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Abstract 

 

Genetically Tuning Cellular Mechanobiology 

 

by 

 

Joanna Lynn MacKay 

 

Doctor of Philosophy in Chemical Engineering 

 

University of California, Berkeley 

 

Professor Sanjay Kumar, Chair 

 

 

The recognition that cells can sense physical cues has inspired numerous investigations into the 

roles that mechanical forces play in both healthy and diseased cells.  This rapidly growing area 

of research, often called cellular mechanobiology, has shown that physical interactions between 

cells and the surrounding extracellular matrix can regulate a number of fundamental cell 

behaviors.  This insight has prompted the development of new methods to systematically 

engineer the mechanical properties of extracellular matrices (e.g., rigidity and geometry), both as 

a way to study the mechanisms behind cellular mechanosensing and as a way to directly control 

cell behavior in tissue engineering applications.  In contrast, an equally powerful approach for 

manipulating cell-matrix interactions could be to directly engineer the mechanical properties of 

the cells themselves by modifying the intracellular signaling pathways that regulate how cells 

sense and respond to physical cues.  This type of “inside-out” strategy would be useful for 

controlling cell behavior independently from extracellular matrix properties and would allow 

investigation into how changes in cellular mechanics such as cell shape, stiffness, and 

contractility can directly alter cell behavior. 

In these dissertation studies, a genetic strategy was developed to precisely control the 

mechanical properties and motility of cells by manipulating the activity of cytoskeletal signaling 

proteins.  Genetic mutants of the signaling proteins RhoA GTPase, Rac1 GTPase, or myosin 

light chain kinase (MLCK) were introduced into human glioblastoma cells under the control of 

conditional promoters, thereby enabling graded and dynamic control over their expression 

through addition and withdrawal of the transcriptional inducers.  Increasing the activity of RhoA 

or MLCK by inducibly expressing constitutively active (CA) mutants increased both the stiffness 

and the contractility of cells in a graded manner, which had an inhibitory effect on cell migration.  

Interestingly, decreasing RhoA activity through expression of a dominant negative (DN) mutant 

also produced a graded decrease in cell migration speed, indicating that cell motility varies 

biphasically with RhoA activity levels.  A similar biphasic dependence was discovered upon 

varying the activity of Rac1.  These results demonstrate the importance of using quantitative 

methods to reveal potentially nonlinear relationships between protein activity and cell behavior. 

Expanding upon this strategy, two orthogonal promoter systems were combined to 

provide simultaneous control over the activity of two proteins in the same cell.  RhoA and Rac1 

are known to suppress each other through crosstalk between their signaling pathways, suggesting 

that cells can normally have high activity of only one protein or the other.  To investigate the 
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effects of forcing high activation of both proteins, CA RhoA and CA Rac1 were introduced into 

the same cells under different conditional promoters (either doxycycline-inducible or cumate-

inducible).  Expression of CA RhoA did not alter Rac1 activity and vice versa, demonstrating 

that the activity levels of RhoA and Rac1 can be independently varied with this strategy.  

Notably, expressing both CA mutants had a greater inhibitory effect on cell migration than either 

mutant alone, indicating that the effects of these mutants were additive rather than suppressive. 

Finally, these orthogonal promoters were used to dynamically control the motility of 

multiple cell populations in a three-dimensional matrix, providing a new way to spatially pattern 

cells.  When cells were cultured as multicellular spheroids within a collagen matrix, CA Rac1 

expression stimulated cell migration, while DN Rac1 expression strongly inhibited it.  Thus the 

ability to switch these two phenotypes on and off by adding and withdrawing the transcriptional 

inducers provided a way to control both the timing and the extent of cell migration.  To exploit 

this as a patterning method, cells expressing DN Rac1 from either the doxycycline-inducible 

promoter or the cumate-inducible promoter were mixed together as multicellular spheroids and 

then subjected to alternating administration of the two inducers.  When the inducer was switched 

(e.g., doxycycline removed and replaced with cumate), one population was stimulated to migrate 

while the other was inhibited, and this created radially symmetric patterns of cells over time. 

The strategies developed in these dissertation studies represent a novel method for tuning 

cellular mechanical properties and behaviors, which we expect will be useful in a number of 

tissue engineering applications.  In addition, by enabling graded control over the activity of 

multiple proteins, these methods provide a unique opportunity to investigate the quantitative 

relationships describing how protein activity levels influence cell behavior.  Given that cell and 

tissue mechanics have been discovered to play critical roles in a number of human diseases, a 

better understanding of these relationships may lead to new therapeutic targets for disease 

treatments. 
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Chapter 1 - Introduction 

 

In the human body, cells reside in tissues that vary drastically in their mechanical properties 

(e.g., rigid bone versus soft brain), and numerous studies have shown that these physical cues 

can regulate a variety of cell behaviors, such as proliferation, apoptosis, migration, and 

differentiation (1).  Recently, several engineering techniques have been developed to 

systematically vary the rigidity and geometry of extracellular matrices, revealing the quantitative 

relationships between matrix properties and cell behavior.  For example, cells that are cultured 

on polyacrylamide gels adjust their spreading area and stiffness to match the rigidity of the 

substrate in a monotonically increasing manner (2).  Similarly, protein patterning studies have 

shown that when cells are cultured on adhesive areas of different sizes, proliferation increases 

with increasing area, while apoptosis decreases (3).  Nonlinear trends have also been discovered.  

For instance, the migration speed of cells is fastest on matrices with intermediate rigidities (4), 

and the concentration of extracellular matrix protein can also have a biphasic effect on cell 

migration (5).  In addition, the lineage commitment of mesenchymal stem cells has been shown 

to depend nonlinearly on matrix rigidity, where they begin differentiating into neurons on soft 

gels, osteocytes on stiff gels, and myocytes on intermediate gels (6).  In contrast, there are 

relatively few tools to systematically perturb the intracellular signaling pathways that regulate 

cell-matrix interactions, and therefore the quantitative relationships between protein activity 

levels and cellular mechanical properties and behaviors have not been thoroughly investigated. 

This chapter will first introduce the signaling pathways that govern cellular mechanics, 

focusing on regulators of the actin cytoskeleton. Next, traditional methods for manipulating these 

pathways will be reviewed, including pharmacological inhibition, RNA interference, and genetic 

mutations.  Finally, several strategies for obtaining temporal control over protein activity will be 

discussed, with an emphasis on the advantages of conditional promoter systems. 

 

Mechanotransductive signaling pathways 

The mechanical properties of cells are primarily defined by the cytoskeleton, which is an 

intracellular network of polymers, including actin, microtubules, and intermediate filaments.  Of 

these three polymers, actin is assumed to play a dominant role in the physical interactions 

between cells and the extracellular matrix, including cell adhesion, mechanosensing, and force 

generation.  Several different actin structures serve specialized functions inside the cell.  First, 

the cortex is a thin, cross-linked network of actin that lies just beneath the plasma membrane and 

contributes to cell shape and stiffness.  Second, stress fibers are tensile bundles of actin filaments 

and myosin motors that are coupled to the extracellular matrix through integrin-based adhesions.  

These fibers contract upon myosin activation, enabling cells to exert force on the extracellular 

matrix and thereby sense its mechanical properties.  This contractile force also plays important 

roles in cell migration and matrix remodeling.  Third, lamellipodia are thin sheets of branched 

actin networks that extend at the leading edge of migrating cells, in which actin polymerization 

creates the protrusive force that pushes the cell membrane forward.  Fourth, filopodia are 

dynamic membrane protrusions that contain parallel bundles of actin and enable cells to actively 

probe their surroundings. 
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 The dynamics of the actin cytoskeleton are primarily mediated by the Rho family of 

GTPases, including RhoA, Rac1, and Cdc42.  RhoA is known to stimulate stress fiber 

contraction through two of its downstream effectors: mDia and Rho-associated kinase (ROCK).  

The formin mDia nucleates actin polymerization and is thought to promote stress fiber assembly, 

while ROCK can stimulate myosin activity either by inhibiting myosin phosphatase or by 

directly phosphorylating the regulatory myosin light chain.  Myosin can also be activated 

through a RhoA-independent pathway, in which myosin light chain kinase (MLCK) 

phosphorylates myosin in response to calcium binding.  Rac1 is known to stimulate branched 

actin polymerization within lamellipodia through its downstream effectors WAVE and Arp 2/3 

and has been shown to regulate cofilin-mediate actin turnover through its downstream effector 

PAK1(7).  Cdc42 also activates p21-activated kinase 1 (PAK1) and is known to stimulate actin 

polymerization in filopodia through its downstream effector WASP.   

Rho GTPase signaling occurs at the plasma membrane, and the activity levels of the 

GTPases are determined by whether they are bound to GTP (active) or GDP (inactive).  

GTP/GDP cycling is regulated by three types of proteins. Guanine nucleotide exchange factors 

(GEFs) promote exchange of GDP for GTP and thereby activate the protein.  In contrast, GTPase 

activating proteins (GAPs) stimulate the hydrolysis of GTP to GDP and thereby inhibit the 

protein.  Lastly, guanine nucleotide dissociation inhibitors (GDIs) bind to inactive GDP-bound 

proteins and sequester them in the cytoplasm.  There are numerous different GAPs and GEFs 

that regulate specific Rho GTPases.  In contrast, there are two known Rho GDIs that both bind 

RhoA, Rac1, and Cdc42 (8). 

 

Methods to manipulate Rho GTPase signaling 

Pharmacological inhibition  

Several pharmacological inhibitors against proteins in the Rho GTPase signaling pathways are 

commercially available and thus widely used.  C3 exoenzyme is an ADP-ribosyltransferase 

derived from Clostridium botulinum that selectively inhibits RhoA and two related proteins 

RhoB and RhoC.  Several inhibitors of ROCK have been synthesized, including Y-27632 and 

Fasudil.  While these inhibitors have a strong specificity for ROCK, they have also been shown 

to inhibit citron kinase, protein kinase A, protein kinase C, and protein kinase N.  There are also 

several inhibitors of MLCK, including ML-7 and ML-9, but these have also been shown to 

inhibit protein kinase A and protein kinase C.  In addition, a potent inhibitor of myosin II is 

available called blebbistatin.  Inhibitors for mDia, on the other hand, are not yet commercially 

available (9).  Pharmacological inhibitors of the Rac1 and Cdc42 pathways have been developed 

recently.  NSC23766 is a Rac1 inhibitor that blocks binding of specific Rac GEFs, and ML141 is 

an allosteric inhibitor of Cdc42.  As for downstream effectors, a PAK inhibitor is available called 

IPA-3, as well as an Arp2/3 inhibitor called CK-666. 

 In contrast, very few pharmacological methods are available for increasing Rho GTPase 

signaling.  An enzyme from Escherichia coli called cytotoxic necrotizing factor 1 (CNF1) has 

been shown to activate RhoA, Rac1, and Cdc42 (10, 11).  In addition, lysophosphatidic acid 



3 
 

(LPA) is a component of serum that activates G-protein coupled receptors and indirectly leads to 

activation of RhoA, Rac1, and Cdc42.  Myosin can also be activated by inhibiting myosin 

phosphatase with a broad spectrum phosphatase inhibitor called calyculin A, which is derived 

from Discodermia calyx. 

 

RNA interference 

The use of short interfering RNAs (siRNAs) to inhibit the translation of specific proteins is 

another commonly used technique both because any protein can be targeted and also because the 

siRNAs can be commercially synthesized.  To administer siRNAs to cells, transfection methods 

are used such as lipofection or electroporation.  Many standard cell lines are easily transfected 

with these methods, but more primary cell types often have low transfection efficiencies and are 

highly sensitive to the cytotoxic effects of the transfection process.  A more important caveat of 

siRNA approaches, however, is that the effects are transient since the siRNAs do not replicate.  

This means that a new transfection must be performed before each set of experiments.  In 

contrast, DNA-encoded short-hairpin RNAs (shRNAs) can be used to stably inhibit protein 

translation, but this strategy is less common due to the time required to create the DNA 

constructs and to validate their effectiveness in cells. 

 

Wildtype or mutant protein expression 

To increase protein activity, the genes for wildtype or mutant protein can be introduced into 

cells, either by plasmid transfection or by viral gene delivery.  Since exogenous wildtype 

proteins are subjected to the same forms of regulation inside the cell as endogenous proteins, 

many gene copies may be necessary to significantly alter protein activity levels.  Constitutively 

active (CA) mutants have therefore been created for several proteins in the Rho GTPase 

signaling pathways.  A single point mutation in the switch domain of RhoA (Q63L), Rac1 

(Q61L), or Cdc42 (Q61L) prevents hydrolysis of GTP to GDP, locking it in the active state.  

While these CA mutants are functional and can signal to downstream effectors, it is believed that 

their primary effect is through sequestration of GAPs, which results in higher activity of 

endogenous protein.  Similarly, dominant negative (DN) mutants of these Rho GTPases can be 

created through a point mutation that prevents GTP binding (T19N for RhoA and T17N for Rac1 

and Cdc42), and these mutants are thought to sequester GEFs and thereby decrease the activity 

of endogenous protein.  CA and DN mutants have also been created for ROCK1 and ROCK2, 

MLCK, and PAK1.  The ROCK mutants were created by cleaving either the inhibitory domain 

(for CA) or the catalytic domain (for DN) (12, 13), while the MLCK and PAK1 mutants have 

amino acid changes that alter the affinity of their inhibitory domains (14).   In addition, 

constitutively active mutants of mDia1 (15) and mDia2 (16) have been created through cleavage 

of the Rho binding domain. 

 

Tools for graded and dynamic control over protein activity 

The ability to alter the activity of a protein in a graded and dynamic fashion can be important for 

a number of reasons.  First, there may be nonlinear relationships between the activity level of a 

protein and its effects on cellular properties (e.g., a biphasic dependence), which could be 

investigated by systematically varying the activity of the protein.  Second, altering protein 

activity levels to extreme highs and lows (e.g., through siRNA or protein overexpression) may 

not represent the range of protein activity that a cell would normally experience.  Third, the 
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activity levels of endogenous proteins inside the cell often fluctuate and produce dynamic 

changes in cell behavior.  Thus, temporal control over protein activity can be useful for both 

studying and manipulating dynamic events like cell migration and matrix remodeling.  Lastly, 

temporal control can also be useful for determining whether a given phenotype is reversible. 

 

Conditional promoters 

One way to control the activity of proteins is to regulate their expression from conditional 

promoters, which stimulate transcription in response to specific chemical cues.  With this 

strategy, protein expression can be varied in a graded manner by changing the concentration of 

the chemical cue, as well as dynamically by adding or removing the chemical over time.  The 

tetracycline-regulated promoter systems are by far the most commonly used to control gene 

expression in mammalian cells.  Derived from the tetracycline-resistance operon in Escherichia 

coli, the tetracycline-repressible promoter system includes a minimal promoter and a fusion 

protein called tetracycline transactivator (tTA), which consists of the viral transcription activator 

VP16 fused to the tetracycline repressor protein TetR (17).  In the absence of tetracycline, TetR 

binds to the DNA sequences of the tet operon (tetO), and by incorporating several tetO 

sequences before a minimal promoter, tTA can initiate transcription in a tetracycline-dependent 

manner.  Two different tetracycline-inducible promoter systems have also been developed.  The 

first and more commonly used system utilizes a variant of tTA called reverse tetracycline 

transactivator (rtTA), which has the opposite binding behavior of tTA and binds tetO only in the 

presence of tetracycline, or the synthetic derivative doxycycline (18).  The second inducible 

system was developed to avoid the need for a viral activator and consists of a strong promoter 

with tetO directly after so that binding of TetR (in the absence of tetracycline) blocks 

transcription. 

 Many other promoter systems have since been developed that are responsive to other 

antibiotics (19-21), steroid hormones (22-24), and various metabolites (25-27).  One motivation 

for developing these additional systems has been to combine orthogonal promoters in order to 

independently control multiple proteins simultaneously.  Successful combinations of orthogonal 

promoters include tetracycline/ streptogramin (19), tetracycline/ IPTG (28), IPTG/ vanillate (29), 

and tetracycline/ streptogramin/ macrolide (20). 

 

Chemically-induced dimerization 

Another approach for controlling protein activity is to use chemically-induced dimerization, in 

which addition of a small molecule stimulates dimerization of two specific protein domains that 

can be fused to other proteins of interest.  This mechanism of protein regulation was discovered 

through studies on the immunosuppressive drug rapamycin.  First isolated from Streptomyces 

hygroscopicus, rapamycin suppresses the proliferation of mammalian cells by initially binding to 

the intracellular protein FKBP (FK605 binding protein) and then inducing dimerization with a 

protein called mTOR (for mammalian target of rapamycin).  Several studies have shown that by 

anchoring the FRB (FKBP and rapamycin-binding) domain of mTOR to the cell membrane and 

then fusing a protein of interest to FKBP, addition of rapamycin stimulates rapid protein 

localization to the membrane (30).  Since the Rho GTPases signal to downstream effectors at the 

membrane, this strategy has been successfully used to induce activation of Rac1, RhoA, and 

Cdc42 (31).  Other chemically-induced dimerization systems have also been discovered, and one 

study has demonstrated orthogonal control over the activity of two proteins by pairing the 

rapamycin system with dimerization induced by the plant hormone gibberellin (32).  While the 
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kinetics of protein activation with chemically-induced dimerization are much faster than with 

conditional promoters, a major drawback is that the dimerization is essentially irreversible (30). 

 

Photoactivatable proteins 

Several photoactivatable proteins have been engineered that can be reversibly activated upon 

illumination within seconds.  For example, the LOV (light-oxygen-voltage) domain from the 

photoreceptor phototropin has been fused to CA Rac1 so that effector binding is blocked in the 

absence of light (33).  Illumination with blue light then stimulates unwinding of the LOV domain 

and permits Rac1 signaling.  Furthermore, by restricting illumination to a small region of the 

cell, this strategy offers unique spatial control over protein activity at a subcellular length scale.  

Because photoactivation is quickly silenced in the dark, however, cells must be constantly 

illuminated for continuous control over protein activity, which could pose complications for long 

term experiments and for in vivo studies.  In addition, orthogonal control over the activity of two 

proteins has not been shown with photoactivation in mammalian cells, primarily because the 

majority of photoactivatable constructs are stimulated by blue light.  Recently, however, a red 

light-sensitive photoreceptor phytochrome B has been successfully used to recruit GEFs to the 

plasma membrane in mammalian cells (34), providing hope for orthogonal control through the 

combination of blue light- and red light-sensitive photoreceptors. 

 

Overview of dissertation chapters 

In these dissertation studies, conditional promoters are used to vary the expression of CA and 

DN mutants of mechanotransductive proteins in a graded and dynamic fashion.  In Chapter 2, 

CA mutants of RhoA and MLCK are expressed from a tetracycline-repressible promoter to 

investigate the effects of graded myosin activation on cellular stiffness, contractility, migration, 

and matrix remodeling.  In Chapter 3, the activity levels of RhoA and Rac1 are both increased 

and decreased though expression of CA and DN mutants from a doxycycline-inducible promoter, 

enabling investigation of the quantitative relationships between cell migration speed and 

RhoA/Rac1 activity levels.  In addition, a second orthogonal promoter induced by cumate is 

included to independently express both CA RhoA and CA Rac1 simultaneously within the same 

cell and explore different combinations of RhoA and Rac1 activity levels.  In Chapter 4, the two 

orthogonal promoter systems are used to independently control the migration of multiple 

populations of cells by dynamically regulating expression of CA and DN mutants of Rac1. 
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Chapter 2 - A genetic strategy for dynamic and graded control of cell mechanics, motility, 

and matrix remodeling 

(Previously published in Biophysical Journal (2012) 102:434-442) 

 

Abstract 

Cellular mechanical properties have emerged as central regulators of many critical cell 

behaviors, including proliferation, motility, and differentiation.  While numerous techniques 

have been developed to indirectly influence these properties by engineering the extracellular 

matrix (ECM), relatively few tools are available to directly engineer the cells themselves.  Here 

we present a novel genetic strategy for obtaining graded, dynamic control over cellular 

mechanical properties by regulating the expression of mutant mechanotransductive proteins from 

a single copy of a gene placed under a repressible promoter.  Utilizing constitutively active 

mutants of RhoA GTPase and myosin light chain kinase, we show that varying the expression 

level of either protein produces graded changes in stress fiber assembly, traction force 

generation, cellular stiffness, and migration speed.  Using this approach, we demonstrate that soft 

ECMs render cells maximally sensitive to changes in RhoA activity and that by modulating the 

ability of cells to engage and contract soft ECMs, we can dynamically control cell spreading, 

migration, and matrix remodeling.  Thus, in addition to providing quantitative relationships 

between mechanotransductive signaling, cellular mechanical properties, and dynamic cell 

behavior, this strategy enables us to control the physical interactions between cells and the ECM 

and thereby dictate how cells respond to matrix properties. 

 

Introduction 

Cells physically pull on their surroundings through actomyosin contraction, and this force is 

opposed in part by the mechanical resistance of the extracellular matrix (ECM) and neighboring 

cells.  The balance between these mechanical forces is critical for maintaining tissue homeostasis 

and proper cell function, and changes in the mechanical properties of cells and the ECM have 

been implicated in the development of cancer and other diseases (1-3).  The development of 

techniques to precisely engineer ECM biophysical properties (e.g., protein micropatterning (4) 

and tunable-stiffness gels (5)), has led to the observation that subtle changes in matrix properties, 

such as stiffness and geometry, can act through mechanotransductive signaling networks to 

dramatically affect cell behavior (6, 7).  On the other side of this force balance, however, 

relatively few tools are available to directly and precisely control the mechanobiological 

properties of cells, independently from properties of the matrix.  As a result, it has been 

challenging to develop a quantitative understanding of how changes in mechanotransductive 

signaling translate to changes in specific cellular mechanical properties, and how these properties 

influence cell-ECM interactions.  Clarifying these relationships could significantly advance both 

our fundamental understanding of cellular mechanobiology and our ability to direct cell behavior 

in cell and tissue engineering applications. 

Most direct manipulations of mechanobiological signaling have sought to control 

cytoskeletal assembly and mechanics by turning specific proteins “on” or “off” in a concerted 

fashion, e.g., with protein overexpression, pharmacological inhibitors, or siRNA.  These 

approaches have been instrumental in identifying key mechanotransductive proteins, but they do 

not allow one to explore the effects of more measured changes in protein activity, such as those 

likely to be encountered physiologically.  Surprisingly, only a handful of studies have modulated 

the activity of mechanotransductive proteins in these intermediate ways in living cells, primarily 
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by varying the concentration of pharmacological inhibitors of the non-muscle myosin II 

activation pathway (8-12).  Such pharmacological agents, however, suffer from several important 

drawbacks, including a small set of available drug targets, a limited ability to activate rather than 

suppress those targets, relatively steep dose-response relationships, and concerns about off-target 

and toxic effects.  

In this study, we sought to gain more precise and versatile control over the 

mechanobiological properties of cells by using genetic engineering techniques to vary the 

expression of mutant mechanotransductive proteins from a repressible promoter.  We 

demonstrate that with a single copy of a constitutively active (CA) mutant gene placed under a 

tetracycline-repressible promoter, we can directly modulate a number of cellular 

mechanobiological properties in a graded fashion, including cytoskeletal architecture, cortical 

stiffness, traction force generation, and motility.  We also demonstrate dynamic control over cell-

ECM interactions on a collagen hydrogel by reversibly switching expression of the CA mutants 

on and off over time.  By enabling graded control over protein activity and cellular force 

generation without the disadvantages of pharmacological inhibitors, this approach could be 

valuable both for the quantitative investigation of mechanotransductive signaling pathways and 

as a design handle through which to genetically instruct cell behavior at cell-material interfaces. 

 

Materials and Methods 

Cell lines and reagents 

Myc-tagged RhoA Q63L and MLCK ED785-786KK (13) were subcloned into the retroviral 

vector CLGPIT containing the tetracycline-repressible promoter, puromycin resistance, and GFP 

as previously described (14).  Viral particles were packaged in 293T cells and used to infect 

U373-MG and U87-MG human glioma cells at a multiplicity of infection of 1 IU/cell.  Cells 

were cultured in DMEM with 10% calf serum, selected with 1 µg/ml puromycin, and expanded 

in culture with 100 ng/ml tetracycline.  At least 2 days prior to experiments, the culture medium 

was changed to 0.1% calf serum and the appropriate tetracycline concentration.  The U373-MG 

GFP and control cell lines were created in the same manner with either a single copy of GFP 

placed under the tetracycline-repressible promoter or no encoded gene, respectively.  

Blebbistatin and Oleoyl-L-α-lysophosphatidic acid were from Sigma-Aldrich (St. Louis, MO), 

and NSC23766 from EMD Chemicals (Gibbstown, N.J.). 

 

Western blots 

Cells were lysed in RIPA buffer with protease and phosphatase inhibitors.  Protein content was 

measured by BCA assay (Thermo Fisher Scientific, Rockford, IL) and normalized across 

samples. Lysates were boiled, run on a 4-12% Bis-Tris gel, and transferred onto a PVDF 

membrane (all Invitrogen, Carlsbad, CA).  The following primary antibodies were used: anti-

RhoA, anti-Myc, and anti-phosphorylated myosin light chain (T18/S19, Cell Signaling 

Technology, Danvers, MA); anti-GAPDH, anti-vinculin, anti-FLAG, and anti-myosin light chain 

(all Sigma-Aldrich); anti-integrin β1 and anti-α-actinin (Santa Cruz Biotechnology, Santa Cruz, 

CA).  HRP-conjugated secondary antibodies (Invitrogen) and ECL reagent (Thermo Fisher 

Scientific) were used for detection on X-ray film.  Bands were quantified using the gel analysis 

feature in Image J and normalized by GAPDH content. 
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RhoA activity assay 

To measure levels of GTP-bound RhoA, a G-LISA assay (Cytoskeleton Inc., Denver, CO) was 

performed according to the manufacturer’s directions. 

 

Measurements of GFP fluorescence 

An FC-500 flow cytometer (Beckman Coulter, Inc., Brea, CA) was used to measure GFP 

fluorescence to titer viral particles and to monitor transgene expression in the U373-MG GFP 

cell line. 

 

Immunofluorescence and phase contrast microscopy 

Epifluorescence and live cell imaging were performed using a TE2000-E2 microscope (Nikon 

Corporation, Tokyo, Japan).  Confocal imaging was performed using a BX51WI microscope 

(Olympus Corporation, Center Valley, PA) equipped with Swept Field Confocal technology 

(Prairie Technologies, Inc., Middleton, WI).  Projections of z-stacks were created in ImageJ 

based on standard deviations of pixel intensity.  For immunofluorescence, the following primary 

antibodies were used: anti-focal adhesion kinase pY397 (Invitrogen), anti-N-cadherin (BD 

Biosciences, Franklin Lakes, NJ), and anti-vinculin (Sigma-Aldrich).  F-actin and nuclei were 

stained with phalloidin and DAPI, respectively. 

 

Traction force microscopy 

Fibronectin-coated polyacrylamide gels were synthesized as previously described (14) from a 

5% acrylamide and 0.2% bis-acrylamide (w/v) solution with yellow-green fluorescent 

microspheres (0.5 μm diameter) added prior to polymerization.  Maps of cellular traction stresses 

were computed from bead positions before and after cell detachment using constrained Fourier 

transform traction cytometry (15).  Cell outlines were manually drawn and used to calculate cell 

area and shape factor, which we define as 4*π*(area)/(perimeter)
2
.  The elastic moduli of gels 

were measured for each experiment using atomic force microscopy. 

 

Atomic force microscopy 

Using an MFP3-D atomic force microscope (Asylum Research, Santa Barbara, CA), cells were 

indented by pyramid-tipped probes (DNP or OTR4, Bruker AFM Probes, Camarillo, CA) with 

cantilever spring constants of 68-129 pN/nm, as measured by thermal calibration.  The elastic 

moduli of cells were calculated from force curves using a modified Hertz model (16). 

 

Cell migration assays 

For scratch wound migration assays, cells were seeded as a monolayer, scratched with a pipette, 

and imaged over 6 hours.  The final change in wound area was averaged from at least 6 frames 

per well.  An average linear speed was calculated from this change in area by dividing by time, 

dividing by 2 (since cells migrate inwards from 2 sides), and dividing by image height (to 

convert area/hr to distance/hr).  To quantify random motility on polyacrylamide and collagen 

gels, cells were imaged every 15 minutes for 6 hours and manually tracked using ImageJ.  

Polyacrylamide gel formulations and stiffness measurements were previously described (14). 

 

Collagen gel contraction assay 

Cells were suspended in a 1 mg/ml collagen I solution (PureCol, Advanced BioMatrix, Inc., San 

Diego, CA) at a concentration of 600,000 cells/ml in a multiwell plate.  After 24 hours, the gels 
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were detached from the sides of the well and imaged 24 hours later.  The change in gel area was 

quantified with ImageJ. 

 

Results 

To demonstrate proof-of-principle that cellular mechanics can be modulated in a graded fashion 

through the controlled expression of mutant mechanotransductive proteins, we first targeted 

RhoA GTPase, a strongly-validated activator of actin polymerization and actomyosin 

contractility (17).  Using retroviral gene delivery, we introduced a Myc-tagged CA mutant 

RhoAQ63L under a tetracycline-repressible promoter into U373-MG human glioblastoma cells, 

which are highly motile and mechanosensitive (18, 19).  We transduced cells at a low 

multiplicity of infection so that each cell was likely to receive a single copy of the construct.  To 

first confirm that the expression of CA RhoA could be attenuated in a graded fashion by adding 

varying amounts of tetracycline to the cell culture medium, we measured the expression levels of 

CA RhoA and endogenous RhoA protein via Western blot.  Since the Myc tag on CA RhoA adds 

1.2 kDa in molecular weight, we could visualize CA RhoA and endogenous RhoA protein as 

separate bands, both recognized by an anti-RhoA antibody (Fig. 1a).  

 

 
Figure 1.  Graded and dynamic control over gene expression from a tetracycline-repressible promoter.  (a) Western 

blot showing endogenous RhoA (bottom band of “Total RhoA”) and CA RhoA protein levels (“Myc-tag” and top 

band of “Total RhoA”) in U373-MG control cells and CA RhoA cells cultured in varying tetracycline 

concentrations.  Expression levels of total RhoA (b) and endogenous RhoA (c) were quantified relative to CA RhoA 

cells with 100 ng/ml tetracycline.  Expression levels of Myc-tagged CA RhoA (d) were quantified relative to CA 

RhoA cells with no tetracycline.  (e) RhoA activity of U373-MG CA RhoA and control cells measured with a G-

LISA assay and displayed relative to CA RhoA cells with 100 ng/ml tetracycline.  (f) Fluorescence of U373-MG 

GFP cells initially cultured in 100 ng/ml tetracycline, switched to tetracycline-free media, and assayed 0-53 hours 

later.  Values are relative to t = 0.  For (b-f), mean ± s.e; * indicates p < 0.05 compared with 100 ng/ml tetracycline 

or t = 0 (ANOVA, Tukey post-hoc test). 
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As expected, CA RhoA expression (top band) was strongest without tetracycline and decreased 

in a graded fashion with increasing tetracycline concentration (Fig. 1a, b).  This top band was 

completely absent in control cells transduced with the repressible promoter but without an 

encoded transgene.  Endogenous RhoA expression, on the other hand, did not change with 

tetracycline concentration (Fig. 1a, c).  With CA RhoA fully expressed (i.e., no tetracycline), we 

estimated that CA RhoA constitutes only 18.4 ± 0.7% of the total amount of RhoA protein, 

which translates to a 23% increase in total RhoA over endogenous levels.  We also used an anti-

Myc tag antibody to probe for CA RhoA alone, which more clearly shows the graded change in 

expression with tetracycline concentration (Fig. 1a, d).  To determine how these changes in CA 

RhoA expression translate to changes in overall RhoA activity, we measured the amount of 

activated (GTP-bound) RhoA in cell lysates using an ELISA-based assay (Fig. 1e).  Cells 

cultured with 100 ng/ml tetracycline exhibited a level of RhoA activity similar to control cells, 

and this level increased fivefold as the tetracycline concentration was reduced.  This translates to 

a 14-fold increase in RhoA activity over control cells, since the CA RhoA construct is somewhat 

leaky even at high tetracycline concentrations.  To investigate the kinetics of transgene 

expression, we introduced green fluorescent protein (GFP) into U373-MG cells under the same 

tetracycline-repressible promoter and tracked the evolution of fluorescence intensity following 

tetracycline withdrawal.  After confirming that the tetracycline dose-activity relationship for GFP 

was similar to that of CA RhoA (Fig. S1 in Appendix A), we switched GFP expression from off 

to on by washing out tetracycline and found that GFP fluorescence was detectable by flow 

cytometry within 12 hours (Fig. 1f).  

Since RhoA is known to reinforce actomyosin stress fibers, cell-ECM adhesions, and 

cell-cell adhesions (20), we investigated whether we could obtain graded control over the 

assembly of these structures.  Inducing CA RhoA expression stimulated the formation of stress 

fibers and active focal adhesions in a strongly tetracycline-dependent manner (Fig. 2a), and 

treatment with the myosin inhibitor blebbistatin strongly offset this effect (Fig. S2 in Appendix 

A).  We found that CA RhoA expression did not alter the total protein levels of integrin β1, 

vinculin, α-actinin, or myosin (Fig. S3 in Appendix A), suggesting that this RhoA-dependent 

increase in active focal adhesions is likely due to changes in the localization or activation of 

these proteins and not due to changes in protein expression.  Increasing RhoA activity also 

caused cells to adopt a less polarized morphology with better-defined cell-cell junctions, as 

evidenced by N-cadherin localization (Fig. 2b).  The cytoskeletal architecture of control cells, on 

the other hand, was not affected by tetracycline concentration (Fig. S4 in Appendix A).  To 

demonstrate graded control over stress fiber formation in a different cell line, we introduced 

tetracycline-repressible CA RhoA into U87-MG human glioblastoma cells and found similar 

effects on stress fiber and focal adhesion density (Fig. S5 in Appendix A). 

We next asked whether we could use this control over RhoA activity to modulate the 

contractile forces that cells exert on their surroundings.  Using traction force microscopy to map 

the traction stresses of U373-MG cells on a flexible polyacrylamide substrate, we found that the 

average traction stress of cells increased from 310 Pa to 510 Pa with increasing CA RhoA 

expression (Fig. 3a).  To assess if we could achieve similar control over traction force generation 

through an orthogonal myosin activation pathway, we created a U373-MG cell line with a 

tetracycline-repressible CA mutant of myosin light chain kinase (MLCK).  To demonstrate 

graded control over CA MLCK expression, we performed Western blots to detect the FLAG-

tagged mutant protein and phosphorylation of myosin light chain (Fig. S6 in Appendix A).   
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Figure 2.  Graded formation of stress fibers, focal adhesions, and cell-cell contacts with CA RhoA expression.  

Confocal micrographs of U373-MG CA RhoA cells cultured in varying tetracycline concentrations before fixation 

and staining for (a) F-actin (green) and phosphorylated focal adhesion kinase (red and second panel alone), and (b) 

N-cadherin (green) and nuclei (blue).  The top panel in (a) is a projection of z-slices. Scale bars = 25µm. 

 

While graded activation of MLCK did not alter stress fiber or focal adhesion formation to the 

same extent as CA RhoA (Fig. S7 in Appendix A), consistent with previous observations that 

MLCK-dependent stress fibers are largely limited to the cell periphery (21-23), CA MLCK 

expression did significantly increase cell-ECM traction force (Fig. 3b).  To confirm that this 

effect was not simply an artifact of tetracycline treatment, we measured the traction forces of 

U373-MG control cells cultured with or without tetracycline and found no significant difference 

(Fig. 3c).  Since traction stresses are known to be dependent on cell area and shape (24-27), we 

measured the area and perimeter of CA RhoA and CA MLCK cells during traction force 

experiments and found that cell area did not change significantly with tetracycline concentration, 

but cells did adopt a less polarized morphology with increasing RhoA/ MLCK activity (Fig. S8 

in Appendix A). 

To demonstrate that we could also control intrinsic mechanical properties of cells, we 

used atomic force microscopy nanoindentation to measure cellular stiffness, which reflects the 

cell’s shape plasticity and resistance to deformation.  We found that increasing CA RhoA or 

MLCK expression in the U373-MG cell lines caused a graded increase in stiffness (Fig. 3d), 

which could be prevented by treatment with blebbistatin (Fig. S9 in Appendix A).  The stiffness 

of control cells, on the other hand, did not increase with decreasing tetracycline concentration 

(Fig. 3d).  Plotting the traction force data from Figure 3a and 3b against the stiffness data from 
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Figure 3d shows a strong correlation between traction force generation and cellular stiffness (Fig. 

3e, f), which is consistent with previous studies (8, 27).   

 

 
Figure 3.  Graded increases in traction force generation and cortical stiffness with CA RhoA and MLCK expression.  

Average traction forces of U373-MG CA RhoA (a), CA MLCK (b) and control cells (c) were measured on 

polyacrylamide gels with elastic moduli of 8.8 kPa, 12.2 kPa, and 10.3 kPa, respectively.  Mean ± s.e.; * indicates p 

< 0.05 compared to 100 ng/ml tetracycline (ANOVA, Tukey post-hoc test).  (d) Average cortical stiffness of U373-

MG CA RhoA, CA MLCK, and control cells as measured by atomic force microscopy.  Mean ± s.e.; all values are 

significantly different from 100 ng/ml tetracycline (p < 0.05 by ANOVA, Tukey post-hoc test).  (e, f) Average 

traction force plotted against stiffness for U373-MG CA RhoA (e) and CA MLCK cells (f).  Pearson’s correlation 

coefficient for fits = 0.89 and 0.84 for CA RhoA and CA MLCK, respectively. 

 

 Cellular stiffness, traction force generation, and adhesion all represent isolated cellular 

properties that contribute to more complex cell behaviors that ultimately drive tissue function.  

To discover whether our approach could be used to modulate these higher-order behaviors, we 

focused on cell migration, which requires both shape plasticity for a cell to extend its leading 

edge forward and force generation to retract its trailing edge.  We first performed a scratch 

wound migration assay on the U373-MG cell lines, in which a monolayer of cells is observed as 

it migrates into an open space. We found that increasing CA RhoA or MLCK expression reduced 

cellular migration speed in a graded fashion, and as expected, the migration speed of control 

cells was not affected by tetracycline concentration (Fig. 4a).  This decrease in migration speed 

with CA RhoA and MLCK expression is likely due to the combined effects of enhanced cell-

ECM adhesion, increased intracellular tension, and stronger cell-cell contacts.  To eliminate the 

confounding factor of cell-cell contacts and to investigate if CA RhoA expression alters the 

relationship between cell migration speed and ECM stiffness, we tracked the random migration 

of single cells on fibronectin-coated polyacrylamide gels of defined stiffness, ranging from 0.1 to 

73 kPa.  We found that cell migration speed generally decreased with increasing CA RhoA 
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expression on all stiffnesses (Fig. 4b), but the strength of this trend appeared strongest on the 

softest gels.  To clearly portray this sensitivity to RhoA modulation as a function of ECM 

stiffness, we calculated the percent decrease in cell speed due to CA RhoA expression (no 

tetracycline) as compared to the 100 ng/ml tetracycline condition for each stiffness.  This 

analysis revealed that migration speed is at least three times more sensitive to RhoA modulation 

on the two softer gels compared to the three stiffer gels (Fig. 4c).  We also depict this result in 

rosette plots by superimposing the trajectories of many single cells on each stiffness gel (Fig. 4d 

and Fig. S10 in Appendix A).  A possible explanation for this stiffness dependence to RhoA 

sensitivity is that decreasing ECM stiffness reduces endogenous RhoA activity (14), which in 

turn sensitizes cells on soft ECMs to CA RhoA expression.    

 

 
Figure 4.  Graded decrease in migration speed with CA RhoA and MLCK expression.  (a) Average migration speed 

of U373-MG CA RhoA, CA MLCK, and control cells during a scratch wound assay. (b) Average migration speed of 

U373-MG CA RhoA cells cultured on polyacrylamide gels of defined stiffness.  For (a, b), mean ± s.e.; * indicates p 

< 0.05 compared to 100 ng/ml tetracycline (ANOVA, Tukey post-hoc test).  (c) The percent decrease in migration 

speed due to CA RhoA expression was calculated from (b) on each stiffness by subtracting the no tetracycline speed 

from the 100 ng/ml tetracycline speed, and then dividing by the 100 ng/ml tetracycline speed, mean ± s.e.  (d) 

Rosette plots depicting single cell trajectories from (b) on a soft and stiff gel with varying tetracycline 

concentrations.  Axes are in µm. 

 

Given the increased sensitivity to RhoA modulation on soft polyacrylamide gels, we were 

interested in further exploring the relationships between RhoA/MLCK activation, force 
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generation, and migration on another soft, but more complex and dynamic microenvironment: 

collagen I hydrogels, which form fibrillar matrices that cells can contract and remodel.  When 

U373-MG cells were cultured on 1 mg/ml collagen gels with the CA genes suppressed, the cells 

elongated, bundled the collagen, and used these bundles as contact guidance cues to migrate 

towards one another (Fig. 5a and Fig. S11 in Appendix A).  Increasing CA RhoA or MLCK 

expression, however, drastically inhibited cell spreading and migration (Fig. 5b).   We could 

dynamically and reversibly switch between these two phenotypes by adding and withdrawing 

tetracycline (Fig. 5c).  Consistent with our kinetic studies on GFP expression (Fig. 1f), switching 

CA RhoA expression from “off” to “on” or vice versa began to alter cell spreading within 12-18 

hours.  We next investigated our control over cell behavior in a three-dimensional collagen 

hydrogel by encapsulating U373-MG CA RhoA cells during gelation and measuring the degree 

to which cells contracted the gel over a day.  We found that increasing CA RhoA expression 

reduced cellular contraction of the gel in a graded fashion by almost twofold (Fig. 5d), which is 

consistent with the idea that high RhoA-dependent intracellular contractility prevents cell 

spreading and therefore prevents cells from actively engaging and remodeling the ECM.   

 

 

 
Figure 5.  Graded and dynamic control over cell behavior on collagen hydrogels.  U373-MG CA RhoA cells were 

cultured on top of 1 mg/ml collagen hydrogels (a-c) or suspended within them (d).  (a) Micrographs of cells cultured 

on collagen gels with varying tetracycline concentrations.  (b) Average migration speed of cells cultured with or 

without 100 ng/ml tetracycline.  Mean ± s.e.; p < 0.001 (T-test).  (c) Cells were initially cultured without tetracycline 

and then switched to 100 ng/ml tetracycline at t = 0.  (d) Percent decrease in gel area over 24 hours during a 3D 

collagen contraction assay.  Mean ± s.e.; all values are significantly different from 100 ng/ml tetracycline (p < 0.05 

by ANOVA, Tukey post-hoc test). 

 

Finally, we compared the performance of this approach to analogous pharmacological 

interventions commonly used in the field.  Because direct activators of RhoA and MLCK are not 
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to our knowledge available, we treated cells with varying concentrations of two pharmacological 

agents that should indirectly increase RhoA activity: lysophosphatidic acid (LPA), which 

engages G–protein coupled receptors upstream of RhoA (28), and Rac1 inhibitor NSC23766, 

which would be expected to activate RhoA through Rho/Rac antagonism (29).  To determine the 

effects of LPA and NSC23766 on stress fiber formation, we treated U373-MG control cells with 

each drug as a single bolus of defined dosage, and then fixed the cells after 5 minutes or 18 

hours.  We found that LPA induced stress fiber formation within 5 minutes, but this effect had 

largely dissipated after 18 hours (Fig. S12 in Appendix A).  This is consistent with previous 

studies showing that the effects of LPA are quite transient (30-32), presumably due to cellular 

sequestration and/or degradation of the drug.  In addition, we found that LPA began to 

precipitate out of solution at 10 μM and 50 µM, reflecting its limited solubility in cell culture 

medium (33, 34).  In contrast, NSC23766 did not appear to significantly alter actin 

cytoarchitecture after 5 minutes but did enhance stress fiber formation and adoption of a less 

polarized morphology after 18 hours (Fig. S12).  During the longer incubation time, however, the 

highest concentration of NSC23766 caused widespread cell death.  Incubation time also strongly 

influenced the effects of these drugs on cellular stiffness; while treatment with LPA or 

NSC23766 for 5 minutes significantly increased the stiffness of control cells, treatment for 18 

hours did not (Fig. 6a, b).  In addition, when we measured the migration speed of cells during a 

scratch wound assay conducted over 6 hours (Fig. 6c), we found that LPA treatment did not 

significantly alter cell migration speed, presumably because of LPA’s limited period of 

bioactivity.  The higher concentrations of NSC23766 significantly decreased cell migration 

speed, but only at concentrations in which cell death was observed. 

 

 
Figure 6.  LPA and NSC23766 transiently increase cellular stiffness and do not alter cell migration.  Average 

cortical stiffness of U373-MG control cells treated with LPA (a) and NSC23766 (b) at varying concentrations for 5 

minutes or 18 hours.  (c) Average migration speed of U373-MG control cells treated with LPA or NSC23766 at 

varying concentrations during a scratch wound migration assay.  Mean ± s.e.; * indicates p < 0.05 compared to no 

drug (ANOVA, Tukey post-hoc test). 

 

 

Discussion 

We have presented a genetic strategy for directly controlling the mechanobiological 

properties of living cells by regulating the expression of a single mutant gene from a repressible 

promoter.  Our results demonstrate that with relatively low expression of CA RhoA (only 23% of 

endogenous RhoA, Fig. 1a) or CA MLCK, we can induce graded changes in stress fiber 
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assembly (Fig. 2a), cellular force generation (Fig. 3a, b), cellular stiffness (Fig. 3d), and 

migration speed (Fig. 4a, b).  We also demonstrate that we can reversibly and dynamically 

control cell-ECM interactions on soft collagen hydrogels, including cell spreading, migration, 

and matrix remodeling (Fig. 5).  In addition to providing an important technical innovation, this 

approach enables us to gain several new insights into cell-ECM mechanobiology.  First, we show 

that even though RhoA/ROCK and MLCK are known to regulate distinct pools of myosin II (21-

23), these signaling systems produce similarly graded effects on cellular force generation, 

stiffness, and migration speed and therefore may overlap significantly in their function.  Second, 

we find that cells are maximally sensitive to perturbations in RhoA activity on soft ECMs (Fig. 

4c, d), presumably because soft ECMs suppress endogenous RhoA activation.  Third, we directly 

expose several limitations to pharmacological activation of RhoA with LPA and NSC23766, 

including a short time window for altering cellular mechanical properties (less than 6-18 hours, 

Fig. 6), poor solubility of LPA in cell culture medium, and the high toxicity of NSC23766.  

Since our genetic approach does not suffer from these drawbacks and provides access to a wide 

range of time scales and protein activity, we envision that it will enable new investigations and 

manipulations of dynamic processes that occur over multiple days, such as stem cell lineage 

commitment, multicellular assembly, and matrix remodeling.   

In this study, we varied the activity of two different types of proteins, a GTPase and a 

kinase, but the tetracycline-repressible construct could potentially be used to control any type of 

protein in any cell type.  Since our goal was to obtain precise control over protein activity, we 

used retroviral gene delivery to introduce a single copy of CA RhoA or CA MLCK into cells and 

thereby limit the cell-to-cell variability that arises with high multiplicity of infections or plasmid 

transfection.  A limitation of single-copy transduction is that protein expression is relatively low, 

which may require that constitutively active or dominant negative mutants be expressed in order 

to override endogenous feedback inhibition mechanisms and significantly alter total protein 

activity.  Alternatively, several modifications could be applied to this system to increase gene 

expression.  First, cells could be transduced at a higher multiplicity of infection and subsequently 

sorted by flow cytometry (based on GFP expression) to isolate cells with the same copy number.  

Second, the construct could be adapted for lentiviral gene delivery, which often yields higher 

transgene expression than retroviral systems.  Third, the tetracycline-repressible promoter could 

be replaced with a stronger promoter system.  

Our ability to vary RhoA and MLCK activity in a continuously graded fashion provides a 

unique opportunity to study the quantitative relationships between protein activity and cellular 

properties. For example, several studies have suggested that cell migration speed may depend 

biphasically on myosin activation and that an intermediate level of activity is optimal for cell 

migration (10, 35, 36).  We found that increasing RhoA/MLCK activity led to a graded decrease 

in migration speed (Fig. 4), presumably by causing cells to become too contractile or to adhere 

too strongly to the ECM.  This leads us to wonder whether reducing RhoA/MLCK activity below 

endogenous levels would also hinder cell migration.  With dominant negative or shRNA 

constructs, our genetic strategy could be used to explore the effects of graded decreases in 

RhoA/MLCK activity and thereby definitively determine whether a nonlinear relationship 

between myosin activity and cell migration actually exists.  

Importantly, all of the mechanobiological properties we measured in this study change in 

a continuously graded fashion with graded increases in protein activity, as opposed to a bimodal 

(“all or nothing”) fashion.  Since several key cell behaviors traditionally regarded to lie 

downstream of mechanotransductive signaling, such as proliferation and differentiation, are 
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thought to be discrete endpoints that may be arrived at via a wide degeneracy of cellular 

signaling states (37), this in turn begs the question of how much signal activation is “enough” to 

produce a given phenotype.  The strategy described here should put us in an excellent position to 

address this space of questions and would be of particular interest when applied to stem cells and 

other developmental systems with a broad palette of phenotypic plasticity.       

Finally, in addition to providing an experimental tool for investigating how small changes 

in mechanotransductive signaling translate to changes in cellular properties and behavior, our 

genetic strategy for precisely modulating the mechanical properties of cells could also serve as a 

powerful design handle through which to directly instruct cell function.  We have shown that by 

inducing CA RhoA or MLCK expression, we can directly inhibit cell spreading on a collagen 

hydrogel and override physical cues from the matrix that would normally stimulate cell 

migration and clustering (Fig. 5 and Fig. S11).  This suggests that cells can be genetically 

engineered to alter and control their responses to physical stimuli in their microenvironment, 

which could be particularly valuable in tissue engineering applications that interface cells with 

synthetic materials.  The ability to precisely control cellular contractility and migration could 

also facilitate cellular actuation in biotechnologies, such as cell-mediated delivery of 

therapeutics, and in combination with promoter systems that respond to physiologically relevant 

molecules (e.g., hormones, steroids), these technologies could serve a dual role as biosensors.  

Furthermore, by introducing specific populations of genetically engineered cells into animal 

models and administering transcriptional inducers or repressors systemically, this genetic 

approach could offer unique opportunities to study and control cellular mechanobiology in vivo. 
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Chapter 3 - Orthogonal, simultaneous control of RhoA and Rac1 reveals nonlinear effects 

on cell motility 

 

Abstract 

Cell migration is typically thought to depend on a balance between protrusion at the cell front 

and contraction at the cell rear.  While numerous studies have confirmed that the small GTPases 

Rac1 and RhoA serve as key, mutually antagonistic mediators of these processes, it is unclear 

how activation of each GTPase quantitatively and independently contributes to cell migration 

speed.  Here we investigated these relationships using inducible gene expression systems.  We 

began by systematically controlling the expression of constitutively active (CA) and dominant 

negative (DN) mutants of RhoA or Rac1 in glioblastoma cells from a doxycycline-inducible 

promoter and measuring the effects on cell migration speed.  Surprisingly, cell migration varied 

biphasically with either RhoA or Rac1 activation, with optimal migration speeds occurring at 

intermediate activity levels. To determine whether these relationships were direct consequences 

of RhoA/Rac1 activation or simply indirect effects of one molecule suppressing the other, we 

developed a dual-induction system in which we simultaneously expressed CA mutants of RhoA 

and Rac1 under orthogonal inducers (doxycycline-inducible CA RhoA and cumate-inducible CA 

Rac1).  In addition to allowing us to independently vary the expression and activation of each 

GTPase, this system enabled us to probe a previously inaccessible experimental regime of 

simultaneously high RhoA and high Rac1 activation. These studies revealed that RhoA and Rac1 

act additively in suppressing cell migration, with activation of both GTPases slowing migration 

more than activation of either one alone. This strategy also permitted us to dynamically switch 

cells from a high RhoA phenotype to a high Rac1 phenotype (and vice versa), providing a unique 

tool for dynamically probing the entire phase space of RhoA and Rac1 activity levels in a single 

cell.  Our study provides quantitative, mechanistic insight into how competing Rho GTPases 

regulate cell motility and introduces a new methodological strategy for orthogonally 

manipulating these activities in a stable and temporally controlled way. 

 

Introduction 

It is well accepted that cell migration requires a balance of physical forces that are mediated by 

the small GTPases Rac1 and RhoA.  At the leading edge of migrating cells, Rac1 is known to 

stimulate actin polymerization through its downstream effectors WAVE and Arp2/3, which 

generates the protrusive force that pushes the cell membrane forward (1).  RhoA, on the other 

hand, generates the contractile force that pulls the rear of the cell by stimulating the contraction 

of actomyosin stress fibers (2).  Rac1 and RhoA are also thought to oppose each other 

molecularly, where one GTPase can decrease the activity of the other through various points of 

crosstalk between the two pathways (3).  While numerous studies have shown that RhoA and 

Rac1 both play critical roles in cell migration, the quantitative relationships describing how cell 

motility varies with changes in RhoA and Rac1 activity are still unclear.   
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Previous studies investigating how manipulation of RhoA and Rac1 alters cell migration 

speed have been conflicting.  For example, several studies using breast cancer cells have shown 

that high RhoA activity correlates with faster cell migration (4-8), but we have found the 

opposite relationship in glioblastoma cells (9), and so have other studies with fibroblasts (10, 

11).  Similarly, inhibition of Rho-associated kinase (ROCK), a downstream effector of RhoA, 

has been shown in different studies to either increase or decrease the migration speed of multiple 

cell types (12-19).  While studies exploring Rac1 inhibition have been more consistent and 

generally show that it decreases cell migration speed (with two exceptions (20, 21)), others have 

shown that increasing Rac1 activity has differing effects (22-27).  An additional point of 

confusion arises from the fact that few of these studies have investigated whether their 

manipulation of RhoA/Rac1 altered the activity of the other GTPase, and so it is difficult to 

assess whether their results are due to changes in the activity of RhoA alone, Rac1 alone, or both. 

While the discrepancies in these previous studies could also be due to variations in cell 

type or experimental conditions, another possibility is that cell motility might vary nonlinearly 

with RhoA and Rac1 activity, and their results could be describing different aspects of that 

relationship.  To explore this idea and to further elucidate the quantitative relationships between 

cell motility, RhoA activity, and Rac1 activity, we have utilized inducible gene expression 

systems to systematically alter the activity of RhoA and Rac1 in glioblastoma cells.  We first 

vary the expression of constitutively active (CA) and dominant negative (DN) mutants of RhoA 

or Rac1 from a doxycycline-inducible promoter, and we show that graded changes in the activity 

of either protein biphasically alters cell migration, with migration speed reaching a maximum at 

intermediate levels of GTPase activity.  We then employ a second promoter system driven by 

cumate to explore the effects of varying RhoA and Rac1 activity simultaneously by expressing 

CA RhoA and CA Rac1 in the same cell under orthogonal promoters.  We show that this strategy 

permits independent and dynamic control over RhoA and Rac1 activity, and furthermore, that we 

can induce high activation of both RhoA and Rac1.  We believe that this dual-induction strategy 

provides a valuable tool for exploring the entire phase space of RhoA and Rac1 activity levels 

and that it should be applicable to other pairs of proteins. 

 

Materials and methods 

Cell lines and reagents 

Myc-tagged RhoA Q63L, Myc-tagged RhoA T19N, Rac1 Q61L, and Rac1 T17N were 

subcloned into the lentiviral vector pSLIK containing the TRE tight doxycycline-inducible 

promoter, the reverse tetracycline transactivator (rtTA), and the YFP variant Venus (48).  Rac1 

Q61L was subcloned into the lentiviral SparQ expression vector (System Biosciences, Mountain 

View, CA) containing the cumate-inducible promoter, puromycin resistance, and RFP.  This 

promoter system also requires expression of the cumate repressor (CymR) from a separate 

lentiviral vector containing neomycin resistance.  Viral particles were packaged in 293T cells 

and used to infect U373-MG human glioma cells at a multiplicity of infection of 1 IU/cell.  Cells 

expressing the pSLIK vector were sorted on a DAKO-Cytomation MoFlo High Speed Sorter 

based on Venus fluorescence, and cells expressing the SparQ vector and CymR vector were 
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selected in 1 μg/ml puromycin and 400 μg/ml G418 for two weeks.  Control cell lines were 

created in the same manner with empty vectors.  Blebbistatin was from Sigma-Aldrich (St. 

Louis, MO), Y-27632 from Sigma-Aldrich, and PureCol collagen solution from Advanced 

BioMatrix (San Diego, CA). 

 

Western blots 

Cells were lysed in RIPA buffer with protease and phosphatase inhibitors.  Protein content was 

measured by BCA assay (Thermo Fisher Scientific, Rockford, IL) and normalized across 

samples. Lysates were boiled, run on a 4-12% Bis-Tris gel, and transferred onto a PVDF 

membrane (all from Invitrogen, Carlsbad, CA).  The following primary antibodies were used: 

anti-RhoA, anti-PAK1, and anti-phosphorylated (s199) PAK1 (Cell Signaling Technology, 

Danvers, MA), anti-GAPDH (Sigma-Aldrich); anti-Rac1 (Cytoskeleton Inc., Denver, CO).  

HRP-conjugated secondary antibodies (Invitrogen) and ECL reagent (Thermo Fisher Scientific) 

were used for detection on X-ray film.   

 

RhoA and Rac1 activity assays 

To measure levels of GTP-bound RhoA or Rac1, G-LISA assays (Cytoskeleton Inc.) were 

performed according to the manufacturer’s directions. 

 

Cell migration assays 

Live cell imaging was performed using a TE2000-E2 or a Ti-E microscope (Nikon Corporation, 

Tokyo, Japan).  To quantify cell migration speed, cells were imaged every 15 minutes for 6 

hours and manually tracked using ImageJ.   

 

Results  

To establish graded control over RhoA/Rac1 activity, we used a lentiviral vector with a 

doxycycline-inducible promoter to regulate the expression of CA RhoA (Myc-tagged), DN 

RhoA (Myc-tagged), CA Rac1, or DN Rac1 in the human glioblastoma cell line U373-MG.  

After culturing cells in various concentrations of doxycycline, we evaluated expression of the 

mutant proteins by Western blot.  Both RhoA mutants contain a 1.2 kDa Myc-tag and appear as a 

second band above endogenous RhoA, allowing us to compare the levels of mutant and 

endogenous protein.  With increasing doxycycline concentrations, the expression levels of both 

CA and DN RhoA increased in a dose-dependent manner (Fig. 1a, b). We were surprised to find 

that the DN RhoA mutant appears to be about 3 kDa larger than CA RhoA, which could be due 

to post-translational modification.  Since the Rac1 mutants do not contain a foreign tag, we could 

not distinguish them from endogenous protein by Western blot.  Therefore to indirectly measure 

changes in Rac1 activity, we measured phosphorylation of the Rac1 effector p21-activated 

kinase 1 (PAK1), which undergoes autophosphorylation at several sites including Ser-199 upon 

activation by Rac1 (28).  As expected, PAK1 phosphorylation increased with increasing 

doxycycline concentration for cells expressing CA Rac1 (Fig. 1c), while it decreased for cells 

expressing DN Rac1 (Fig. 1d), indicating that both CA and DN Rac1 are expressed in a 

doxycycline dose-dependent manner. 
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Figure 1.  Graded expression of CA and DN mutants of RhoA and Rac1 from a doxycycline-inducible promoter.  

Cells expressing CA RhoA (a), DN RhoA (b), CA Rac1 (c), or DN Rac1 (d) were cultured in different 

concentrations of doxycycline for three days before Western blots were performed.  Expression of the RhoA mutants 

was detected with an antibody against RhoA, and the mutant proteins appear as a second band above the endogenous 

protein because of their Myc tags (a,b).  Expression of the Rac1 mutants was detected with an antibody against Rac1 

and also with an antibody against phosphorylated (S199) PAK1 to infer Rac1 activity (c,d). 

 

To directly measure how expression of the CA and DN mutants alters the overall activity 

of RhoA and Rac1, we used ELISAs to measure the amount of active RhoA and Rac1 protein. 

We found that expression of CA RhoA significantly increased RhoA activity (Fig. 2a), and 

expression of CA Rac1 similarly increased Rac1 activity (Fig. 2b).  On the other hand, DN RhoA 

and DN Rac1 expression did not significantly change the activity of RhoA and Rac1, 

respectively, which we found surprising given that both mutants seem to be expressed.  We also 

investigated whether expression of CA or DN RhoA alters Rac1 activity, and vice versa.  We 

found that CA RhoA had no significant effect on Rac1 activity up to 25 ng/ml of doxycycline, 

but then decreased Rac1 activity at 50 ng/ml doxycycline (Fig. 2c).  On the other hand, DN 

RhoA expression did not alter Rac1 activity (Fig. 2c), and CA or DN Rac1 expression did not 

alter RhoA activity (Fig. 2d). 

To quantitatively investigate how varying the activity of RhoA or Rac1 alters cell 

motility, we cultured the cells in different concentrations of doxycycline and measured their 

random migration speed (Fig. 3a, b).  Interestingly, we found that expression of any of the four 

mutants led to a decrease in cell migration speed, indicating that cell migration has a biphasic 

dependence on both RhoA and Rac1 activity.  It has been hypothesized that this dependence on 

Rac1 activity may be due to the role that Rac1 plays in regulating the direction of membrane 

protrusions (22).  Many studies have shown that decreasing Rac1 activity inhibits membrane 

protrusions, which explains why it would also decrease cell migration speed (22, 29-31).   
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Figure 2.  Expression of CA RhoA and CA Rac1 increase the activity of RhoA and Rac1, respectively, with little 

crosstalk between the two GTPases.  RhoA and Rac1 activity levels were measured by ELISA for different 

concentrations of doxycycline in cells expressing doxycycline-inducible CA or DN RhoA (a,c) and in cells 

expressing doxycycline-inducible CA or DN Rac1 (b,d). Mean ± s.e. 

 

In contrast, increasing Rac1 activity by expressing CA Rac1 has been shown to not only increase 

membrane protrusion at the leading edge, but to also stimulate protrusions in other directions 

(22, 30, 32).  It is therefore likely that at high levels of Rac1 activity, this loss of directionality 

can cause a decrease in cell migration speed.  Possible mechanisms behind the biphasic 

dependence of migration speed on RhoA activity, on the other hand, are less obvious.  We and 

others have shown that increasing RhoA activity increases contractility through ROCK-mediated 

activation of myosin (9, 33).  This intracellular tension could oppose and prevent membrane 

protrusion at the leading edge of the cell, thereby slowing down migration.  In support of this, we 

find that treating control cells with the myosin inhibitor blebbistatin or the ROCK inhibitor Y-

27632, which have both been shown to reduce cellular contractility (34, 35), increases cell 

migration speed (Fig. 3c, d).  Interestingly, even high doses of blebbistatin (50 μM) or Y-27632 

(20 μM), which have been shown to significantly inhibit myosin and ROCK activity, 
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respectively (36, 37), did not inhibit cell motility, suggesting that ROCK/myosin-mediated cell 

contractility is not necessary for these cells to migrate on a rigid two-dimensional surface.  

Instead, DN-RhoA mediated suppression of cell migration may be due to decreased activity of  

another known effector of RhoA, the formin mDia.  Two isoforms of mDia (mDia1 and mDia2) 

are known to nucleate actin filaments and have classically been assumed to stimulate stress fiber 

assembly.  Recently, mDia1 and mDia2 have also been shown to colocalize with RhoA at the 

leading edge of migrating cells (38, 39), where they may promote migration through focal 

adhesion turnover (39, 40), maintenance of cortical F-actin (39), and/or stabilization of 

microtubules (41). 
 

 
Figure 3.  Cell migration speed depends biphasically on RhoA and Rac1 activity.  (a,b) Cells expressing 

doxycycline-inducible CA or DN RhoA (a) or CA or DN Rac1 (b) were cultured in different concentrations of 

doxycycline and imaged for six hours to track their migration.  (c,d) Control cells were treated with different 

concentration of blebbistatin (c) or Y-27632 (d) and imaged for six hours to track their migration.  Mean ± s.e. 

 

 Since cell migration speed changes in a nonlinear fashion when we vary either RhoA or 

Rac1 activity, we wondered how migration speed would change if we varied the activity of both 

proteins at the same time in the same cell.  Several studies have shown that RhoA signaling can 
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inhibit Rac1 activity either by inhibiting guanine nucleotide exchange factors (GEFs) or by 

increasing the activity of Rac1 GTPase activating proteins (GAPs), and similarly Rac1 signaling 

can inhibit RhoA activity by regulating RhoA GEFs and GAPs (3).  This begs the question of 

whether cells could ever have both high RhoA and high Rac1 activity at the same time, or if the 

two proteins would simply suppress each other.  To investigate this, we employed an orthogonal 

promoter system in which the small molecule cumate induces gene expression, and we 

introduced a CA Rac1 mutant under the cumate-inducible system into cells already expressing 

the CA RhoA mutant under the doxycycline-inducible promoter.   This dual-induction strategy 

would then allow us to independently vary the expression levels of CA RhoA and CA Rac1 by 

changing the concentrations of doxycycline and cumate, respectively.  

 To confirm that this dual-promoter cell line can inducibly express both constructs, we 

varied the concentrations of doxycycline or cumate alone and compared the expression levels of 

RhoA, Rac1, and phosphorylated PAK1 by Western blot (Fig. 4).  We found that expression of 

CA RhoA increased with increasing doxycycline concentration, and the levels of phosphorylated 

PAK1 increased with cumate concentration, as we had seen in the cells expressing doxycycline-

inducible CA Rac1.   
 

 
Figure 4.  Inducible expression of CA RhoA and CA Rac1 in the same cell line.  Cells expressing both doxycycline-

inducible CA RhoA and cumate-inducible CA Rac1 were cultured in different concentrations of doxycycline (a) or 

cumate (b) before Western blots were performed to detect CA RhoA (Myc-tagged) or CA Rac1 expression, 

respectively. Phosphorylation of PAK1 (S199) was measured as an indicator of CA Rac1 expression. 

 

We next verified by ELISA that CA RhoA and CA Rac1 expression in these cells increased the 

overall activity of RhoA and Rac1, respectively.  Culturing the cells in increasing concentrations 

of doxycycline (without cumate) caused a graded increase in RhoA activity (5a), while culturing 

the cells in increasing concentrations of cumate (without doxycycline) caused a graded increase 

in Rac1 activity (5b).  In the same experiment, we also cultured the cells in different 

combinations of doxycycline and cumate to determine whether there was crosstalk between the 

two GTPases and also to investigate whether we could force high activation of both RhoA and 

Rac1 by simultaneously expressing CA RhoA and CA Rac1.  We found that RhoA activity was 

only altered by changes in doxycycline concentration (5c), while Rac1 activity was only altered 

by changes in cumate concentration (6d). Furthermore, increasing the concentration of both 

inducers enabled cells to have both high RhoA and high Rac1 activity (Fig. 6e). 
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Figure 5. The activity of RhoA and Rac1 can be controlled independently.  Cells expressing both doxycycline-

inducible CA RhoA and cumate-inducible CA Rac1 were cultured in different combinations of doxycycline and 

cumate concentrations before the activity levels of RhoA and Rac1 were measured by ELISA. (a,b) RhoA activity 

increases with increasing doxycycline concentrations and is not affected by cumate.  (c,d) Rac1 activity increases 

with increasing cumate concentrations and is not affected by doxycycline.  (e) Replotting Rac1 activity versus RhoA 

activity for each combination of doxycycline and cumate concentrations shows that cells can have high RhoA and 

high Rac1 activity.  Note: (a-e) contains the same data plotted in different ways.  Mean ± s.e. 
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 To investigate how simultaneously varying RhoA and Rac1 activity alters cell motility, 

we cultured the cells in different combinations of doxycycline and cumate and measured their 

random migration speed (Fig. 6).  We found that increasing the expression of either CA RhoA or 

CA Rac1 significantly decreased cell migration speed, as we saw with the individual 

doxycycline-inducible cell lines.  Interestingly, simultaneous expression of both CA RhoA and 

CA Rac1 decreased migration speed to a greater extent than with CA RhoA or CA Rac1 

expressed alone.   

 

 
 

Figure 6.  Inhibitory effects of CA RhoA and CA Rac1 expression on cell migration are additive.  Cells expressing 

both doxycycline-inducible CA RhoA and cumate-inducible CA Rac1 were cultured in different combinations of 

doxycycline and cumate concentrations and then imaged for six hours to track migration.  Mean ± s.e. 

 

 Since both the doxycycline-inducible promoter and the cumate-inducible promoter can 

be switched on and off in a dynamic fashion by adding and removing the inducers, we were 

interested in whether we could reversibly switch cells from a high RhoA phenotype to a high 

Rac1 phenotype and vice versa.  We wanted to observe this dynamic switching with timelapse 

microscopy, but since the morphology of these cells did not drastically change with CA RhoA 

and CA Rac1 expression when cultured on glass or tissue culture plastic, we instead cultured the 

cells on a soft substrate, which we have previously shown can sensitize cells to changes in RhoA 

activity (9).  When we cultured the cells on collagen hydrogels, we found that CA RhoA 

expression (with increasing doxycycline concentrations) induced cell rounding and inhibited 

motility (Fig. 7), presumably due to high intracellular tension, which we had seen in our previous 

study (9).  CA Rac1 expression (with increasing cumate concentrations), on the other hand, 

caused a dramatic increase in cell spreading, with cells extending dynamic processes and visibly 

exerting force on the collagen gel. When CA RhoA and CA Rac1 were both expressed (top right 

corner), the cells adopted an intermediate morphology in which they were partially spread.   
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Figure 7.  Expression of CA RhoA inhibits cell spreading on collagen hydrogels, while expression of CA Rac1 

enhances cell spreading, and expression of both gives in an intermediate phenotype.  Cells expressing both 

doxycycline-inducible CA RhoA and cumate-inducible CA Rac1 were cultured on 1 mg/ml collagen gels in 

different combinations of doxycycline and cumate concentrations. 

 

To then switch dynamically between high RhoA activity and high Rac1 activity, we first cultured 

cells in either doxycycline or cumate for several days and then replaced the media so that it 

contained only the opposite inducer (Fig. 8).  We found that switching from the high Rac1 

phenotype to the high RhoA phenotype occurred within 6-12 hours of replacing cumate with 

doxycycline.  In contrast, upon replacing doxycycline with cumate, the cells began to spread 

within 24 hours but did not fully adopt the high Rac1 phenotype.  This may be because 
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doxycycline was not completely removed, since it is known to bind tightly to the tetracycline 

repressor.  

 
Figure 8. Dynamic switching from high RhoA activity to high Rac1 activity and vice versa.  Cells expressing both 

doxycycline-inducible CA RhoA and cumate-inducible CA Rac1 were cultured on collagen hydrogels first in 

cumate and then switched to doxycycline at t = 0 (top), always in cumate (second row), first in doxycycline and then 

switched to cumate (third row), or always in doxycycline (bottom). 

 

 

Discussion 

By utilizing conditional promoters to systematically induce graded changes in protein activity, 

we have revealed the relationships describing how cell motility quantitatively varies with RhoA 

and Rac1 activity.  We showed that the migration speed of glioblastoma cells reached a 

maximum at intermediate levels of RhoA or Rac1 activity, where expression of either CA or DN 
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mutants decreased migration speed.  Since we have verified that expression of the RhoA mutants 

did not alter Rac1 activity and vice versa (except at the highest expression levels of CA RhoA), it 

is unlikely that these two biphasic relationships are coupled through RhoA/Rac1 antagonism.  

Instead these relationships are likely due to distinct RhoA- and Rac1-dependent changes in the 

cytoskeletal structures required for cell migration.  Given that previous studies investigating the 

roles that RhoA and Rac1 play in cell motility have been conflicting, it will be interesting to see 

whether these biphasic relationships hold true for other cell types.  It may be possible that 

different types of cells naturally have different baseline levels of RhoA and Rac1 activity that 

fall on either side of the optimal levels for fastest migration.  In this case, manipulating RhoA or 

Rac1 could have opposite effects on cell motility depending on whether this perturbation moved 

cells towards or away from the optimum.  This could have important implications when 

considering RhoA or Rac1 inhibition for cancer therapy, which several groups have now 

proposed (42-46).  Depending on whether specific cancer cells have baseline activity levels 

above or below an optimal level, RhoA/Rac1 inhibition could possibly enhance tumor invasion 

rather than prevent it. 

 Our strategy of combining doxycycline-inducible CA RhoA with cumate-inducible CA 

Rac1 provides independent control over RhoA and Rac1 activity in the same cell.  We have 

shown that increasing the activity of one GTPase did not significantly alter the activity of the 

other, which allowed us to explore the effects of different combinations of RhoA and Rac1 

activity levels, including the previously inaccessible regime of high RhoA and high Rac1 

activation.  We found that not only was it possible to simultaneously increase RhoA and Rac1 

activity, but the effects on cell migration were additive, where expression of both CA mutants 

inhibited migration speed to a greater extent than expression of CA RhoA or CA Rac1 alone.  

Since the effects of CA RhoA and CA Rac1 expression did not cancel each other, these results 

suggest that the RhoA and Rac1 signaling pathways may not be as antagonistic as previously 

thought.   

 It has recently been discovered that cells utilize different modes of motility when they 

migrate in three-dimensional matrices, and these modes are differentially regulated by RhoA and 

Rac1.  Most cell types exhibit a mesenchymal mode of motility, which is Rac1-dependent and 

involves cells elongating along extracellular matrix fibers and extending processes at the leading 

edge that promote matrix degradation.  In contrast, immune cells have been shown to use an 

amoeboidal mode of motility, which is RhoA-dependent and is associated with rounded cells that 

can squeeze through pores in the extracellular matrix.   Surprisingly, some types of cancer cells 

have been shown to utilize both modes of motility depending on their environment, and several 

studies have shown that inhibiting RhoA stimulates cells to switch to a mesenchymal mode of 

motility, while inhibiting Rac1 stimulates them to switch to an amoeboidal mode of motility 

(47).  It would therefore be interesting to introduce our system for dual control over CA RhoA 

and CA Rac1 expression into these cell types to investigate the effects of simultaneous RhoA 

and Rac1 activation.  In addition, the ability to dynamically switch between high RhoA activity 
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and high Rac1 activity with our strategy provides a unique opportunity to directly observe how 

these cells transition from one mode of motility to the other. 

 In this study, we expressed genetic mutants to alter the activity levels of RhoA and 

Rac1, but these same inducible promoter systems could be used to express wildtype protein or 

shRNA.  In fact, the doxycycline-inducible vector that we used was originally designed to 

lentivirally introduce shRNA into cells (48).  Since our study was the first to attempt 

simultaneous control over RhoA and Rac1 activity, we decided to use CA and DN mutants rather 

than wildtype protein or shRNA for several reasons.  First, while these mutants may not properly 

recapitulate the GTP/GDP cycling dynamics of the endogenous proteins, several studies have 

shown that expression of CA RhoA/Rac1 phenocopies the effects of overexpressing wildtype 

protein (49-51)  and that expression of DN RhoA/Rac1 phenocopies siRNA-mediated protein 

suppression (52, 53).  Second, we have previously demonstrated graded control over RhoA 

activity by expressing a single copy of CA RhoA from a tetracycline-repressible promoter (9).  

In contrast, the only studies to our knowledge that have demonstrated changes in RhoA or Rac1 

activity through overexpression of wildtype protein had used transient plasmid transfections at 

high copy numbers.  We would therefore expect that inducible expression of the wildtype 

proteins in our lentiviral system may not sufficiently alter RhoA/Rac1 activity.  Furthermore, we 

had attempted to decrease RhoA activity by expressing several different shRNAs from the 

doxycycline-inducible promoter, but we saw no effect on cell morphology or motility despite a 

90% knockdown in RhoA expression (data not shown).  Nevertheless, we appreciate the benefit 

of using an additional method to validate our results regarding the quantitative relationships 

between cell motility, RhoA activity, and Rac1 activity, and in future work, we hope to 

overcome the technical challenges to using wildtype RhoA/Rac1 protein and shRNA in our dual-

induction system. 

 In addition to manipulating RhoA and Rac1 activity, we expect that this strategy will be 

useful for studying the antagonism between other pairs of proteins, as well as for determining 

whether or not two similar proteins are redundant.  For example, ROCK and myosin light chain 

kinase (MLCK) are both known to activate myosin II, but it is unclear whether they play distinct 

roles in regulating cell mechanics and motility (54-56).  To investigate this, we could use our 

strategy to decrease the activity of one protein from one promoter and simultaneously increase 

the activity of the other protein from the other promoter, thereby isolating the function of each 

protein. 

 In conclusion, this study has revealed that cell motility has a nonlinear dependence on 

RhoA and Rac1 activity, which may help explain the seemingly contradictory results of previous 

studies.  Our results therefore highlight the importance of investigating the quantitative 

relationships between protein activity levels and cell behavior, instead of relying solely on gain- 

or loss-of-function studies.  Furthermore, our strategy of utilizing orthogonal promoters to 

express CA RhoA and CA Rac1 provides a valuable tool for altering the activity of these two 

proteins simultaneously, in a precise and controlled manner. 
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Chapter 4 - Three-dimensional patterning of multiple cell populations through orthogonal 

induction of cell motility 

 

Abstract 

The ability to independently control the motility of several distinct cell populations in a spatially 

and temporally coordinated fashion would facilitate both the assembly of engineered tissues and 

the study of multicellular processes, including cancer metastasis, wound healing, and embryonic 

development.  Here we introduce a genetic strategy to accomplish this by actuating the migration 

of specific cell populations within a mixed culture system thorough the inducible expression of 

constitutively active (CA) or dominant negative (DN) mutants of Rac1 GTPase under the control 

of orthogonal inducers: doxycycline and cumate. As proof of principle, we demonstrate that this 

approach allows us to control the timing and extent of migration of different populations of 

human glioblastoma cells within a three-dimensional collagen gel.  In addition, we show that this 

strategy allows us to spatially assemble two cell populations into a radially symmetric three-

dimensional pattern through the synchronized addition and removal of doxycycline and cumate.  

We envision that this system will both provide an important new enabling technology as well as 

complement the emerging suite of technologies aimed at patterning cells by engineering 

extracellular matrix properties. 

 

Introduction 

Cell migration in vivo often involves the coordination of multiple different types of cells.  

During human development, for example, patterning of the embryo occurs in part from the 

coordinated movements of specific populations of neural crest cells that either migrate away 

from the neck region to give rise to parts of the heart and to become neurons in the forebrain, 

gut, and stomach, or migrate away from the back of the embryo to form pigment cells, Schwann 

cells, parts of the adrenal gland, and sensory neurons (1).  Another example in which the 

migration of multiple cell types is important is wound healing, in which immune cells are 

recruited to fight infection, keratinocytes and epidermal stem cells migrate collectively into the 

wound to regenerate the epidermis, and fibroblasts are recruited to reconstitute the underlying 

dermis (2).   Therefore, the ability to independently control the motility of several different 

populations of cells would provide a powerful experimental tool for studying multicellular 

aspects of cell migration. 

One way to temporally control the behavior of specific populations of cells could be to 

introduce conditional promoters that induce or repress gene expression in response to different 

chemical signals. For example, one of the most commonly used promoter systems for regulating 

gene expression is the tetracycline-repressible promoter for which gene expression is active in 

the absence of the antibiotic tetracycline and then addition of tetracycline turns expression off 

(3).  In our previous work, we have shown that this promoter system can be used to reversibly 

switch cells from a non-migratory phenotype to a migratory phenotype (and vice versa) by 

regulating the expression of a constitutively active mutant of RhoA GTPase (4).   In addition to 
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the tetracycline-regulated promoters, many other promoter systems have also been optimized for 

reversibly controlling gene expression in mammalian cells, including promoters that respond to 

other antibiotics (5-7), steroid hormones (8-10), and various metabolites (11-13).  Notably, 

several studies have shown that by combining two or three promoters into the same cell, the 

expression of multiple genes can be orthogonally controlled (5, 6, 14, 15).  This suggests that 

multiple populations of cells could be manipulated in a similarly orthogonal manner by 

introducing a different promoter system into each population to drive gene expression. 

Other technologies that can provide temporal control over cell behavior include 

photoactivation and rapamycin-induced dimerization, which both have faster kinetics than 

conditional promoters since they directly alter protein activity.  Both technologies have been 

used to regulate the migration of single cells by altering the activity of Rac1 GTPase, which is 

known to stimulate actin polymerization in the leading edge of migrating cells (16, 17).  

However, these technologies also have disadvantages that would limit their use for 

independently controlling multiple populations of cells.  To create a Rac1 mutant that could be 

reversibly activated with light, Wu et al. fused the blue light-sensitive LOV domain with CA 

Rac1 and showed that by illuminating different regions of a cell, they could dynamically direct 

cell migration.  The reversible nature of this strategy, however, requires that cells be constantly 

illuminated for continuous control over their behavior, and this could pose complications for 

long term experiments and for studying cell migration in 3D matrices or in vivo.  Furthermore, 

the vast majority of the photoactivatable constructs used in mammalian studies are induced by 

blue light, and while at least one study has demonstrated that the red light-sensitive 

photoreceptor phytochrome B is functional in mammalian cells (18), orthogonal control over 

protein activity with photoactivation has not yet been demonstrated in mammalian cells (19).  On 

the other hand, rapamycin-induced dimerization (in which addition of the small molecule 

rapamycin stimulates dimerization of FKBP (FK605 binding protein) and the FRB (FKBP and 

rapamycin-binding) domain) has been shown to operate orthogonally with another chemically-

induced dimerization system from plants (20), which would enable independent control over two 

populations of cells.  However, while rapamycin-induced protein activation should in theory be 

reversible, DeRose et al. have stated that this strategy is essentially irreversible in practice (21). 

Here we demonstrate that we can independently control the motility of multiple cell 

populations by expressing genetic mutants of Rac1 from two conditional promoter systems that 

can be orthogonally induced by doxycycline (a tetracycline analog) or cumate.  We show that 

both promoters can be used to control the timing and extent of cell migration in a three-

dimensional matrix (by turning expression of the Rac1 mutants on and off), and when we mix 

cell populations containing either the doxycycline-inducible promoter or the cumate-inducible 

promoter, we can orthogonally control the migration of each population by adding and removing 

doxycycline or cumate, respectively.  Furthermore, we demonstrate how this temporal control 

over the motility of two distinct cell populations allows us to spatially pattern cells into a radially 

symmetric three-dimensional pattern. 
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Materials and methods 

Cell lines and reagents 

Rac1 Q61L and Rac1 T17N were subcloned into the lentiviral vector pSLIK containing the TRE 

tight doxycycline-inducible promoter, the reverse tetracycline transactivator (rtTA), and the YFP 

variant Venus (48) and were also subcloned into the lentiviral SparQ expression vector (System 

Biosciences, Mountain View, CA) containing the cumate-inducible promoter, puromycin 

resistance, and RFP.  The cumate-inducible promoter system also requires expression of the 

cumate repressor (CymR) from a separate lentiviral vector containing neomycin resistance.  

Viral particles were packaged in 293T cells and used to infect U373-MG human glioma cells at a 

multiplicity of infection of 1 IU/cell.  Cells expressing the pSLIK vector were sorted on a 

DAKO-Cytomation MoFlo High Speed Sorter based on Venus fluorescence, and cells expressing 

the SparQ and CymR vectors were selected in 1 μg/ml puromycin and 400 μg/ml G418 for two 

weeks.  Control cell lines were created in the same manner with empty vectors.  PureCol 

collagen solution was from Advanced BioMatrix (San Diego, CA).  CellTracker blue CMAC 

was used to fluorescently dye cells (Life technologies, Grand Island, NY). 

 

Spheroid invasion assay 

Spheroids of 100-200 cells were created by culturing droplets of cells upside down in a culture 

dish for 3-4 days.  The spheroids were then suspended within a 1 mg/ml collagen solution, which 

was allowed to gel for 1 hour at 37ºC before additional medium was added.  Live cell imaging 

was performed using a Ti-E microscope (Nikon Corporation, Tokyo, Japan).   

 

Results 

To create stable cell lines, we used lentiviral gene delivery to introduce constitutively active 

(CA) or dominant negative (DN) mutants of Rac1 GTPase into U373-MG human glioblastoma 

cells under the control of either a doxycycline-inducible promoter or a cumate-inducible 

promoter.  Previously, we had shown that naïve U373-MG cells can be cultured as multicellular 

spheroids, and when implanted into a three-dimensional collagen gel, the cells actively invade 

into the surrounding matrix over the period of a few days (22).  To confirm that expression of the 

CA and DN Rac1 mutants alters this type of 3D motility, we cultured each cell line as spheroids 

in the presence of doxycycline or cumate, implanted the spheroids into collagen I gels, and then 

tracked their invasion over time (Fig. 1).  We found that CA Rac1 expression from either 

promoter caused a dramatic increase in cell migration into the surrounding matrix.  In contrast, 

DN Rac1 expression suppressed cell migration. 

 We then investigated whether we could temporally control the migration of these cells by 

turning expression of DN Rac1 on and off.  First, we cultured cells as spheroids in collagen gels 

with doxycycline, preventing cell migration.  Two days later, we removed the doxycycline to 

turn off DN Rac1 expression and tracked the spheroids over time.  After about two days without 

doxycycline, more cells began migrating into the surrounding gel, and by the third day, 

significant invasion had occurred (Fig. 2a).   
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Figure 1.  Expression of Rac1 mutants from either the doxycycline-inducible promoter or the cumate-inducible 

promoter enables control over cell migration. Multicellular spheroids of cells expressing doxycycline-inducible CA/ 

DN Rac1 (a) or cumate-inducible CA/DN Rac1 (b) were cultured in 1mg/ml collagen gels with either doxycycline 

or cumate, respectively.   
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Figure 2. Temporal control over cell migration by removing or adding doxycycline.  Cells expressing doxycycline-

inducible DN Rac1 were either first cultured in doxycycline and then doxycycline was later removed to stimulate 

cell migration (a) or first cultured without doxycycline and then doxycycline was later added to inhibit cell 

migration (b).  For comparison, the second panel in (a) shows a spheroid always in doxycycline, and the second 

panel in (b) shows a spheroid always without doxycycline. 

 

To determine whether we could also dynamically stop cell migration by turning on DN 

Rac1 expression, we cultured cells as spheroids without doxycycline and allowed them to invade 

the collagen gel for one day before adding doxycycline.  We found that cell migration was 

suppressed one day later (Fig. 2b).  We repeated these experiments with cells expressing cumate-

inducible DN Rac1 and saw similar effects upon removing and adding cumate (Fig. 3). 



44 
 

 

 
Figure 3. Temporal control over cell migration by removing or adding cumate.  Cells expressing cumate-inducible 

DN Rac1 were either first cultured in cumate and then cumate was later removed to stimulate cell migration (a) or 

first cultured without cumate and then cumate was later added to inhibit cell migration (b).  For comparison, the 

second panel in a shows a spheroid always in cumate, and the second panel in b shows a spheroid always without 

cumate. 

 

 After confirming that we could regulate the timing and extent of cell migration through 

both the doxycycline-inducible and cumate-inducible promoters, we were interested in whether 

we could orthogonally control the migration of multiple cell populations and thereby spatially 



45 
 

pattern them within the three-dimensional matrix.  To first determine whether simply mixing 

together cells with different Rac1 activity levels into the same spheroid could generate a radially 

symmetric pattern, we combined the following cell populations and cultured them in doxycycline 

with or without cumate: doxycycline-inducible CA Rac1 cells (highly motile), doxycycline-

inducible DN Rac1 cells (not motile), and cumate-inducible DN Rac1 cells (not motile with 

cumate, and motile without).  To visualize the different cell populations, we used fluorescence 

microscopy since the cumate-inducible vector expresses red fluorescent protein (RFP) and the 

doxycycline-inducible vector expresses the yellow fluorescent protein (YFP) variant Venus.  To 

distinguish between doxycycline-inducible CA Rac1 cells and DN Rac1 cells, we pretreated the 

DN Rac1 cells with a blue fluorescent dye.  After two days in the collagen matrix, a “bull’s eye” 

pattern began to emerge in which the outer layer contained the highly motile CA Rac1 cells, the 

core contained the non-motile doxycycline-inducible DN Rac1 cells, and the intermediate layer 

contained the cumate-inducible DN Rac1 cells, whose position could be varied based on whether 

cumate was present (Fig. 4). 

 
Figure 4. Spatial patterning of cells based on Rac1 activity levels.  Cells expressing cumate-inducible DN Rac1 

(red), doxycycline-inducible CA Rac1 (green), and doxycycline-inducible DN Rac1 (blue) were mixed together and 

cultured in doxycycline either with or without cumate to vary DN Rac1 expression in the cumate-inducible cell line.  

 

We then explored whether we could dynamically change the pattern of cells over time by 

independently regulating the migration of each cell population through addition and removal of 

the transcriptional inducers.  For this, we combined cells expressing either cumate-inducible or 

doxycycline-inducible DN Rac1 and cultured them in doxycycline before implantation into 

collagen.  After several days, the cumate-inducible cells had invaded into the matrix while the 

doxycycline-inducible cells had not since DN Rac1 expression had been turned on (Fig. 5).  At 

this point, we switched the transcriptional inducers so that the media contained cumate and not 

doxycycline, in order to change the migratory behavior of the two populations.  The 
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doxycycline-inducible cells began to invade within a few days, effectively catching up with the 

cumate-inducible cells. 

 

 
Figure 5.  Dynamically altering the spatial patterning of cells by switching doxycycline with cumate.  We mixed 

together cells expressing cumate-inducible DN Rac1 (red) and doxycycline-inducible DN Rac1 (green) and first 

cultured them in doxycycline without cumate to express DN Rac1 only in the doxycycline-inducible cell line.  After 

three days, we then changed the media to contain cumate but not doxycycline to switch the migratory behavior of 

the two populations. 
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Discussion 

We have established a genetic strategy for orthogonal control over the motility of multiple 

populations of cells within a three-dimensional matrix.  By introducing mutants of Rac1 GTPase 

into cells under the control of either a doxycycline-inducible promoter or a cumate-inducible 

promoter, we demonstrated that we could temporally control the migration of each population by 

adding or removing its specific inducer.  We also showed that by dynamically switching the 

migration of each cell population on and off, we could spatially pattern the cells into a radially 

symmetric pattern.  In this study, we demonstrated that two promoters could be used to 

independently regulate two populations of cells, but this strategy could in theory be extended to 

include any number of conditional promoters as long as they operate orthogonally.   

Since switching cell migration on and off requires the initiation of gene expression or the 

degradation of mutant protein, the kinetics are relatively slow, on the order of hours.  One way 

we could improve this is by introducing both CA Rac1 and DN Rac1 into the same cell 

population under different promoters, e.g., doxycycline-inducible CA Rac1 paired with cumate-

inducible DN Rac1.  This would give us dual control over cell migration since we could provide 

both a start signal (doxycycline to express CA Rac1) and a stop signal (cumate to express DN 

Rac1) to the same cell.  If we then added a second population of cells with the opposite 

configuration (i.e., cumate-inducible CA Rac1 paired with doxycycline-inducible DN Rac1), we 

could obtain better spatial resolution when creating three-dimensional patterns, since we would 

be able to switch more effectively between one population migrating and then the other. 

To obtain even greater spatial control over cell migration with our strategy, we could also 

spatially pattern the inducers.  For example, Zhang et al. demonstrated that by creating a flow-

induced gradient of doxycycline, they could spatially pattern the differentiation of mesenchymal 

stem cells expressing bone morphogenic protein under a tetracycline-repressible promoter (23).  

In addition, several groups have synthesized photocaged variants of inducer molecules that can 

be irreversibly uncaged with UV light, including doxycycline, IPTG, ecdysone, and several 

steroid hormone analogs (24-28).  Cambridge et al. further demonstrated that with two-photon 

confocal microscopy, they could spatially pattern gene expression in three-dimensional tissues 

and in vivo (29). 

One research area in which we envision that our genetic strategy for controlling cell 

migration will be particularly useful is tumor invasion, in which cancer cells migrate away from 

their original tumor and can metastasize to other parts of the body.  Recently, it has become clear 

that tumor invasion is a multicellular process, in which interactions between different 

populations of cancer cells as well as with non-malignant cells in the tumor stroma can facilitate 

invasion. For example, Gaggioli et al. demonstrated that stromal fibroblasts can stimulate the 

migration of carcinoma cells by creating physical tracks in the extracellular matrix (30).  Similar 

behavior was also seen in a breast cancer study using multicellular spheroids, where highly 

invasive cancer cells stimulated the migration of non-invasive mammary epithelial cells (31).  

Therefore the ability to independently control the migration of these populations of leading and 
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following cells could help further elucidate the mechanisms responsible for this form of 

collective cell invasion. 

In addition to assisting studies on multicellular migration behavior, this strategy for 

manipulating the motility of multiple cell populations could also be a useful tool for tissue 

engineering.  Most organs and tissues in the human body consist of many different cell types that 

are organized into complex structures, which have evolved to perform specific functions (e.g., 

gas exchange in aveoli in the lung, blood filtration in tubules of the kidney, and communication 

between neurons in the nervous system), and recapitulating this complexity in engineered tissues 

is one of the main obstacles to creating synthetic tissue and organ replacements.  Therefore, we 

envision that directly controlling when and to what extent multiple cell types are permitted to 

migrate into a synthetic tissue engineering scaffold (or a decellularized organ) could facilitate the 

assembly of more complex engineered tissues. 
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Chapter 5 – Conclusions 

 

These dissertation studies demonstrate several ways in which conditional promoter systems can 

be used to quantitatively study how the activity levels of mechanotransductive signaling proteins 

contribute to cellular mechanical properties and behaviors.  First, through graded expression of 

constitutively active (CA) and dominant negative (DN) mutants of a specific protein, the entire 

range of its activity levels can be explored in a systematic manner. This enables investigation 

into how cellular properties quantitatively vary with changes in protein activity.  Second, protein 

expression from conditional promoters can be dynamically switched on and off, which could be 

useful for determining whether a given phenotype is reversible.  Third, the activity levels of two 

proteins can be independently varied in the same cell by combining two orthogonal promoters, 

providing an opportunity to explore whether the effects of two proteins are coupled.  

Furthermore, orthogonal promoters can also be used to independently manipulate several 

populations of cells in a mixed culture system and thereby study multicellular interactions in a 

controlled manner. 

 In addition to providing experimental tools for graded and dynamic control over cell 

behavior, these dissertation studies reveal several new insights into the quantitative relationships 

between Rho GTPase signaling, cellular mechanical properties, and cell motility.  While 

previous studies had shown that pharmacological inhibition of myosin, ROCK, or MLCK 

dramatically decreased cell stiffness, the effects of increasing myosin activity had not been 

explored.  The results in Chapter 2 show that cell stiffness and contractility increase with CA 

RhoA or CA MLCK expression in a monotonically increasing manner, which demonstrates that 

these cellular mechanical properties can be precisely tuned through genetic manipulation of 

myosin activity.  In Chapter 3, the quantitative dependencies of cell migration on RhoA and 

Rac1 activity were explored, revealing that cell migration speed varies biphasically with the 

activity levels of both GTPases.  These results may help explain why previous studies that 

investigated the effects of only high or low RhoA/Rac1 activity levels (e.g., by siRNA or protein 

overexpression) have been conflicting.  Finally, the novel combination of doxycycline-inducible 

CA RhoA expression and cumate-inducible CA Rac1 expression enabled simultaneous activation 

of both RhoA and Rac1 in the same cell, which suggests that the RhoA and Rac1 signaling 

pathways may not be as antagonistic as previously thought. 

 One application of the genetic strategies developed in these dissertation studies is to 

study the roles that Rho GTPase signaling plays in the cellular basis of diseases.  A growing 

number of human diseases have been associated with aberrant changes in cell and tissue 

mechanics, including cardiovascular diseases, deafness, and many different cancers.  One type of 

cancer in which cell migration plays a particularly important role is glioblastoma multiforme 

(GBM), which is the most common type of brain tumor and also the deadliest.  For GBM 

patients, the expected survival time is only 1 to 2 years.  One reason for this poor prognosis is 

that the cells are highly invasive, and they can migrate throughout the brain to form multiple 

tumors.  The inducible constructs developed in these dissertation studies are currently being used 
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to study the role that RhoA plays in GBM invasion.  In collaboration with Sophie Y. Wong, Loic 

P. Deleyrolle, and Brent A. Reynolds, the doxycycline-inducible CA RhoA construct was 

introduced into GBM tumor-initiating cells and implanted into mice intracranially.  Remarkably, 

preliminary results showed that CA RhoA expression significantly improved survival time, 

which could be due to inhibitory effects on cell migration.  It remains to be seen whether DN 

RhoA expression might also improve survival time, which would indicate a biphasic 

relationship.  This work therefore supports the idea that a more quantitative understanding of the 

signaling pathways that regulate cell mechanics and motility may lead to promising new 

strategies for inhibiting cancer invasion. 
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Appendix A - Supporting Material for Chapter 2 

 

 

 
 

Figure S1.  Fluorescence of U373-MG GFP cells under varying tetracycline concentrations.  Mean ± s.e.  All values 

are significantly different from 100 ng/ml tetracycline (p < 0.05 by ANOVA, Tukey post-hoc test). 

 

 

 
 

Figure S2.  Confocal fluorescence micrographs of U373-MG CA RhoA cells cultured without tetracycline and 

pretreated with 5 µM blebbistatin or DMSO alone before fixation and staining for F-actin (green) and 

phosphorylated focal adhesion kinase (red and bottom panel alone).  Scale bar = 25 µm.  The top panel is a 

projection of z-slices. 
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Figure S3.  Expression levels of cytoskeletal proteins with increasing CA RhoA expression.  (a) Western blot 

showing integrin β1, vinculin, and α-actinin protein levels in U373-MG control cells and CA RhoA cells cultured in 

varying tetracycline concentrations.  Expression levels of integrin β1 (b), vinculin (c), and α-actinin (d) were 

quantified relative to CA RhoA cells with 100 ng/ml tetracycline.  (e, f) Western blot (e) and quantification (f) of 

myosin light chain protein levels in U373-MG control cells and CA RhoA cells, relative to CA RhoA cells with 100 

ng/ml tetracycline.  All values are mean ± s.e.; * indicates p < 0.05 compared to 100 ng/ml tetracycline (ANOVA, 

Tukey post-hoc test). 

 

 

 
 

Figure S4.  Epifluorescence micrographs of U373-MG control cells cultured with or without 100 ng/ml tetracycline 

before fixation and staining for F-actin (green), vinculin (red and bottom panel alone), and nuclei (blue).  Scale bar = 

25 µm. 
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Figure S5.  Epifluorescence micrographs of U87-MG CA RhoA cells cultured in varying tetracycline concentrations 

before fixation and staining for F-actin (green), vinculin (red and bottom panel alone), and nuclei (blue).  Scale bar = 

25 µm. 

 

 

 
 

Figure S6.  Graded control over CA MLCK expression in U373-MG cells.  (a) Western blot showing FLAG-tagged 

CA MLCK protein levels in U373-MG CA MLCK cells cultured in varying tetracycline concentrations.  (b) 

Western blot showing levels of phosphorylated (T18/S19) myosin light chain (pMLC) and total myosin light chain 

(MLC) in U373-MG CA MLCK cells cultured in varying tetracycline concentrations.  Expression levels of CA 

MLCK (c), phosphorylated myosin light chain (d), and total myosin light chain (e) were quantified relative to CA 

MLCK cells without tetracycline.  All values are mean ± s.e.; * indicates p < 0.05 compared to 100 ng/ml 

tetracycline (ANOVA, Tukey post-hoc test). 
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Figure S7.  Epifluorescence micrographs of U373-MG CA MLCK cells cultured in varying tetracycline 

concentrations before fixation and staining for F-actin (green), vinculin (red and bottom panel alone), and nuclei 

(blue).  Scale bar = 25 µm. 

 

 

 
 

Figure S8.  U373-MG CA RhoA (a, c) and CA MLCK cells (b, d) were cultured on 8.8 kPa and 12.2 kPa 

polyacrylamide gels, respectively, and images were used to quantify cell area (a, b) and shape factor as 

4*π*(area)/(perimeter)^2 (c, d).  Mean ± s.e.; * indicates p < 0.05 compared to 100 ng/ml tetracycline (ANOVA, 

Tukey post-hoc test). 

 

 

 
 

Figure S9.  Average cortical stiffness of U373-MG CA RhoA (a) and CA MLCK cells (b) cultured without 

tetracycline and treated with or without 5 µM blebbistatin or cultured with 100 ng/ml tetracycline.  Mean ± s.e.; * 

indicates p < 0.05 compared to 100 ng/ml tetracycline (ANOVA, Tukey post-hoc test). 
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Figure S10.  Rosette plots depicting single cell trajectories of U373-MG CA RhoA cells on polyacrylamide gels of 

defined stiffness.  Axes are in µm. 

 

 

 

 

 

 
 

Figure S11.  Micrographs of U373-MG CA MLCK cells cultured on 1 mg/ml collagen hydrogels in varying 

tetracycline concentrations.  Scale bar = 50 µm. 
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Figure S12.  Epifluorescence micrographs of U373-MG control cells treated with varying concentrations of LPA (a) 

or NSC23766 (b) before fixation and staining for F-actin (green), phosphorylated focal adhesion kinase (red), and 

nuclei (blue).  Scale bar = 25 µm. 

 

 

 

 

 

 




