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      Tumor metastasis is a multi-step process that requires cells to migrate 
through interstitial tissue to other areas of the body.  Both Rho kinase (ROCK) 
and myosin are important regulators of cell migration and invasion, but whether 
ROCK and myosin have similar effects on cell migration on substrata comprised 
of different extracellular matrix (ECM) proteins or in the context of 2D and 3D 
environments requires further investigation.  We propose that cell migration in 
2D versus 3D environments is differentially regulated by ROCK and myosin in a 
substratum-dependent manner.  Breast epithelial cells were plated into the 
OrisTM Cell Migration Assay, a 96-well plate in which each well contained a 
silicone stopper that occluded cell attachment in the central part of the well.  
Once cells reached confluency, the stopper was removed and migration into the 
central region of the well was assessed.  First, MDA-MB-231 and NMuMG breast 
epithelial cells cultured on type I collagen undergo more 2D migration and 
more robust focal adhesion formation compared to those cells plated on 
fibronectin.  Second, pharmacological inhibition of ROCK or myosin II reduced 
MDA-MB-231 cell migration on both type I collagen and fibronectin which also 
correlated to a reduction in focal adhesion formation.  Interestingly, NMuMG cell 
migration in 2D was enhanced in the presence of either ROCK or myosin II 
inhibitors.  Next, we investigated whether ROCK or myosin II inhibition had 
similar effects on 3D migration, by overlaying a collagen gel on the adherent 
cells following stopper removal.  Consistent with 2D collagen migration, 
inhibition of either ROCK or myosin II reduced 3D collagen migration.  However, 
contrary to 2D migration, inhibition of ROCK or myosin II reduced NMuMG 
migration into a 3D collagen gel.  These results suggest that the properties of 
the ECM, including protein composition and matrix dimensionality, differentially 
regulate breast epithelial cell migration in response to inhibition of ROCK and 
myosin II.
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Rationale:  Studies have demonstrated opposite effects of RhoA signaling on cell 
migration depending on cell type and cellular context (10-13).  Using the OrisTM Cell Migra-
tion Assay, we assessed the effects of inhibitors of ROCK and myosin II on breast epi-
thelial cell migration on substrata comprised of different ECM proteins. 

Methods:  The OrisTM Cell Migration Assay (Platypus Technologies, LLC) was used to assess cell migration of MDA-MB-231 and 
NMuMG breast epithelial cells.  Cells were seeded at 20,000 cells/well and allowed to attach overnight onto plates coated with either 
type I collagen (Collagen I), fibronectin, or tissue culture treated (uncoated) plates.  Once the cells formed a confluent monolayer, the 
silicone stoppers were removed and either a myosin II inhibitor (10µM Blebbistatin) or ROCK inhibitor (2.5µM H-1152) was added to 
the appropriate wells and migration proceeded for 24 hours.  Following migration, cells were fixed with 4% paraformaldehyde and 
filamentous actin (F-actin) was stained with TRITC-labeled phalloidin (Sigma).  Migration was quantified by measuring the 
fluorescence intensity of the TRITC label in the detection zone with the OrisTM Detection Mask attached to the plate bottom using a 
Tecan Genesis plate reader.  Fluorescence microscopy was carried out using a Nikon TE300 inverted microscope without the mask 
attached.  Data are represented as mean ± SEM from 12 wells for each condition.

Results:

 - Type I collagen promoted the most migration of both MDA-MB-231 and NMuMG cells,       
   while migration on fibronectin or uncoated plates was comparable. 

 - Both H-1152 and Blebbistatin reduced MDA-MB-231 cell migration on all three ECM 
   conditions, but stimulated NMuMG cell migration.

Rationale:  Adhesion formation and cell contractility are essential for cells to undergo efficient 
migration.  Since both MDA-MB-231 and NMuMG cells migrated at different rates on collagen I, 
fibronectin, and uncoated plates, we investigated whether focal adhesions might also be 
altered in cells cultured on the three different ECM substrates.  Furthermore, we 
assessed the effects of the myosin II and ROCK inhibitor on focal adhesions.

Methods:  Cell migration was carried out as described previously.   However, 10µM Y-27632, instead of H-1152, was used to inhibit ROCK.  
Following fixation, F-actin and focal adhesions were stained with TRITC-labeled phalloidin (red) and anti-pY99 (Santa Cruz) followed by 
incubation with an Alexa Fluor® 488 secondary (green)(Invitrogen), respectively.   Images were acquired on a Nikon TE300 inverted mi-
croscope using Slidebook v4.5 acquisition software.  Images were processed using ImageJ and Photoshop CS2.  Data are mean FA/cell ± 
SEM from a minimum of 10 cells for each condition.  

Results:
 - Focal adhesion formation is directly correlated with cell migration:  more focal 
   adhesions were present on cells grown on collagen I and fewer focal adhesions were 
   present on cells grown on uncoated plates.

 - Inhibition of ROCK and myosin II altered the number and distribution of focal adhesions  
   on MDA-MB-231 and NMuMG cells.

Rationale:  The biophysical composition of the ECM is an important regulator of cell 
morphology, motility, and cell-matrix interactions (14,15).  By adding a 3D collagen type I gel 
overlay on top of the cell monolayer in the OrisTM Migration Assay, we determined whether 
the stiffness of the overlay affects 3D cell migration.   

Methods:  The OrisTM Cell Migration Assay was used to assess 3D cell migration of MDA-MB-231  breast epithelial cells.  Cells were 
seeded at 20,000 cells/well and allowed to attach overnight onto plates coated with collagen I.  Once the cells formed a confluent 
monolayer, the silicone stoppers were removed and a 2.0, 3.0, or 4.0mg/ml collagen type I gel was overlayed on top of the cell 
monolayer and allowed to polymerize for 2 hours.  Once media was added to each well, cell migration was permitted for 24 hours.  
Following migration, cells were labeled with Calcein AM (Invitrogen) and migration in the detection zone was quantified using a Tecan 
Genesis plate reader.  Data are mean ± SEM from a minimum of 12 wells for each condition.  

Results:
 - MDA-MB-231 cell migration was not affected by the stiffness of a 3D collagen overlay.

 - When compared to 2D migration on collagen, MDA-MB-231 cells migrate more slowly   
   when overlayed with a 3D collagen gel.

Methods:  The OrisTM Cell Migration Assay was used to assess cell migration of MDA-MB-231 and NMuMG cells.  Cells were seeded at 
20,000 cells/well and allowed to attach overnight onto plates coated with collagen I.  Once the cells formed a confluent monolayer, the 
polymeric stoppers were removed and a 4.0mg/ml collagen type I gel was overlaid on the cell monolayer and allowed to polymerize 2 
hours.  Media containing Blebbistatin or H-1152 was added to appropriate wells and cell migration/invasion proceeded for 24 hours.  
Following migration/invasion, cells were labeled with Calcein AM (Invitrogen) and migration/invasion in the detection zone was 
quantified using a Tecan Genesis plate reader.  Data are mean ± SEM from a minimum of 12 wells for each condition. 

Rationale:  RhoA-mediated contractility has been demonstrated to be important for cell 
motility in both 2D and 3D environments (6-9).  Furthermore, inhibition of ROCK or 
myosin has different effects on cell motility depending on cell type and ECM composition 
(6,10-13).  Since RhoA activity and cell migration can be influenced by the biophysical 
properties of the ECM, we assessed the effects of RhoA signaling on cell migration 
when a 3D collagen gel was overlaid on the cell monolayer. 

Results:

      - Similar to their effects on MDA-MB-231 cell migration on 2D collagen, inhibition of ROCK  
   and myosin II reduced migration when a 3D collagen gel was overlaid on the cell 
   monolayer.

      - In contrast to their effects on 2D collagen, inhibitors to ROCK and myosin II reduced 
   NMuMG cell migration when a 3D collagen gel was overlaid on the cell monolayer.

The OrisTM Cell Migration Assay uses a 96-well plate populated with cell seeding stoppers that 
exclude cells from the central migration zone of the well.  An opaque mask fitted to the plate 
bottom restricts detection of signal to the central migration zone (detection zone) of each well.  
After cells are seeded and allowed to adhere, the polymeric stoppers are removed and cells are 
permitted to migrate into the central migration zone defined by the mask. Next, cells are 
stained and the assay results are collected from a plate reader or inverted microscope.
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Introduction
 Cell motility is essential during many biological processes, including embryogenesis, 
inflammation, wound healing, and metastasis.  Cell migration involves a multi-step process 
that includes extension and attachment of the leading cell edge, thus forming sites of 
cell-substrate contacts, or focal adhesions (FA).   Next, the cell body translocates through 
actomyosin-mediated contraction, followed by the release of adhesions from the trailing edge 
of the cell (1,2).  This cycle of adhesion formation and cell contractility is essential for cells to 
undergo efficient migration.  
 RhoA, a member of the RhoA family of GTPases, is a key regulator of the actin cytoskeleton, 
which is important for many cellular processes, including cell contractility, FA formation, and 
cell migration (3).  The RhoA effector, ROCK, regulates contractility through modulation of 
myosin activity (4,5).  Studies have shown that inhibition of RhoA-mediated contractility 
disrupts focal adhesion formation and alters cell migration in both 2-dimensional (2D) and 
3-dimensional (3D) environments (6-9).  However, inhibition of RhoA signaling has been 
shown to have either stimulatory or inhibitory effects on cell migration depending on cell 
type or matrix composition (10-13).  While ROCK and myosin are important regulators of 
breast epitheiial cell migration, further investigation is needed to determine whether 
inhibition of ROCK and myosin have similar effects on breast epithelial cell migration on 
substrata comprised of different extracellular matrix (ECM) proteins or in the context of 2D 
and 3D environments.  
 Only recently have mechanisms begun to emerge that explain how cells respond to 
matrices of different biophysical properties.  For instance, cells grown on flat, two-dimensional 
(2D) substrates can differ considerably in their morphology, proliferation, and cell-matrix 
interactions when compared to those grown in a three-dimensional (3D) environment (14,15).  
Indeed, RhoA signaling is altered in cells grown in a 3D matrix, compared to cells grown on a 
2D substrate, leading to changes in FA formation and myosin-mediated contractility (16,17).  
 While cytoskeletal regulation of cell migration and FA formation is influenced by the 
cellular microenvironment, it is not clear how the biophysical properties of the ECM regulate 
cell behavior in response to pharmacological inhibitors of cell motility.  Using a novel 
migration assay (OrisTM Cell Migration Assay; Platypus Technologies, LLC), we assessed the 
effects of inhibition of RhoA signaling on cell migration and focal adhesion formation in 
cells grown on a flat, 2D substrate (2D migration) or with the addition of a collagen gel 
overlay (3D migration).  Our results suggest that the properties of the ECM, including protein 
composition and matrix dimensionality, differentially regulate breast epithelial cell migration 
in response to ROCK and myosin II inhibitors. 
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Conclusions

1.  MDA-MB-231 and NMuMG breast epithelial cells exhibited the most migration  
     and FA formation on a 2D collagen-coated surface, compared to a fibronectin 
     or uncoated surface.

2.  Inhibition of ROCK and myosin reduced MDA-MB-231 cell migration and 
     FA formation on a 2D substrate, but enhanced NMuMG cell migration and 
     FA formation on a similar surface.

3. Both MDA-MB-231 and NMuMG cells underwent reduced migration in response 
    to ROCK and myosin inhibitors when a 3D collagen gel was overlaid on the cells.


