j.ccr.2005.08.010

[16] Jaalouk DE, Lammerding J. Mechanotransduction gone
awry. Nat Rev 2009; 10(1):63-73; PMID:19197333;
https://doi.org/10.1038/nrm2597

[17] Kai F, Laklai H, Weaver VM. Force matters: Biomechani-
cal regulation of cell invasion and migration in disease.
Trends Cell Biol 2016; 26(7):486-97; PMID:27056543;
https://doi.org/10.1016/j.tcb.2016.03.007

[18] Pankova K, Rosel D, Novotny M, Brabek J. The molecu-
lar mechanisms of transition between mesenchymal and
amoeboid invasiveness in tumor cells. Cell Mol Life Sci

2010; 67(1):63-71; PMID:19707854; https://doi.org/
10.1007/s00018-009-0132-1

[19] Sahai E, Marshall CJ. Differing modes of tumour cell inva-
sion have distinct requirements for rho/rock signalling
and extracellular proteolysis. Nat Cell Biol 2003; 5(8):711-
9; PMID:12844144; https://doi.org/10.1038/ncb1019

[20] Wyckoff JB, Pinner SE, Gschmeissner S, Condeelis JS,
Sahai E. Rock- and myosin-dependent matrix deforma-
tion enables protease-independent tumor-cell invasion in
vivo. Curr Biol 2006; 16(15):1515-23; PMID:16890527;
https://doi.org/10.1016/j.cub.2006.05.065

[21] Pinner S, Sahai E. Pdk1 regulates cancer cell motility by
antagonising inhibition of rock1 by rhoe. Nat Cell Biol
2008; 10(2):127-37; PMID:18204440; https://doi.org/
10.1038/ncb1675

[22] Shea KF, Wells CM, Garner AP, Jones GE. Rock1 and
limk2 interact in spread but not blebbing cancer cells.
PLoS One 2008; 3(10):e3398; PMID:18852895; https://
doi.org/10.1371/journal.pone.0003398

[23] Oppel F, Muller N, Schackert G, Hendruschk S, Martin
D, Geiger KD, Temme A. Sox2-rnai attenuates s-phase
entry and induces rhoa-dependent switch to protease-
independent amoeboid migration in human glioma cells.
Mol Cancer 2011; 10:137; PMID:22070920; https://doi.
org/10.1186/1476-4598-10-137

[24] Ahn J, Sanz-Moreno V, Marshall CJ. The metastasis gene
nedd9 product acts through integrin beta3 and src to pro-
mote mesenchymal motility and inhibit amoeboid motil-
ity. J Cell Sci 2012; 125(Pt 7):1814-26; PMID:22328516;
https://doi.org/10.1242/jcs.101444

[25] Lammermann T, Sixt M. Mechanical modes of ‘amoeboid’
cell migration. Curr Opin Cell Biol 2009; 21(5):636-44;
PMID:19523798; https://doi.org/10.1016/j.ceb.2009.05.003

[26] Wolf K, Mazo I, Leung H, Engelke K, von Andrian UH,
Deryugina EI, Strongin AY, Brocker EB, Friedl P. Com-
pensation mechanism in tumor cell migration: Mesen-
chymal-amoeboid transition after blocking of pericellular
proteolysis. J Cell Biol 2003; 160(2):267-77; PMID:125
27751; https://doi.org/10.1083/jcb.200209006

[27] Sabeh F, Shimizu-Hirota R, Weiss SJ. Protease-dependent
versus -independent cancer cell invasion programs:
Three-dimensional amoeboid movement revisited. J Cell
Biol 2009; 185(1):11-9; PMID:19332889; https://doi.org/
10.1083/jcb.200807195

[28] Bravo-Cordero JJ, Hodgson L, Condeelis J. Directed cell
invasion and migration during metastasis. Curr Opin
Cell Biol 2012; 24(2):277-83; PMID:22209238; https://
doi.org/10.1016/j.ceb.2011.12.004

[29] Weaver AM. Invadopodia: Specialized cell structures for
cancer invasion. Clin Exp Metastasis 2006; 23(2):97-105;
https://doi.org/10.1007/s10585-006-9014-1

[30] Caldieri G, Ayala I, Attanasio F, Buccione R. Cell and
molecular biology of invadopodia. Int Rev Cell Mol Biol
2009; 275:1-34; PMID:19491051

[31] Genot E, Gligorijevic B. Invadosomes in their natural habi-
tat. Euro J Cell Biol 2014; 93(10–12):367-79; PMID:25457
677; https://doi.org/10.1016/j.ejcb.2014.10.002

[32] Alexander NR, Branch KM, Parekh A, Clark ES, Iwueke
IC, Guelcher SA, Weaver AM. Extracellular matrix rigid-
ity promotes invadopodia activity. Curr Biol 2008; 18
(17):1295-9; PMID:18718759; https://doi.org/10.1016/j.
cub.2008.07.090

R. J. JERRELL ET AL.136

https://doi.org/21996742
https://doi.org/10.1038/onc.2011.396
https://doi.org/10.1155/2012/259142
https://doi.org/16043513
https://doi.org/10.1083/jcb.200412043
https://doi.org/10.1371/journal.pone.0031423
https://doi.org/10.1371/journal.pone.0031423
https://doi.org/10.1038/cddis.2013.10
https://doi.org/26169356
https://doi.org/10.1083/jcb.201504046
https://doi.org/19907920
https://doi.org/10.1007/s00018-009-0189-x
https://doi.org/26507949
https://doi.org/10.1017/erm.2015.17
https://doi.org/10.1172/JCI39104
https://doi.org/10.1016/j.tcb.2015.09.009
https://doi.org/16169468
https://doi.org/10.1016/j.ccr.2005.08.010
https://doi.org/19197333
https://doi.org/10.1038/nrm2597
https://doi.org/27056543
https://doi.org/10.1016/j.tcb.2016.03.007
https://doi.org/19707854
https://doi.org/10.1007/s00018-009-0132-1
https://doi.org/10.1038/ncb1019
https://doi.org/16890527
https://doi.org/10.1016/j.cub.2006.05.065
https://doi.org/18204440
https://doi.org/10.1038/ncb1675
https://doi.org/18852895
https://doi.org/10.1371/journal.pone.0003398
https://doi.org/22070920
https://doi.org/10.1186/1476-4598-10-137
https://doi.org/22328516
https://doi.org/10.1242/jcs.101444
https://doi.org/10.1016/j.ceb.2009.05.003
https://doi.org/12527751
https://doi.org/10.1083/jcb.200209006
https://doi.org/19332889
https://doi.org/10.1083/jcb.200807195
https://doi.org/22209238
https://doi.org/10.1016/j.ceb.2011.12.004
https://doi.org/10.1007/s10585-006-9014-1
https://doi.org/19491051
https://doi.org/25457677
https://doi.org/10.1016/j.ejcb.2014.10.002
https://doi.org/10.1016/j.cub.2008.07.090
https://doi.org/10.1016/j.cub.2008.07.090


[33] Parekh A, Ruppender NS, Branch KM, Sewell-Loftin MK,
Lin J, Boyer PD, Candiello JE, Merryman WD, Guelcher
SA, Weaver AM. Sensing and modulation of invadopodia
across a wide range of rigidities. Biophys J 2011; 100
(3):573-82; PMID:21281571; https://doi.org/10.1016/j.
bpj.2010.12.3733

[34] Jerrell RJ, Parekh A. Cellular traction stresses mediate
extracellular matrix degradation by invadopodia. Acta
Biomater 2014; 10(5):1886-96; PMID:24412623; https://
doi.org/10.1016/j.actbio.2013.12.058

[35] Jerrell RJ, Parekh A. Matrix rigidity differentially regu-
lates invadopodia activity through rock1 and rock2. Bio-
materials 2016; 84:119-29; PMID:26826790; https://doi.
org/10.1016/j.biomaterials.2016.01.028

[36] Jerrell RJ, Parekh A. Polyacrylamide gels for invadopodia
and traction force assays on cancer cells. J Vis Exp 2015;
95:52343; https://doi.org/10.3791/52343

[37] Vicente-Manzanares M, Ma X, Adelstein RS, Horwitz
AR. Non-muscle myosin ii takes centre stage in cell adhe-
sion and migration. Nat Rev 2009; 10(11):778-90;
PMID:19851336; https://doi.org/10.1038/nrm2786

[38] Parsons JT, Horwitz AR, Schwartz MA. Cell adhesion:
Integrating cytoskeletal dynamics and cellular tension.
Nat Rev 2010; 11(9):633-43; PMID:20729930; https://doi.
org/10.1038/nrm2957

[39] Kim DH, Wirtz D. Predicting how cells spread and
migrate: Focal adhesion size does matter. Cell Adh Migr
2013; 7(3):293-6; https://doi.org/10.4161/cam.24804

[40] Eckert MA, Yang J. Targeting invadopodia to block
breast cancer metastasis. Oncotarget 2011; 2(7):562-8;
PMID:21725138; https://doi.org/10.18632/oncotarget.301

[41] Ridley AJ. Rhoa, rhob and rhoc have different roles in
cancer cell migration. J Microsc 2013; 251(3):242-9;
PMID:23488932; https://doi.org/10.1111/jmi.12025

[42] Vega FM, Fruhwirth G, Ng T, Ridley AJ. Rhoa and rhoc
have distinct roles in migration and invasion by acting
through different targets. J Cell Biol 2011; 193(4):655-65;
PMID:21576392; https://doi.org/10.1083/jcb.201011038

[43] Marjoram RJ, Lessey EC, Burridge K. Regulation of rhoa
activity by adhesion molecules and mechanotransduction.
Curr Mol Med 2014; 14(2):199-208; PMID:24467208;
https://doi.org/10.2174/1566524014666140128104541

[44] Bravo-Cordero JJ, Oser M, Chen X, Eddy R, Hodgson L,
Condeelis J. A novel spatiotemporal rhoc activation path-
way locally regulates cofilin activity at invadopodia. Curr
Biol 2011; 21(8):635-44; PMID:21474314; https://doi.org/
10.1016/j.cub.2011.03.039

[45] Scott RW, Hooper S, Crighton D, Li A, Konig I, Munro J,
Trivier E, Wickman G, Morin P, Croft DR, et al. Lim kin-
ases are required for invasive path generation by tumor
and tumor-associated stromal cells. J Cell Biol 2010; 191
(1):169-85; PMID:20876278; https://doi.org/10.1083/
jcb.201002041

[46] Friedl P, Locker J, Sahai E, Segall JE. Classifying collective
cancer cell invasion. Nat Cell Biol 2012; 14(8):777-83;
PMID:22854810; https://doi.org/10.1038/ncb2548

[47] Huang B, Lu M, Jolly MK, Tsarfaty I, Onuchic J, Ben-
Jacob E. The three-way switch operation of rac1/rhoa
gtpase-based circuit controlling amoeboid-hybrid-mes-
enchymal transition. Sci Rep 2014; 4:6449; PMID:252
45029; https://doi.org/10.1038/srep06449

[48] Smith-Clerc J, Hinz B. Immunofluorescence detection of
the cytoskeleton and extracellular matrix in tissue and
cultured cells. Methods Mol Biol (Clifton, NJ) 2010;
611:43-57

[49] Berginski ME, Gomez SM. The focal adhesion analysis
server: A web tool for analyzing focal adhesion dynamics.
F1000Res 2013; 2:68; PMID:24358855

SMALL GTPASES 137

https://doi.org/10.1016/j.bpj.2010.12.3733
https://doi.org/10.1016/j.bpj.2010.12.3733
https://doi.org/24412623
https://doi.org/10.1016/j.actbio.2013.12.058
https://doi.org/26826790
https://doi.org/10.1016/j.biomaterials.2016.01.028
https://doi.org/10.3791/52343
https://doi.org/10.1038/nrm2786
https://doi.org/20729930
https://doi.org/10.1038/nrm2957
https://doi.org/10.4161/cam.24804
https://doi.org/10.18632/oncotarget.301
https://doi.org/10.1111/jmi.12025
https://doi.org/10.1083/jcb.201011038
https://doi.org/24467208
https://doi.org/10.2174/1566524014666140128104541
https://doi.org/21474314
https://doi.org/10.1016/j.cub.2011.03.039
https://doi.org/10.1083/jcb.201002041
https://doi.org/10.1083/jcb.201002041
https://doi.org/10.1038/ncb2548
https://doi.org/25245029
https://doi.org/10.1038/srep06449
https://doi.org/24358855

	Abstract
	Introduction
	Results
	Discussion
	Methods and materials
	Cell culture and ROCK inhibition
	PAAs
	Cell morphology
	Focal adhesions
	Statistics

	Disclosure of potential conflicts of interest
	Funding
	References



