
Supplementary Materials and Methods 

Generation of dominant negative p38γ MDA-MB-231 cells 

Selection media for cells transfected with dominant negative p38γ consisted of standard 

cell media containing 350μg/ml G418. For dominant negative p38γ cells, 1 μg of 

pcDNA-FLAG-p38γ agf was transfected into 50-70% confluent MDA-MB-231 cells using 

Genejammer transfection reagent (Stratagene) according to the manufacturer’s 

instructions. Transfected cells were selected in G418 and positive clones were isolated. 

 

Use of a dominant negative p38γ construct to validate shRNA results 

As there is no p38γ-specific pharmacologic inhibitor we instead used a dominant 

negative p38γ construct (1) to validate our shRNA results. The dominant negative p38γ 

(“DNp38γ”) has the Thr and Tyr residues of the TGY phosphorylation motif mutated to 

non-phosphorylatable Ala and Phe, and will thereby competitively inhibit endogenous 

p38γ binding to its activating kinases (1). However, p38γ shares its upstream kinases, 

MKK3 and MKK6, with the other p38 isoforms – therefore DNp38γ likely interferes to an 

extent with signaling through the other isoforms. To help minimize these off-target 

effects we selected clones with low levels of DNp38γ that were still able to reduce p38γ 

phosphorylation (Supplementary Fig. S1A). Additionally, since DNp38γ inhibits 

endogenous p38γ function indirectly by acting as a competitive inhibitor, it is not 

expected to be as potent of an inhibitor as p38γ-specific shRNA. This is apparent from 

the DNp38γ phenotype, which, although muted, effectively recapitulates the shp38γ 

phenotype. 

 



Immunohistochemical staining and AQUA analysis 

Briefly, after deparaffinization and rehydration, TMA slides were subjected to microwave 

epitope retrieval in 7.5 mM sodium citrate buffer, pH6. After rinsing several times in 10 

mM Tris HCL buffer, pH 8 containing 0.154 M NaCl (TBS), endogenous peroxidase 

activity was blocked with 2.5% (v/v) H2O2 in methanol for 30 minutes. Non-specific 

binding of the antibodies was extinguished by 30 minute incubation with ‘Background 

Sniper” (BioCare Medical, Concord, CA). The TMA slide was then incubated with the 

tumor-specific antibody, cytokeratin (AbD Serotec, Raleigh, NC, Mouse monoclonal 

antibody, MCA144HT, 1:50) overnight at 4C. The slides were then washed with TBST 

twice for 5 minutes and then once with TBS for 5 minutes. The slides were then 

incubated with the antibodies to RhoC (chicken IgY polyclonal antibody, 1:1000, 

described in (2)) and p38γ (Abgent, rabbit polyclonal antibody, AP7224c, 1:50) for 60 

minutes at room temperature. Slides were then washed as described above and 

incubated with a combination of goat anti mouse IgG conjugated to AF555 (Molecular 

probes, Carpinteria, CA, A21424, 1:200) and goat anti chicken IgY conjugated to AF488 

(Molecular Probes, Carpinteria, CA, A11039, 1:200) in goat anti rabbit Envision+ 

(DAKO, Carpinteria, CA) for 60 minutes at room temperature in a dark humidity tray. 

The slides were then washed as described above and the target image was developed 

by a CSA reaction of Cy5 labeled tyramide (PerkinElmer, Waltham, MA, 1:50). The 

slides were washed with 3 changes of TBS and stained with the DNA staining dye 4’,6-

diaminodo-2-phenylindole (DAPI) in a non-fading mounting media (ProLong Gold, 

Molecular probes, Carpinteria, CA). The slides were allowed to dry overnight in a dark 

dry chamber and the edges were sealed. 



 

For AQUA, images of each TMA core were captured with an Olympus BX51 microscope 

at 4 different extinction/emission wavelengths. Within each TMA spot, the area of tumor 

was distinguished from stromal and necrotic areas by creating a tumor specific mask 

from the anti-CK protein, which was visualized from Alexafluor 555 signal. The DAPI 

image was then used to differentiate between the cytoplasmic and nuclear staining 

within the tumor mask. The pixel intensity of the RhoC protein/antibody complex was 

determined from the AF488 signal, and finally, the fluorescence pixel intensity of the 

p38γ protein/antibody complex was obtained from the Cy5 signal and reported as pixel 

intensity. 

 

3D Cell Culture 

Cells were cultured as described by Lee et al. (3). Briefly, 4-well chamber slides (Lab-

Tek) were coated with growth factor-reduced Matrigel (BD Biosciences). Cells were 

plated at a density of 2.1 x 104 cells/cm2 in cell media containing 4% Matrigel and 

cultured for 4 days. The same microscope and imaging conditions were used as above. 

 

Reagents 

shRNA was purchased from Open Biosystems through the University of Michigan Life 

Science Institute High Throughput Screening Core. A dominant negative p38γ plasmid 

(1) (Addgene plasmid 20354) was a kind gift from Roger Davis. FITC-labeled siRNA, 

cycloheximide, chloroquine, and ammonium chloride were purchased from Sigma 

Aldrich. For western blotting the following antibodies were used: rabbit anti-p38α, anti-



p38β, anti-p38γ, anti-p38δ, anti-RhoC, and mouse anti-phospho-p38 (Cell Signaling); 

goat anti-actin and mouse anti-ubiquitin (Santa Cruz Biotechnology); and mouse anti-

hemagglutinin (Covance). 

 

Transfections 

2 μg of pGIPZ plasmid containing either scrambled or p38γ-specific shRNA were 

nucleofected into 50-70% confluent MDA-MB-231 cells according to the manufacturer’s 

protocol (Lonza). Nucleofected cells were selected in puromycin and further isolated by 

FACS sorting for GFP. The same nucleofection process was used for RhoC/G14V 

plasmids (cDNA.org). Nucleofected cells were selected in G418 and positive clones 

were isolated. 

 

3 nM siRNA was transfected into 50-70% confluent BT549 and Hs578t cells using 

Oligofectamine (Invitrogen) according to the manufacturer’s protocol. Gene expression 

and cell behavior were observed 48 hours post transfection. 

 

Aspect Ratio Calculation 

Images were acquired at room temperature using a Leica DM IRB microscope equipped 

with a Leica 20x/0.4 NA objective and Hamamatsu ORCA-03G camera with Metamorph 

software. Aspect ratio calculations were performed using ImageJ (4). The aspect ratio 

formula is length over width – length defined as the greatest distance perpendicular to 

the cell’s leading edge (as determined by cytoskeletal architecture), and width as the 

longest distance between points measured perpendicular to the axis defining the length. 



Therefore a cell that is elongated in the direction of motion will have an aspect ratio 

greater than 1, while a cell that is rounder will have a value closer to, or lower than, 1. 

 

Time-Lapse Microscopy 

DIC time-lapse videos were captured at 37°C using a Deltavision RT Live Cell Imaging 

System equipped with UPlanApo 20x/0.7 NA and 40x/1.2 NA lenses at the University of 

Michigan Microscopy and Image Analysis Lab. Images were acquired using SoftWoRx 

3.5.1 software. Cell motility videos were enhanced and analyzed using Imaris (Bitplane 

Scientific Software), from which the average speed of each cell line was calculated in 

μm/hour. 

 

Actin Immunocytochemistry 

50-70% confluent cells were fixed with 4% paraformaldehyde. Cells were then 

incubated in 1:50 AF568-phalloidin in PBS (Invitrogen) for 10 minutes, rinsed once in 

PBS for 5 minutes, and mounted with Prolong Gold anti-fade with DAPI. Images were 

acquired at room temperature using a Zeiss LSM 510 Meta laser-scanning microscope 

equipped with a C-Apochr 40x/1.2 NA and LSM 510 software. Each channel was 

imaged sequentially using multitrack recording before merging. Enhancements were 

performed using Photoshop (CS2; Adobe). 

 

Invasion and Bead Motility 

Invasion (BD Biosciences) and bead motility (Thermo Scientific) assays were performed 

as previously described (5). Growth factor-reduced Matrigel was used for invasion 



assays. Images were taken at room temperature with a Leica MXFL III stereo 

microscope equipped with an Olympus DP-71 digital camera with DP controller 

software.  

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Quick Guide to Equations and Assumptions 

The partial differential equation that governs the quasi-static balance of linear 

momentum of the cell is more amenable to computational solution when it is 

written in weak form. This form is an integral representation that exploits 

integration by parts to allow the use of less-smooth functions for numerical 

approximations: 

Equation 1: Find u such that for all w, 

∫∇ sw:σ(ε(u)) dV = 0, 

where u is the displacement field vector, w is the weighting function vector, 

and σ(ε(u)) is the stress tensor, here written to emphasize its dependence on 

the displacement field via the strain tensor ε(u). The symbol ∇ s denotes the 

symmetric part of the gradient operator. 

Major assumptions: At the typical speeds of cell motility, the effect of inertia is 

negligible, and the “dynamic” balance of linear momentum need not be 

considered. 

Equation 2: The strain tensor is defined as 

ε(u) = ∇ su. 

Major assumptions: The infinitesimal strain theory is assumed to hold, 

according to which nonlinear dependence of ε upon u can be neglected. This 

assumption makes for a simpler mathematical formulation and more rapid 

computations. The fully nonlinear theory leads to some quantitative 

differences in the computed stress, but does not alter the results in a 

qualitative manner. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Equation 3: The stress-strain response of the actin fibers and cell membrane 

is governed by the constitutive equation: 

σ = λItr(ε) + 2με, 

where λ and μ are Lamé parameters defined in terms of the more familiar 

Young’s Modulus E and Poisson ratio ν by 

λ = νE/((1+ν)(1-2ν)) and μ = E/2(1+ ν) 

Major assumptions: The actin fibers and cell membrane are assumed to be 

elastic. This assumption implies that viscous effects associated with the 

kinetics of binding/unbinding of actin monomers with the cytoskeletal fibers 

and with the lipid bilayer will not be accounted for in the stress computations. 

We note, however, that the purpose of the computational model in this work is 

to represent the kinematics of cell motility and locomotion, and not to provide 

a precise computation of the stress. With more appropriate visco-elastic 

models for the actin fibers and cell membrane, the stress computed is more 

physically accurate, but the fundamental conclusions reached on cell motility 

and locomotion do not change. The viscoelastic models also result in a more 

complicated mathematical formulation, and slightly slower computations. 

 

Equation 4: The matrix-vector version of the weak form (Equation 1) is: 

Kd = F 

where K is the finite element stiffness matrix, which includes the influence 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S1: Mechanical properties of sub-cellular structures in the computational cells. 

Typical numerical values from Phillips et al(6). 

 

 

 

 

Cell structure Young’s Modulus, E 

(GPa) 

Poisson’s ratio, ν Thickness 

(nm) 

Actin stress 

fiber 

1.0 0.35 60—110 

Cell 

membrane 

0.00002 0.35 15 

Computational cell type Diameter of enclosing circle (μm) 

Scrambled 46 

Shp38γ 59 

of the mechanical properties, d is the vector of nodal displacements and F is 

the external force vector. The latter includes the effect of displacement 

boundary conditions that model the attachment of the cell to the substrate at 

focal adhesions. 

Major assumptions: Our finite element implementation is based on the plane 

stress model of mechanics. Plane stress is an appropriate model for the two-

dimensional shape adopted by cells on a substrate. 



Table S2: Computational cell dimensions measured on live cells. For the scrambled 

cell, the reported diameter corresponds to the cell shape before it stretches, as shown 

in Fig. 1F, top row, first panel. 

 

Supplementary Results 

Cytoskeletal architecture is a determinant factor of p38γ–mediated cell motility 

In order to separate the effects of cytoskeletal architecture from the leading and trailing 

edge dynamics, we tried to “rescue” the phenotype of each computational cell by 

applying the protrusion dynamics (Figs. 2C-D) of one phenotype to the other while 

maintaining their respective cytoskeletal architectures. Significantly, applying the 

scrambled cell leading and trailing edge behavior to the computational shp38γ cell did 

not restore wild type-like motility to the cell (Supplementary Fig. 4B). Correspondingly, 

the reverse situation—applying the shp38γ cell leading and trailing edge behavior to the 

computational scrambled cell—did not cause it to move like the shp38γ cell 

(Supplementary Fig. 4C), indicating that the leading and trailing edge dynamics of each 

cell type are not sufficient to drive their respective forms of motility independent of 

cytoskeletal architecture.  

 

As a final means of separating the effects of cytoskeletal architecture from leading and 

trailing edge dynamics, we repeated our computational study by applying a synthesized 

motion (leading edge protrusion amplitude = 0.67 μm, period = 3 min., trailing edge 

retraction = 0.5 μm/min) to scrambled and shp38γ cells (Supplementary Figs. 4D-F). All 

of these parameters are approximately the means of the corresponding values for the 



live scrambled and shp38γ cells (Figs. 2C-D, Supplementary Fig. S4A). The difference 

in cell speed between these computational scrambled and shp38γ cells, when 

normalized by computational scrambled cell speed, is remarkably similar to the 

difference between the live experiments in scrambled and shp38γ cells, after being 

similarly normalized by live scrambled cell speed (Supplementary Fig. 4D). The 

synthesized motility in the computational cells also is similar to actual motility of the live 

cells in a qualitative sense (Supplementary Figs. 4E-F), even though the actual speeds 

observed differ from the corresponding live cell speeds due to the synthetic nature of 

the imposed leading and trailing edge dynamics. This final study indicates that, when all 

other parameters remain the same, modifications in cytoskeletal architecture alone are 

sufficient to impair cell motility in the manner we observed experimentally: from creating 

effective locomotion in live scrambled cells to ineffective locomotion of shp38γ cells. 

 
 
Supplementary Figure Legends 
 
Figure S1 – In vitro analysis of p38γ function. (A) p38γ knockdown does not affect 

expression of the other three p38 isoforms. (B) p38γ knockdown reduces MDA-MB-231 

invasion through growth factor reduced Matrigel-coated transwell chambers. 

Representative wells are shown on the left, normalized OD readings from three 

independent experiments are represented on the right (*p = 0.022). Graph is 

represented as ± s.e.m. (C) Three-dimensional Matrigel culture of scrambled and 

shp38γ cells (right image is center slice of confocal stack, all others widefield) (left scale 

bar = 100 μm, right scale bar = 20 μm). (D) RhoC is not degraded by the proteasome in 

shp38γ cells. All data are representative of three independent experiments.  



Figure S2 – Creation and analysis of dominant negative p38γ clones. (A) Western 

blot showing FLAG-DNp38γ expression in stably transfected clones. (B) IP/western blot 

of phospho-p38γ levels in DNp38γ clones, indicating that p38γ phosphorylation is 

decreased by overexpression of DNp38γ. (C) Aspect ratio of DNp38γ clones is 

decreased compared to vector control cells (*p<0.05). Data are represented as ± s.e.m. 

(D) Three-dimensional Matrigel culture of vector control and DNp38γ cells, which show 

the same stellate (vector) and non-invasive (DNp38γ) phenotypes as scrambled and 

shp38γ cells, respectively (scale bar = 100 μm). (E) Actin cytoskeleton of vector and 

DNp38γ cells, showing a reorganization of the cytoskeleton and rounded cell shape 

(scale bar = 20 μm). (F) Expression of the cytoskeletal regulator and metastatic 

oncogene RhoC in vector and DNp38γ cells. 

 

Figure S3 – (A) Detail showing the finite element mesh with elements (triangles). The 

nodes are the vertices of the triangles. (B) Synthetic leading edge protrusion/retraction 

dynamics used to separate the effect of actin dynamics from cell shape and cytoskeletal 

morphology. The definition of left- and right-of-center regions and their displacements 

are as defined in Fig. 2B in text. 

 

Figure S4 - Cytoskeletal architecture, not leading edge protrusion dynamics, 

defines cellular motility. (A) Trailing edge motion of scrambled and shp38γ cells 

plotted as the incremental displacement between successive time instants. For 

scrambled cells the most rearward point was chosen. For shp38γ cells the positions 

were averaged over 8 points evenly spaced along the trailing edge. (B) Motility of 



computational shp38γ cells obtained by transposing leading/trailing edge actin 

dynamics from scrambled cells does not rescue the ineffective locomotion of shp38γ 

cells. (C) Transposing leading/trailing edge dynamics of shp38γ cells on computational 

scrambled cells results in motility and locomotion that is unphysical. (D) Ratio of 

computational cell speeds from synthetic motion (see text for details) is the same as 

ratio of live cells. (E-F) Synthetic motility of computational shp38γ and scrambled cells is 

qualitatively similar to live cells. 

 
 
Movie 1 – MDA-MB-231 scrambled cell locomotion. MDA-MB-231 cells stably 

transfected with scrambled control shRNA were imaged by time lapse DIC microscopy 

(Deltavision RT). Frames were taken every 10 minutes for 11 hours. See Figure 1E 

(top) for related stills. 

 

Movie 2 – MDA-MB-231 shp38γ cells have impaired motility. MDA-MB-231 cells 

stably transfected with shRNA targeting p38γ (right) were imaged by time lapse DIC 

microscopy (Deltavision RT). Frames were taken every 10 minutes for 11 hours. See 

Figure 1E (bottom) for related stills. 

 

Movie 3 – The motility and locomotion of preliminary models of scrambled (left) and 

shp38γ (right) in silico cells. 

 



Movie 4 – The motility and locomotion of enhanced models of scrambled (left) and 

shp38γ (right) in silico cells, incorporating the leading edge protrusion and trailing edge 

retraction dynamics from Fig. 2. 
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