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ABSTRACT 

 
 

Cellular migration is a cornerstone of many biological processes, from the creation 
and repair of complex tissues and organs to the metastatic spread of cancer cells. This 
complex process involves the coordination of diverse cellular pathways and structures. 
While many molecular players have been identified, much remains unknown about how 
these structures and pathways work in concert to promote cellular motility. Previous work 
has revealed the pleiotropic serine/threonine kinase PKA (cAMP dependent protein kinase) 
as an important regulator of cell migration. PKA is dynamically regulated in protrusive 
structures of migrating cells and its activity is upstream of numerous GTPases and effectors 
involved in processes such as membrane protrusion/retraction, actin organization, 
and adhesion dynamics. The importance of PKA activity in migration extends to many 
different cell types. Although the canonical regulation of PKA occurs downstream of G 
protein coupled receptors, G proteins, and adenylyl cyclases, no unifying mode of PKA 
regulation in migration has been identified. Here we seek to understand the regulation of 
leading edge PKA activity in cellular migration. 

  
In this work, we show that leading edge PKA activity is dependent upon 

mechanical inputs. Disruption of actomyosin contractility leads to rapid ablation of leading 
edge (LE) PKA activity. Further, regions of high PKA activity spatially coincide with 
regions of high contractility. PKA is rapidly and locally activated by mechanical stretch of 
the substrate underlying cells, further defining a spatiotemporal relationship between PKA 
and contractile forces. Finally, inhibiting PKA activity blocks durotaxis, a mode of cell 
motility in which migration is directed by increases in matrix stiffness, further underscoring 
the importance of PKA as an important facet of mechanotransduction. However, 
the mechanism through which PKA activity is linked to mechanical inputs during cell 
migration remains unclear. 

  
Investigation into this link led to the discovery of a novel relationship between 

PKA and Focal Adhesion Kinase (FAK), a cytosolic tyrosine kinase required for migration 
and mechanosensation canonically distinct from cAMP and PKA signaling. Surprisingly, 
treatment of migrating cells with a specific FAK inhibitor leads to a rapid decrease in 
leading edge PKA activity. Also, cells genetically lacking FAK exhibit decreased LE PKA 
activity which is rescued by re-expression of WT, but not kinase-dead, FAK. Further, 
treatment with a myosin II inhibitor does not lead to immediate decreases in global active 
FAK but does have a rapid, temporary effect on active FAK in focal adhesions, suggesting 
that smaller pools of FAK may be dynamically regulated downstream of contractile forces. 
Lastly, preliminary studies find that Src family kinase (SFK) inhibitors similarly diminish 
PKA activity in migrating cells and that pre-treatment with FAK or SFK inhibitors decrease 
�3�.�$���U�H�V�S�R�Q�V�H���W�R���D���J�H�Q�H�U�D�O�������D�G�U�H�Q�H�U�J�L�F���U�H�F�H�S�W�R�U���D�J�R�Q�L�V�W����Together, these findings identify 
novel connections between mechanical signaling, tyrosine kinase activity, and the 
cAMP/PKA pathway critical for cell migration and, likely, other essential cellular 
processes regulated by the pleiotropic cAMP dependent protein kinase. 
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CHAPTER 1: INTRODUCTION 

 

1.1. PROTEIN KINASE A IN CELLULAR MIGRATION—NICHE  SIGNALING 

OF A UBIQUITOUS KINASE  

Kathryn V. Svec1 and Alan K. Howe1,2,3* 

 

1Department of Pharmacology, University of Vermont, Burlington, VT, United States,  

2Department of Molecular Physiology and Biophysics, University of Vermont, Burlington, 

VT, United States 

3University of Vermont Cancer Center, University of Vermont, Burlington, VT, United 

States 

*CORRESPONDENCE: Alan K. Howe, alan.howe@med.uvm.edu 

 

1.1.1. ABSTRACT 

Cell migration requires establishment and maintenance of directional polarity, 

which in turn requires spatial heterogeneity in the regulation of protrusion, retraction, and 

adhesion. Thus, the signaling proteins that regulate these various structural processes must 

also be distinctly regulated in subcellular space. Protein Kinase A (PKA) is a ubiquitous 

serine/threonine kinase involved in innumerable cellular processes. In the context of cell 

migration, it has a paradoxical role in that global inhibition or activation of PKA inhibits 

migration. It follows, then, that the subcellular regulation of PKA is key to bringing its 

proper permissive and restrictive functions to the correct parts of the cell. Proper 
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subcellular regulation of PKA controls not only when and where it is active but also 

specifies the targets for that activity, allowing the cell to use a single, promiscuous kinase 

to exert distinct functions within different subcellular niches to facilitate cell movement. 

In this way, understanding PKA signaling in migration is a study in context and in the 

elegant coordination of distinct functions of a single protein in a complex cellular process. 

 

1.1.2. INTRODUCTION 

Cellular migration is an important process in many normal and pathophysiological 

biological functions from development to cancer metastasis. Migrating cells are constantly 

attuned to chemical and mechanical cues from the extracellular environment which 

regulate the mode, path, and extent of migration (Carter, 1965; Petrie et al., 2009). To 

efficiently move through the extracellular matrix (ECM), cells must sense and integrate 

these cues to iteratively build new attachments, sever old attachments, and push organelles 

and the cell body forward, all while constantly remodeling the cytoskeleton in a manner 

and direction that maximizes directionality (Ridley et al., 2003). Thus, cell migration is a 

balance of construction and deconstruction, protrusion and retraction, pushing and pulling, 

where polarity and the proper location of each of these actions is crucial for efficient 

movement. This intricate process requires the precise spatial and temporal coordination of 

myriad proteins and signaling pathways, working in concert to control cell shape and 

attachment (Ridley et al., 2003). Therefore, the signals and proteins that coordinate these 

functions must be present and active in specific, niche locations while absent or quiescent 

in others, and this distribution must be able to dynamically rearrange and adapt to changes 
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in the chemical and mechanical microenvironment (Petrie et al., 2009). From the 

perspective of a single protein involved in cell migration, signaling is highly contextual—

proper function is dependent on specific combinations of activators, inhibitors, partners, 

and substrates in precise locations within the cell, all of which may change as cell shape 

and position changes.  

An example of such a contextual protein in cell migration is Protein Kinase A 

(PKA), a promiscuous serine/threonine kinase involved in innumerable cellular and 

biochemical processes. PKA is a heterotetrameric holoenzyme in which two catalytic 

�V�X�E�X�Q�L�W�V���I�U�R�P���W�Z�R���P�D�M�R�U���I�D�P�L�O�L�H�V�����&�.���D�Q�G���&�������S�O�X�V���D���W�K�L�U�G�����U�D�U�H�U���&�����L�V�R�I�R�U�P�����F�R�P�E�L�Q�H���Z�L�W�K��

homodimers formed by any of four R-�V�X�E�X�Q�L�W�V�����5�,�.�����5�,�������5�,�,�.�����5�,�,�������W�R���I�R�U�P���D���Q�X�P�E�H�U���R�I��

distinct, functionally nonredundant R2:C2 holoenzymes (Taylor et al., 2004; Taylor et al., 

2005; Taylor et al., 2013; Taylor et al., 2022). Classically, however, two main subtypes of 

PKA are specified by the inclusion of either RI or RII regulatory subunits, each having 

nearly ubiquitous expression, but distinct allosteric properties, anchoring, and cellular 

localization, as expertly and extensively reviewed elsewhere (Taylor et al., 2013; Turnham 

and Scott, 2016; Gold, 2019; Michel and Scott, 2022; Taylor et al., 2022). Canonically, 

PKA is activated when cAMP binds to the regulatory subunits triggering release of the 

catalytic subunits [though recent work has challenged this cAMP gated free-release dogma 

(Smith et al., 2013; Smith et al., 2017; Isensee et al., 2018)] as reviewed in (Gold, 2019).  

The importance of PKA activity and regulation for motile cellular behaviors has 

been demonstrated in myriad cell types: epithelia (e.g., Spurzem et al., 2002; Tkachenko 

et al., 2011); fibroblasts (e.g., Edin et al., 2001; Howe et al., 2005); endothelia (e.g., Kim 
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et al., 2000; Nedvetsky et al., 2016; Adame-García et al., 2019); smooth muscle cells (e.g., 

Raymond et al., 2009; Hirakawa et al., 2007; Bornfeldt and Krebs, 1999); various 

leukocytes (e.g., Lang et al., 1996; Jones and Sharief, 2005; Canalli et al., 2007; Watson et 

al., 2015; Wehbi and Tasken, 2016; Jung et al., 2019); microglia and neurons (e.g., Kao et 

al., 2002; Golub and Caroni, 2005; Nasu-Tada et al., 2005; Han et al., 2007; Lee and 

Chung, 2009; Toriyama et al., 2012; Deming et al., 2015); and a wide variety of tumor cell 

lineages (e.g., (O’Connor and Mercurio, 2001; Paulucci-Holthauzen et al., 2009; 

McKenzie et al., 2011; Shaikh et al., 2012; Armaiz-Pena et al., 2013; Burdyga et al., 2013; 

Ko et al., 2013; Feng et al., 2014; Ou et al., 2014; Feng et al., 2015; Barquilla et al., 2016; 

Hung et al., 2016; Bensalma et al., 2019; Jung et al., 2019; Tonucci et al., 2019; Huang et 

al., 2020; Jiang et al., 2020; McKenzie et al., 2020; Han et al., 2021). As in many of its 

other functional milieus, PKA has both a positive and negative role in cellular migration, 

depending on the context (Diviani and Scott, 2001; Howe, 2004). Moreover, PKA and its 

substrates can be found in virtually every dark corner of a cell, and the list of known PKA 

substrates numbers in the high hundreds with new additions added regularly (Shabb, 2001; 

Ruppelt et al., 2009). Therefore, the activity of PKA and the location of that activity needs 

to be controlled tightly for cell migration to progress (Howe, 2004). This facet of PKA 

regulation is achieved through its association with A Kinase Anchoring Proteins (AKAPs) 

which serve to anchor PKA to specific locations within the cell (Diviani and Scott, 2001; 

Omar and Scott, 2020). Further, AKAPs scaffold higher order signaling complexes and 

juxtapose PKA, proteins involved in regulating PKA activity, and potential targets of PKA 

activity (Michel and Scott, 2002). To this end, cell migration requires not only regulation 
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of PKA activity but also specific localization of that activity (Lim et al., 2008; Paulucci-

Holthauzen et al., 2009; McKenzie et al., 2011). Biochemical and image-based 

experimentation has identified active PKA in the leading edge of migrating cells, putting 

it in the vicinity of many confirmed and suspected substrates in actin and adhesion 

dynamics and other spatially coordinated efforts in cell migration (Howe et al., 2005; Lim 

et al., 2008; Paulucci-Holthauzen et al., 2009; McKenzie et al., 2011; Tkachenko et al., 

2011; McKenzie et al., 2020). Further, this leading edge PKA activity is sensitive to 

changes in actomyosin contractility (McKenzie et al., 2020). Thus, PKA is a prime example 

of a signaling node in migration that is highly contextual.  

The goal of this review is not to summarize every known or putative target of PKA 

in migration or to present an exhaustive list of studies in this milieu. Other reviews have 

tackled these lofty topics more completely (Diviani and Scott, 2001; Howe, 2004). Rather, 

this review will draw attention to the need for spatial organization of PKA activity during 

the specialized cellular function of migration and some of the progress that has been made 

in this area. Principally, our focus stems from the question ‘How is localized signal 

transduction achieved during migration?’—Indeed, PKA may be used as a case study in 

this respect. Lessons learned regarding the highly contextual regulation of this pleiotropic 

protein kinase will shed light on how the cell is able to regulate other far-reaching enzymes 

during migration and other complex processes. Here, we will consider where PKA is found, 

what some of its major targets are, and how it is regulated in the context of cell migration. 
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1.1.3. LOCATION, LOCATION, LOCATION 

Several studies have shown the importance of PKA localization for cell migration, 

as reviewed in (Howe, 2004; 2011). With AKAPs pinning PKA to many diverse structures 

within the cell, it is clear that AKAPs have an important role in PKA’s localization in this 

context. Pertinent to this review, several AKAPs have been identified that associate with 

the actin cytoskeleton (Diviani and Scott, 2001) and cell membrane (Burgers et al., 2012), 

delivering PKA to locations involved in migration. Functionally, once PKA is localized, it 

is the location of PKA activity that dictates its role in migration. While other reviews have 

comprehensively discussed AKAPs associated with the cytoskeleton (Diviani and Scott, 

2001), the focus of this section is on the detection of PKA activity in distinct subcellular 

compartments relevant to migration. 

 

1.1.3.1 The leading edge 

The leading edge is the foremost protrusive structure, leading the cell with a 

dense, growing actin meshwork (Abercrombie et al., 1970; Pollard and Borisy, 2003; 

Ridley et al., 2003; Ridley, 2011). The best characterized pool of PKA activity in migrating 

cells is that in the leading edge. An early biochemical study found PKA RII subunit and 

PKA activity are both present in higher amounts in protrusive pseudopodia than in the cell 

body during chemotaxis (Howe et al., 2005). This agrees with the localization of both PKA 

RI (Lim et al., 2007) and RII (Howe et al., 2005) subunits in the leading edge as visualized 

via immunofluorescence. Surprisingly, though PKA was more active in pseudopods, there 
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was not more PKA catalytic subunit there than in the cell body (Howe et al., 2005), which 

points to local differential regulation of PKA in the leading edge.  

Since the advent of the AKAR series of FRET based biosensors specific for PKA 

activity (Zhang et al., 2001; Zhang et al., 2005; Allen and Zhang, 2006), many groups have 

characterized the dynamics of PKA in migrating cells. Confirming the above findings, 

AKAR biosensors have revealed strong PKA activity in the leading edge of several cell 

types (Lim et al., 2008; Paulucci-Holthauzen et al., 2009; McKenzie et al., 2011; 

Tkachenko et al., 2011; McKenzie et al., 2020). Notably, leading edge PKA activity is best 

detected by biosensors targeted to the plasma membrane, in both raft and non-raft domains 

(McKenzie et al., 2020). Further, at least one report shows that this activity is present only 

at the basal membrane in a two-dimensional imaging system (Paulucci-Holthauzen et al., 

2009). This pool of PKA activity is often described as a gradient, with generally high PKA 

activity at the leading edge that diminishes toward the cell body. Upon closer examination, 

there are peaks in PKA activity within this gradient that are separable and dynamic (Figure 

1.1, left panel). Morphodynamic studies revealed that peaks in leading edge PKA activity 

are spatially and temporally correlated with protrusion dynamics. This control of 

protrusion-retraction cycles by PKA occurs through the phosphorylation of RhoA, as 

discussed later (Tkachenko et al., 2011). 

Still other studies have revealed that leading edge PKA activity is mediated by 

integrins, extracellular matrix receptors, as integrin-specific peptides can block the 

formation of PKA gradients and events in the leading edge (Lim et al., 2008). In fact, 

striped, patterned extracellular matrix (ECM) underlying adhesive cells leads to 
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Figure 1.1: Schematic of PKA activity localized to distinct subcellular regions and 
structures in a migrating cell.  Arrow highlights overall front to back gradient of subplasmalemmal 
PKA activity in the leading edge while arrowhead highlights hotspots of PKA activity. Though leading edge 
PKA activity has been well characterized, there are very few studies characterizing PKA activity in focal 
adhesions and microdomains. Images serve as representation of the concentration of PKA activity in these 
structures. 

correspondingly striped appearance of leading edge PKA activity, exhibiting a strikingly 

similar pattern above sites of adhesion to the ECM (Tkachenko et al., 2011).  

Though PKA holoenzymes can associate with the plasma membrane without 

AKAP function (Zhang et al., 2015), leading edge PKA activity is dependent on type II 

AKAP anchoring as shown by disruption of canonical AKAP anchoring to PKA RII using 

the Ht31 peptide leading to ablation of the leading edge PKA gradient and membrane 

protrusion (Paulucci-Holthauzen et al., 2009). This study further identifies that the AKAP-

Lbc significantly contributes to leading edge PKA gradients but is presumably not the only 

AKAP involved as knockdown only partially disrupted leading edge PKA activity 

(Paulucci-Holthauzen et al., 2009). Finally, leading edge PKA activity can be induced in 
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relatively non-motile HeLa cells by simply asymmetrically recruiting RII regulatory 

subunit to the plasma membrane. This study used a rapamycin inducible recruitment 

system to recruit R subunit to the plasma membrane and found that at moderate levels of 

recruitment, PKA activity was increased, and the cell would move toward the rapamycin 

gradient (LaCroix et al., 2022). At high levels of R subunit recruitment, PKA activity was 

ultimately inhibited. Interestingly, in this case, gradients of PKA activity formed in the 

obverse direction and cells moved away from rapamycin stimulation. This suggests that 

simply changing the ratio of regulatory to catalytic subunit can alter PKA signaling and 

even induce leading edge PKA activity and cellular movement.  

It’s important to note that, given the exclusive use of membrane-targeted AKAR 

biosensors, these studies describe PKA activity that is occurring solely at the leading edge 

plasma membrane. The identification and characterization of pools of PKA activity in the 

bulk cytoplasm and other discrete locations during cell migration have yet to be as 

thoroughly explored. 

 

1.1.3.2 Integrin based adhesive structures 

Integrins are extracellular matrix receptors that span the plasma membrane and act 

as nucleators for focal adhesion structures (Legerstee and Houtsmuller, 2021). Focal 

adhesions (FAs) are rich protein complexes that anchor the actin cytoskeleton to integrins. 

Focal adhesions are packed with known and putative targets of phosphorylation by PKA, 

examples of which are discussed later. Given PKA’s established role in actin-based 

migration and activity near the membrane, it follows that PKA is likely located within focal 
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adhesions (Figure 1.1�����F�H�Q�W�H�U���S�D�Q�H�O�������.���������L�Q�W�H�J�U�L�Q�V���K�Dve been identified as noncanonical 

�$�.�$�3�V�� �I�R�U�� �7�\�S�H�� �,�� �3�.�$�� ���/�L�P�� �H�W�� �D�O������ �������������� �6�S�H�F�L�I�L�F�D�O�O�\���� �W�K�H�� �F�\�W�R�S�O�D�V�P�L�F�� �W�D�L�O�� �R�I�� �W�K�H�� �.����

integrin anchors the entire PKA holoenzyme in a manner that is not disrupted by common 

AKAP disrupting peptides. Though the binding site was not specifically identified, the 

�L�Q�W�H�U�D�F�W�L�R�Q���E�H�W�Z�H�H�Q���3�.�$���D�Q�G���.�����G�L�G���Q�R�W���G�L�V�U�X�S�W���D�Q�G���Z�D�V���Q�R�W���D�I�I�H�F�W�H�G���E�\���E�L�Q�G�L�Q�J���R�I���S�D�[�L�O�O�L�Q��

�W�R���.�������R�Q�H���R�I���W�K�H���S�U�L�P�D�U�\���L�Q�W�H�U�D�F�W�L�R�Q�V���L�Q���W�K�H���I�R�U�P�D�W�L�R�Q���R�I���I�R�F�D�O���D�G�K�H�V�L�R�Q�V�����/�L�P���H�W���D�O��������������������

Thus, PKA is localized to at least some integrin-based adhesive structures via a 

�Q�R�Q�F�D�Q�R�Q�L�F�D�O���$�.�$�3���L�Q�W�H�U�D�F�W�L�R�Q���Z�L�W�K���.�����L�Q�W�H�J�U�L�Q�V�����7�K�R�X�J�K���I�R�F�D�O���D�G�K�H�V�L�R�Q���F�R�P�S�O�H�[�H�V���D�U�H��

tightly associated with the plasma membrane, membrane-targeted PKA biosensors show 

that leading edge gradients and hotspots of PKA activity are not directly correlated with 

�D�G�K�H�V�L�R�Q���V�W�U�X�F�W�X�U�H�V�����0�F�.�H�Q�]�L�H���H�W���D�O���������������������+�R�Z�H�Y�H�U�����L�Q���D�G�G�L�W�L�R�Q���W�R���.�����L�Q�W�H�J�U�L�Q-mediated 

anchoring, PKA regulatory and catalytic subunits have been reported in a variety of focal 

adhesion proteomes, prepared from a variety of cells using distinct methods (Zaidel-Bar et 

al., 2007; Kuo et al., 2011; Schiller et al., 2011; Horton et al., 2015), strongly suggesting a 

specific FA pool of PKA. Despite this, there are no reported studies observing PKA activity 

directly within focal adhesions themselves. Clearly, further work must be done to elucidate 

how PKA is anchored to focal adhesions and the targets and consequences of PKA activity 

within them during migration. 

 

1.1.3.3 Other locations 

Several other locations or structures pertinent to migration have been identified as 

local PKA hotspots, namely actin-based protrusive structures and smaller micro domains 



11 
 

(Figure 1.1, right panel). Invadopodia and podosomes are specialized projections involved 

in the degradation of local extracellular matrix material, clearing the way for cell migration 

(Murphy and Courtneidge, 2011; Ridley, 2011). Active, phosphorylated PKA has been 

found in invadopodia and is upstream of proteolytic invadopodia activity (Debreova et al., 

2019). Further, PKA activity promotes the formation of invadopodia (Tonucci et al., 2019). 

While one study in adrenal cells demonstrates a dependence of podosome formation on 

PKA activity (Colonna and Podestá, 2005), another study in angiogenic sprouting shows 

an antagonistic effect of PKA on podosome rosette formation (MacKeil et al., 2019). Even 

smaller actin-based structures have also been found to contain PKA activity. Filopodia are 

fine, actin-based, probing protrusive structures in the leading edge. These structures are 

important for guiding cells and sensing mechanical inputs (Mattila and Lappalainen, 2008; 

Ridley, 2011; Bornschlögl, 2013; Heckman and Plummer, 2013; Jacquemet et al., 2015). 

Signaling through PKA is important for the formation of these structures (Gomez and 

Robles, 2004; Deming et al., 2015). Type II PKA localized to neuronal growth cone 

filopodia through AKAP binding encourages growth cone mobility and turning (Han et al., 

2007). Further, tethering to AKAPs—for example Gravin (RII) (Burgers et al., 2012) and 

smAKAP (RI) (Nauert et al., 1997)—has been shown to be important for PKA localization 

and function in filopodia in different cell types. Similarly, microspikes, which are akin to 

filopodia but reside within the veil of the lamellipodium at the leading edge of migrating 

cells and on neuronal growth cones, display PKA RII subunit tightly associated with actin 

structures (Rivard et al., 2009). This association is independent of canonical AKAP 

function and follows the dynamic nature of the actin structures themselves. This study not 
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only identifies PKA localized to protrusive actin, but points to a more direct coupling of 

the kinase to the actin cytoskeleton, without the use of AKAPs or the AKAP binding motif. 

Given the small size and highly specialized function of these cellular structures, it is likely 

that PKA activity has heretofore unexplored functions within filopodia and microspikes. 

Going further down the scale of cellular structures, lipid rafts and membrane microdomains 

such as caveolae are historically and intimately associated with the regulation of migration 

(Golub and Caroni, 2005; Head et al., 2014). Intriguingly, such microdomains have been 

reported to contain many components of the canonical PKA signaling pathway–adenylyl 

cyclases, phosphodiesterases, and PKA itself–often scaffolded together by AKAPs or other 

adapters (Head et al., 2006; Swaney et al., 2006; Patel et al., 2008). However, despite the 

aforementioned presence of PKA signaling machinery in microdomains and some elegant 

observations of microdomain regulation by PKA (Golub and Caroni, 2005), the 

contribution of raft- or caveoli-associated PKA signaling to migration remains largely 

unexplored. At an even smaller scale, a recent study characterized droplets of liquid-liquid 

phase separated RII which concentrate cAMP/PKA signaling (Zhang et al., 2020). These 

microdomains contained elevated PKA activity and sequestration of cAMP. The effect of 

this sequestration of signaling and effector molecules is to concentrate PKA activity for 

local signaling and prevent dissociation of cAMP and degradation by phosphodiesterases 

(Zhang et al., 2020). This type of microdomain presents evidence of AKAP independent 

concentration of PKA signaling which could dynamically regulate local signaling during a 

kinetic and iterative process such as cell migration. Finally, the smallest possible ‘location’ 

at which PKA signaling specificity and localization can occur is at the protein-level–
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specifically, the sphere of targets within molecular proximity of the enzyme itself. AKAPs 

serve as a nano scaffolds that bring together PKA, substrates, and regulatory proteins such 

as phosphodiesterases (Omar and Scott, 2020), supporting a discrete complex that is 

‘hardwired’ to focus and control the PKA activity within. It is at the level of anchoring that 

local PKA activity is truly specified and connected with its substrates. Further, recent 

evidence shows PKA may function and be regulated in a hyper-local manner. These studies 

reveal that PKA catalytic subunits are catalytically active without completely dissociating 

from the regulatory subunits. This finding highlights the importance and sophistication of 

the anchoring of PKA to precise locations and exquisitely increases spatial regulation of 

target specificity (Smith et al., 2013; Smith et al., 2017; Isensee et al., 2018). Given both 

the importance and the scales of localized PKA function, characterization of the specific 

targets regulated by these discrete pools of activity is of considerable importance. 

 

1.1.4. TARGETS OF PKA ACTIVITY 

PKA is delivered to different subsets of targets by nature of the high specificity of 

anchoring and localization of activity, as discussed in other sections. As a ubiquitous 

kinase, PKA has innumerable targets, many of which are associated with adhesion or 

migration. Given that PKA activity has been most heavily studied near the membrane, 

identifying membrane targeted substrates is where the most progress has been made. There 

are many intriguing examples of such targets, a few of which will be discussed here. 
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1.1.4.1 Rho GTPases 

Several Rho family GTPases are critical for the progression of cell migration 

(Lawson and Ridley, 2018). For examples of the seemingly paradoxical role of PKA 

activity on migration and the need for local fluctuations in PKA activity, one need not look 

further than Rho GTPases (Figure 1.2; Table 1.1). The following examples are all active in 

the leading edge during cell migration (Machacek et al., 2009), are critical to polarity, 

protrusion, lamella and filopodia formation, and cell migration (Lawson and Ridley, 2018), 

and are regulated by PKA activity. 

 

Table 1.1: Migration-related targets of PKA activity. 

Class Substrate Sites Regulatory 
Effect 

Functional Details References 

Rho 
GTPases 

RhoA S188 Inhibition Promotes binding 
to RhoGDI and 
sequestration, 
regulates 
membrane 
protrusion/retractio
n cycles 

(Lang et al., 
1996)  
(Forget et al., 
2002) 
 
(Tkachenko et 
al., 2011) 

Cdc42 S185* Inhibition Promotes binding 
to RhoGDI and 
sequestration 

(Forget et al., 
2002) 

Rac1 - Indirect 
activation 

Activation in 
pseudopods and 
other contexts 

(O'Connor and 
Mercurio, 2001) 
(Howe et al., 
2005) 

Rho GEFs 
and GAPs 

ARHGAP17 
Rac1 specific 
GAP 

S702 Activation, 
Binding 
partners 

Decrease Rac1 
activity, 
dissociation from a 
complex with 
Cdc42 effector 
CIP4, dynamic 
stimulation of cell 
migration 

(Nagy et al., 
2015) 

ARHGEF6 
Rac1 specific 
GAP 

S684 
S640 

Binding 
partners 

Promotes binding 
of 14-3-3 to 
ARGHEF in 
complex with GIT1 

(Nagy et al., 
2015) 
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STEF/Tiam2 
Rac1 specific 
GEF 

T749 
S782 
S156 

Activation Activation of Rac1, 
neurite outgrowth 

(Goto et al., 
2011) 

DOCK180 
Rac1 specific 
GEF 

S1250 Activation Activation of Rac1, 
promotion of cell 
migration 

(Feng et al., 
2014)  
(Feng et al., 
2015) 

P-Rex1 
Rac1 specific 
GEF 

S436 Inhibition, 
Activation 
by PKA RI 

Decreased Rac1 
activity driven by 
phosphorylation 
via PKA catalytic 
subunit, increased 
Rac1 activity 
driven by PKA RI 

(Chávez-Vargas 
et al., 2016) 
(Adame-García 
et al., 2019) 

��1Pix 
Cdc42 specific 
GEF 

S516 
T526 

Activation,  
Localization 

Activation of 
Cdc42, 
translocation of 
��1Pix to FAs 

(Chahdi et al., 
2005) 
(Chahdi and 
Sorokin, 2006) 

GEF-H1 
Rho specific 
GEF 

S886 Binding 
partners, 
Inhibition 

Inhibition of RhoA 
activity through 
increased binding 
to microtubules, 
increased 
association with 
14-3-3 

(Comer et al., 
2020) 

Myo9b 
Rho specific 
GAP 

S1354 Activation Inhibition of RhoA 
activity 

(Comer et al., 
2020) 

AKAP-Lbc 
Rho specific 
GEF 

S1565 Binding 
partners, 
Inhibition 

Inhibition of RhoA 
activity through 
14-3-3 binding 

(Diviani et al., 
2004) 
(Diviani et al., 
2006) 

Focal 
Adhesion 
Components 

VASP S153 
S235 
T274 

Mixed Decreased control 
of actin dynamics, 
inhibited 
maturation of FAs, 
accretion at 
peripheral cellular 
structures 

(Howe, 2004) 
(Benz et al., 
2009) 
(Lee and Chung, 
2009) 

LASP1 S99 
S146 

Binding 
partners, 
Localization 

Decreased affinity 
for F-actin, 
displacement from 
FAs, translocation 
to the nucleus 

(Chew et al., 
1998) 
(Chew et al., 
2002) 
(Butt et al., 
2003b) 
(Keicher et al., 
2004) 
(Grunewald and 
Butt, 2008) 
(Mihlan et al., 
2013b) 
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�.���������L�Q�W�H�J�U�L�Q�V �6�����������.���� Binding 
partners 

Stabilization of 
lamellipodia at the 
leading edge, 
disruption of 
paxillin binding to 
�.�����W�D�L�O 

(Goldfinger et 
al., 2003) 

ArgBP2/ 
SORBS2 

S259 Binding 
partners 

Phosphorylation 
causes 14-3-3 
binding, disrupting 
�E�L�Q�G�L�Q�J���Z�L�W�K���.-
actinin and 
therefore ArgBP2 
function at stress 
fibers, promoting 
cell migration 

(Anekal et al., 
2015) 

vinexin/ 
SORBS3 

- - Involved in PKA-
mediated 
anchorage-
dependent 
signaling 

(Suwa et al., 
2002) 

Non-
receptor 
Tyrosine 
Kinases 

Src S17 Increased 
catalytic 
activity 

Conformational 
change resulting in 
exposure and 
phosphorylation of 
Y419 activating 
site, promotes 
ovarian cancer cell 
migration 

(Schmitt and 
Stork, 2002) 
(Armaiz-Pena et 
al., 2013) 
(Beristain et al., 
2015) 
 

Fyn S21 Increased 
catalytic 
activity, 
Localization 

Increased activity 
and localization to 
FAs, promoting 
migration, FA 
dynamics, and 
leading edge 
dynamics 

(Yeo et al., 
2011) 

FAK - Mixed Indirect positive 
regulation through 
Src and Fyn, 
negative regulation 
in anchorage-
dependent 
signaling, likely 
required for full 
FAK activation and 
cell migration 

(Howe and 
Juliano, 2000) 
(Sanchez-
Collado et al., 
2019) 
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Ion 
Channels 

L-type Calcium 
Channel Cav1.2 

S1928† 
S1700† 
T1704† 

S1458 

Increased 
channel 
activity, 
Binding 
Partners 

Positive regulation 
of channel activity 
dependent on 
binding/scaffolding 
of several AKAPs 
including AKAP79 
and AKAP 
Cypher/Zasp, 
changes binding of 
calmodulin, 
mediates calcium 
response to 
adrenoreceptor 
activation 

(Gray et al., 
1998) 
(Murphy et al., 
2014) 
(Nystoriak et al., 
2017) 
(Yu et al., 2018) 
(Pallien and 
Klussmann, 
2020) 

TRPV1 S116 
T144 
T370 

Receptor 
sensitization 

Phosphorylation 
dependent on 
scaffolding of 
TRPV1 with 
AKAP150 

(Rathee et al., 
2002) 
(Por et al., 2013) 
(Mohapatra and 
Nau, 2003) 
(Mohapatra and 
Nau, 2005) 

TRPV4 S824 Receptor 
sensitization 

Phosphorylation 
dependent on 
scaffolding of 
TRPV4 with 
AKAP79 

(Fan et al., 2009) 

TRPM7 S1269* Mixed Phosphorylation at 
S1269 decreases 
Ca2+ influx, 
unidentified 
regulation 
downstream of 
PKA increases 
TRPM7 activity 

(Broertjes et al., 
2019) 
(Takezawa et al., 
2004) 

TRPC6 T69 
S28 

Inhibition Decreased channel 
activity 

(Nishioka et al., 
2011) 
(Horinouchi et 
al, 2012) 

Piezo 2 - Activation Increased PKA 
activity increases 
Piezo 2 activity 

(Dubin et al., 
2012) 

 

1.1.4.2. RhoA 

RhoA is classically associated with contractility and the formation of actin stress 

fibers and focal adhesions (Ridley and Hall, 1992). Rho is a direct substrate of PKA 

phosphorylation (Lang et al., 1996). Historically, this phosphorylation was considered to 
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inhibit binding of RhoA to Rho kinase, inhibiting Rho kinase (Dong et al., 1998). PKA 

phosphorylation of RhoA at Ser188 leads to inhibition of Rho membrane association (Lang 

et al., 1996). This dissociation from the membrane is achieved through increased 

association of RhoA with RhoGDI (Forget et al., 2002). RhoA is active at the foremost 

edge of the leading edge and its activity is correlated with membrane protrusion (Machacek 

et al., 2009). It is now generally understood that fluctuations in PKA activity control RhoA 

activity at the leading edge to promote extension of the cell membrane and 

protrusion/retraction cycles. In a study mentioned previously, using biosensors for both 

PKA and RhoA and protein biochemistry, PKA was found to regulate membrane 

protrusion-retraction cycles at the leading edge through its direct phosphorylation of RhoA 

and subsequent association of phosphorylated RhoA with RhoGDI (Tkachenko et al., 

2011).  

 

1.1.4.3. Cdc42 

Also active in the leading edge, Cdc42 is well known for its role in the extension 

of protrusions such as filopodia and microspikes (Machacek et al., 2009; Lawson and 

Ridley, 2018), structures known to concentrate PKA activity, as described previously. Like 

RhoA, Cdc42 is a direct substrate of PKA, but the functional consequences of this 

phosphorylation are not well explored. Multiple studies reveal that like that of RhoA, PKA 

mediated phosphorylation of Cdc42 increases its inactivation by association with RhoGDI 

(Forget et al., 2002; MacKeil et al., 2019), but the effects of PKA phosphorylation of Cdc42 

remain overall less well characterized than that of RhoA. 
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Figure 1.2: Schematic of functional connections between PKA and its targets in a migrating 
cell.  Relationships are simplified for visual clarity. See text and Error! Reference source not found. for 
details regarding functional connections.  

 

1.1.4.4 Rac1 

Rac1 GTPase is critical for the formation of lamellipodia through regulation of 

actin polymerization and turnover (Lawson and Ridley, 2018). Rac1 possesses AKAP 

properties and active Rac forms a complex with and stabilizes the PKA holoenzyme 

(Bachmann et al., 2013a; Bachmann et al., 2013b). Rac1 is not generally regarded as a 

direct substrate of PKA [save for an observation in (Brandt et al., 2009)] and it lacks the 

serine residue involved in PKA phosphorylation and consequent RhoGDI sequestration of 

RhoA and Cdc42 (Forget et al., 2002). However, PKA activity is linked to activation of 

Rac1 (O’Connor and Mercurio, 2001; Dormond et al., 2002; Howe et al., 2005), 

demonstrating a functional connection between PKA and Rac1 in migration. This 



20 
 

relationship has been given mechanistic foundations through the identification of several 

Rac GAPs [ARHGAP17 (activating/binding partners) (Nagy et al., 2015)] and Rac GEFs 

[ARHGEF6 (binding partners) (Nagy et al., 2015), STEF/Tiam2 (activating) (Goto et al., 

2011), DOCK180 (activating) (Feng et al., 2014; Feng et al., 2015), and P-Rex1 

(inactivating) (Chávez-Vargas et al., 2016)] that are directly phosphorylated by PKA. P-

Rex1 is a particularly interesting target of PKA phosphorylation. In addition to regulation 

by direct phosphorylation by PKA, this Rac GEF is also a noncanonical AKAP which 

reciprocally regulates PKA by bringing it to the plasma membrane (Chávez-Vargas et al., 

2016). Expression of a phospho-resistant mutant of P-Rex1 not only increased its activity 

but abrogated the migration-stimulating effect of PKA activation on endothelial cell 

migration (Chávez- Vargas et al., 2016). Interestingly, the inhibition of P-Rex1 by PKA 

catalytic subunit is complemented by an activation of P-Rex1 by PKA type I regulatory 

subunit (Adame-García et al., 2019). Given this interesting dichotomous regulation, one 

could argue that spatial regulation by PKA of P-Rex1 may be furthered by altered ratios of 

catalytic to regulatory subunits in the leading edge versus cell body as described in (Howe 

et al., 2005). 

 

1.1.4.5 Rho GEFs and GAPs 

Finally, the regulation of other Rho GEFs and GAPs by PKA further implicates 

PKA as a master regulator of the activity of these molecular switches in migration (Figure 

1.2; Table 1.1). This complexity is exemplified by PKA’s effects on Cdc42-specific GEF 

�����3�L�[�� ���D�F�W�L�Y�D�W�L�R�Q����localization) (Chahdi et al., 2005; Chahdi and Sorokin, 2006), Rho-
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specific GEF GEF-H1 (inactivation) and Rho-specific GAP Myo9b (activation) (Comer et 

al., 2020). Perhaps increasing its importance and relevance in the leading edge, AKAP-Lbc 

(described above in The leading edge) is a Rho-specific GEF and target of PKA 

phosphorylation (inactivating) (Diviani et al., 2004; Diviani et al., 2006). This type of 

multipurpose scaffolding molecule/effector is an excellent example of local contextual 

regulation of PKA and its targets.  

 

1.1.4.2 Focal adhesion components 

Many focal adhesion components have been implicated or confirmed to be targets 

of PKA phosphorylation. Given the localization of PKA to adhesive complexes, this 

abbreviated list of targets draws attention to the need for further investigation into the 

effects of PKA phosphorylation on adhesion dynamics (Figure 1.2; Table 1.1). 

 

1.1.4.2.1 VASP 

Vasodilator-stimulated phosphoprotein (VASP), thoroughly reviewed in migration 

with its Ena/VASP family members in (Faix and Rottner, 2022), is a quintessential PKA 

substrate involved in adhesion and migration (Krause et al., 2003). Briefly, VASP and 

related proteins are involved in cytoskeletal dynamics as actin assembly factors and 

anticapping proteins (Benz et al., 2009). VASP is essentially ubiquitous, like PKA, and it 

exists and exerts differing functions in different parts of the cell such as focal adhesions, 

the edge of lamellipodia, or tips of filopodia (Faix and Rottner, 2022). It’s long been shown 

to be a direct substrate of PKA and the effects of this phosphorylation are not unilaterally 
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inhibitory or stimulatory, rather VASP function and localization are modulated by 

phosphorylation by PKA (Howe, 2004). VASP phosphorylation by PKA is responsible for 

accretion of VASP at the cell periphery, in lamellipodia and focal adhesions, where 

dynamic actin remodeling is taking place (Benz et al., 2009) and this phosphorylation is 

dependent on PKA anchoring via ERM proteins (Deming et al., 2015). Unsurprisingly, 

VASP phosphorylation by PKA must be dynamic. Prolonged phosphorylation of VASP 

blocks maturation of focal adhesions (Lee and Chung, 2009). Thus, regulation of VASP by 

PKA can have different consequences and outcomes depending on precisely where and to 

what degree VASP is phosphorylated. 

 

1.1.4.2.2 LASP1 

LASP1 is an F-actin-binding protein that localizes to FAs, lamellipodial edges, 

podosomes, and other microfilament-associated structures. It also translocates into the 

nucleus to regulate transcription (Butt and Raman, 2018). LASP1 has well-established and 

increasingly important roles in cell motility, cancer metastasis and prognosis (Ruggieri et 

al., 2017), neural development (Butt et al., 2003), and many other cellular functions 

(Grunewald and Butt, 2008; Butt and Raman, 2018). It is directly phosphorylated by PKA 

in vitro and in vivo (Chew et al., 1998; Chew et al., 2002; Butt et al., 2003; Keicher et al., 

2004; Grunewald and Butt, 2008; Mihlan et al., 2013), and this modification decreases its 

affinity for F-actin (Chew et al., 2002; Butt et al., 2003), displaces it from FAs (Keicher et 

al., 2004), and facilitates its shuttling from the cytoplasm to the nucleus (Mihlan et al., 

2013). 
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1.1.4�����������.���������L�Q�W�H�J�U�L�Q�V 

�,�Q�� �D�G�G�L�W�L�R�Q�� �W�R�� �W�K�H�L�U�� �$�.�$�3�� �I�X�Q�F�W�L�R�Q���� �.�������� �L�Q�W�H�J�U�L�Q�V�� �D�U�H�� �S�K�R�V�S�K�R�U�\�O�D�W�H�G�� �E�\�� �3�.�$��

specifically in the leading edge of migrating cells (Goldfinger et al., 2003). 

�3�K�R�V�S�K�R�U�\�O�D�W�L�R�Q���E�\���3�.�$���E�O�R�F�N�V���S�D�[�L�O�O�L�Q���E�L�Q�G�L�Q�J���W�R���W�K�H���W�D�L�O���R�I���W�K�H���.�����L�Q�W�H�J�U�L�Q�����)�X�U�W�K�H�U�����W�K�L�V��

�V�W�X�G�\�� �V�K�R�Z�H�G�� �W�K�D�W�� �L�Q�F�U�H�D�V�H�G�� �D�V�V�R�F�L�D�W�L�R�Q�� �R�I�� �S�D�[�L�O�O�L�Q�� �W�R�� �.������ �D�V�� �R�F�F�X�U�V�� �L�Q�� �W�K�H�� �L�Q�K�L�E�L�W�L�R�Q�� �R�I��

PKA or elsewhere in the cell periphery, leads to destabilization of lamellipodia, stymying 

migration progress (Goldfinger et al., 2003). This spatially regulated phosphorylation of 

�.���� �E�\�� �3�.�$�� �L�V�� �I�X�U�W�K�H�U�� �U�H�T�X�L�U�H�G�� �I�R�U�� �W�K�H�� �D�O�L�J�Q�P�H�Q�W�� �R�I�� �H�Q�G�R�W�K�H�O�L�D�O�� �F�H�O�O�V�� �W�R�� �V�K�H�D�U�� �V�W�U�H�V�V�� �D�Q�G��

localized activation of Rac1 (Goldfinger et al., 2008). 

 

1.1.4.2.4 SORBS 

Members of the SORBS adaptor protein family, specifically ArgBP2/SORBS2 and 

vinexin/SORBS3 (Kioka et al., 2002; Roignot and Soubeyran, 2009), are found in FAs and 

F-actin junctions, play important roles in motility, force generation and 

mechanotransduction (Kioka et al., 2002; Cestra et al., 2005; Ichikawa et al., 2017; Kuroda 

et al., 2018), and intersect with PKA as direct substrates and/or modulators of PKA-

mediated anchorage dependent signaling (Suwa et al., 2002; Anekal et al., 2015). Given 

the number and variety of proteins found in focal adhesions (Zaidel-Bar et al., 2007; Kuo 

et al., 2011; Schiller et al., 2011; Horton et al., 2015) and that many of these components 

are known or putative PKA substrates (Robertson et al., 2015), it is likely that PKA may 

have myriad and complex roles in FA dynamics. Current efforts in our lab and others aim 

to expand our understanding of PKA’s roles in FA structures. 
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1.1.4.3 Non-receptor tyrosine kinases 

Non receptor tyrosine kinases such as Src and Fyn, Src family kinases, and Focal 

Adhesion Kinase (FAK) are critical to integrin mediated adhesion and cell migration 

(Klinghoffer et al., 1999; Cary et al., 2002; Mitra et al., 2005; Yeo et al., 2011). Though 

classically thought of as distinct from one another, connections and crosstalk between the 

cAMP/PKA pathway and tyrosine kinase pathways have been identified more and more 

over the past decade, most commonly with PKA acting upstream of tyrosine kinase 

activity, but increasingly the other way around (Figure 1.2; Table 1.1). 

 

1.1.4.3.1 Src 

Direct serine phosphorylation of Src increases Src activity and downstream tyrosine 

phosphorylation (Schmitt and Stork, 2002; Beristain et al., 2015). Serine phosphorylation 

at this site, downstream of PKA, promotes ovarian cancer cell migration (Armaiz-Pena et 

al., 2013). Further, Src activity and subsequent activation of FAK can be inhibited by PKA 

acting through C-terminal Src kinase (Csk) in membrane microdomains where all of the 

relevant signaling molecules coalesce (Abrahamsen et al., 2003). Similar effects are 

realized through Csk downstream in T cell activation (Vang et al., 2001) and vascular 

sprouting (Jin et al., 2010). Importantly, as has been shown for the EGF receptor (Caldwell 

et al., 2012), Src family kinases can phosphorylate PKA and this modification increases its 

catalytic activity (Schmoker et al., 2018). 
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1.1.4.3.2 Fyn 

Phosphorylation of Fyn by PKA alters its tyrosine kinase activity, localization to 

focal adhesion structures, and facilitates cell migration (Yeo et al., 2011). Disruption of 

this phosphorylation led to decreased migration and defective leading edge dynamics. 

Further, this phosphorylation of Fyn is critical for FAK activation and targeting to focal 

adhesions (Yeo et al., 2011). In the reverse direction, tyrosine phosphorylation of PKA by 

Fyn increases PKA activity and changes PKA complexing with binding partners such as 

AKAPs and phosphodiesterases, which further complex with Fyn in a glioblastoma cell 

line (Schmoker et al., 2018). 

 

1.1.4.3.3 FAK 

In addition to the indirect effects of PKA activity on FAK through Src and Fyn, as 

mentioned above, PKA negatively regulates FAK tyrosine phosphorylation in anchorage-

independent signaling (Howe and Juliano, 2000). Adenylyl cyclase 8, presumably 

upstream of PKA activity, is required for full FAK activation and cell migration in MDA-

MB-231 cells (Sanchez-Collado et al., 2019). Despite these observations, there are 

currently no published data supporting the converse relationship, placing FAK upstream of 

PKA activity. However, this is likely an important avenue of investigation given the roles 

of FAK and PKA in migration, mechanosensation, and cancer progression (Mitra et al., 

2005; McKenzie et al., 2011; Sulzmaier et al., 2014; Hytonen and Wehrle-Haller, 2016; 

McKenzie et al., 2020). 
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1.1.4.4 Ion channels 

Lastly, there are many known connections between PKA and several classes of ion 

channels (Gray et al., 1998; Fraser and Scott, 1999; Howe, 2011; Soni et al., 2014; Omar 

and Scott, 2020; Pallien and Klussmann, 2020). Particularly intriguing among these are L-

type Ca2+ channels, TRP-family channels, and Piezo channels (Figure 1.2; Table 1.1). 

 

1.4.4.1 L-type Ca2+ channels 

L-type Ca2+ channels (LTCCs) are responsible for retraction at the trailing edge 

(Yang and Huang, 2005), a front to rear Ca2+ gradient that maintains cell polarity (Kim et 

al., 2016), regulation of filopodia stability (Jacquemet et al., 2016), mechanosensation in 

filopodia (Efremov et al., 2022), and other functions relating to cell migration (Cheli et al., 

2016; Martínez-Delgado and Felix, 2017; Guo et al., 2018; Kamijo et al., 2018; Birey et 

al., 2022). LTCC activity is positively regulated by PKA which is anchored to signaling 

scaffolds surrounding LTCCs via AKAP79, AKAP Cypher/ Zasp, and others (Gray et al., 

1998; Flynn and Altier, 2013; Murphy et al., 2014; Nystoriak et al., 2017; Smith et al., 

2018; Yu et al., 2018; Pallien and Klussmann, 2020). As LTCCs have been shown to be 

critical for the sensory function of filopodia (Jacquemet et al., 2016; Efremov et al., 2022), 

a structure in which PKA has been shown to localize and function (Nauert et al., 1997; Han 

et al., 2007; Burgers et al., 2012), a hypothesis arises that a PKA-AKAP79-LTCC complex 

may be found within these structures. 
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1.1.4.4.2 Transient receptor potential channels 

Transient Receptor Potential (TRP) channels, particularly TRPC6 (Weber et al., 

2015; Farmer et al., 2019; Asghar and Törnquist, 2020), TRPV1 (Miyake et al., 2015), 

�7�5�3�9�������0�U�N�R�Q�M�L�ü���H�W���D�O�������������������/�L���H�W���D�O�������������������<�D�Q�J���H�W���D�O�������������������/�D�N�N���D�Q�G���.�U�L�å�D�M������������������

and TRPM7 (Clark et al., 2006; Su et al., 2006; Wei et al., 2009; Wang et al., 2014; 

Broertjes et al., 2019; Lefebvre et al., 2020; Yankaskas et al., 2021) are increasingly 

recognized as important regulators of cellular migration, as thoughtfully reviewed in 

(Howe, 2011; Fiorio Pla and Gkika, 2013; Canales et al., 2019). Importantly, all of the 

aforementioned channels have been shown to be either direct substrates of PKA [TRPV1 

(Rathee et al., 2002; Mohapatra and Nau, 2003; Mohapatra and Nau, 2005; Por et al., 2013), 

TRPV4 (Fan et al., 2009; Cao et al., 2018), TRPC6 (Nishioka et al., 2011; Horinouchi et 

al., 2012), and likely TRPM7 (Tian et al., 2018; Broertjes et al., 2019)] or regulated 

downstream of PKA activity (TRPM7 (Takezawa et al., 2004), establishing these and 

possibly other members of the TRP channel family as important players in PKA-mediated 

ion flux during migration. Crosstalk between PKA and TRP channels during cell migration 

has been well documented and is reviewed in (Howe, 2011). 

 

1.1.4.4.3 Piezo channels 

Piezo channels are massive, mechanically sensitive ion channels known to transmit 

mechanical signals, activate integrins, and regulate cell migration in several ways 

(Gottlieb, 2017; Nourse and Pathak, 2017; Canales Coutino and Mayor, 2021; Dombroski 

et al., 2021; Holt et al., 2021). PKA activity is potentiated by calcium influx downstream 



28 
 

of piezo1 in confined migration (Hung et al., 2016) and piezo2 activity is enhanced by 

increased PKA activity (Dubin et al., 2012), suggesting a link between PKA and piezo 

channels in migration.  

Clearly, given the number and variety of targets within these various cellular 

contexts, it is a vast oversimplification to think of PKA as either a positive or negative 

regulator of cell migration. PKA needs to be tightly and locally regulated to act on the 

correct targets to facilitate cell migration. This idea meshes well with the very nature of 

cell migration. Cell migration itself is a process of balance and of give and take. Cells must 

protrude and lay down new adhesive structures in some places and contract and 

disassemble contacts in others. At first glance, it may appear that PKA’s role in migration 

is messy, but, in fact, there is a simplicity and elegance to way a cell can express a single 

family of kinases that then acts throughout the cell according to context and local signals 

to carry out innumerable, specific local functions. 

 

1.1.5. REGULATION 

Though PKA has been studied for decades and even its name, cAMP dependent 

protein kinase, implies its regulation has been sorted, not enough is known on the 

subcellular and micro regulation of its activity. In many cases it’s not evident which class 

of PKA is doing the work of signaling during migration, as the biosensors and assays do 

not generally distinguish between them. However, it is quite clear that both classes–type I 

and type II–of PKA activity can contribute to migration-specific signaling (Howe et al., 

2005; Lim et al., 2007; McKenzie et al., 2011; Adame-García et al., 2019). Given that the 
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major differences between types I and II PKA are the concentration of cAMP required for 

activation and the mostly (but not always) distinct anchoring proteins associated with them, 

type I vs. type II PKA signaling may hold as yet undetermined importance for subcellular 

regulation. As discussed previously, the first layer of PKA regulation often occurs by 

binding of the catalytic subunit by the regulatory subunits, an interaction disrupted by the 

availability of cAMP. cAMP is produced by adenylyl cyclases (ACs), often downstream 

of G p�U�R�W�H�L�Q���F�R�X�S�O�H�G���U�H�F�H�S�W�R�U���D�F�W�L�Y�D�W�L�R�Q���D�Q�G���*���S�U�R�W�H�L�Q���*�.�V�����1�H�H�U�������������������$�&�V���F�D�Q���D�O�V�R���E�H��

�G�L�U�H�F�W�O�\���L�Q�K�L�E�L�W�H�G���E�\���*�.�L�����1�H�H�U�����������������D�Q�G���U�H�J�X�O�D�W�H�G���E�R�W�K���S�R�V�L�W�L�Y�H�O�\���D�Q�G���Q�H�J�D�W�L�Y�H�O�\���E�\���*������

(Tang and Gilman, 1991; Taussig et al., 1994; Sunahara and Taussig, 2002; Diel et al., 

2006), creating a complex combinatorial network of regulators of AC. In addition, there 

are also reports of cAMP-independent activation of PKA, adding an additional layer of 

complexity onto the matter (Dulin et al., 2001; Niu et al., 2001; Ferraris et al., 2002; 

Kopperud et al., 2003; Ma et al., 2005; Kohr et al., 2010). Thus, when one considers 

localized PKA activity in the context of cell migration, one must also consider localized 

control of the various upstream regulators of PKA in these contexts and niches, and the 

pathways that connect those regulators to the machinery of migration. PKA holoenzymes 

are docked to specific locations within the cell through their interactions with AKAPs 

which can serve as higher order scaffolds that bring together many components of the 

cAMP pathway (Pidoux and Tasken, 2010; Stangherlin and Zaccolo, 2011). This allows 

for local regulation of PKA activity in other processes, but the specifics of the regulation 

of PKA in migration remain relatively unexplored. Generally, studies that identify a role 

for PKA in migration stop short of tackling the mode of spatial and temporal regulation, 
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apart from identification of AKAP-based localization. Therefore, many questions remain 

as to how PKA is delivered to sites of activation in migration and how it is activated locally 

to achieve its specific functions therein.  

�7�K�H�� �V�W�U�R�Q�J�� �O�L�Q�N�� �E�H�W�Z�H�H�Q�� �.�������� �L�Q�W�H�J�U�L�Q�V�� �D�Q�G�� �3�.�$�� �D�F�W�L�Y�L�W�\�� �L�Q�� �W�K�H�� �O�H�D�G�L�Q�J�� �H�G�J�H�� �L�V��

certainly intriguing, but the details of PKA regulation in this context remain unknown. 

Using cAMP sensitive biosensors, leading edge gradients of cAMP have been observed 

(Lim et al., 2008). Though they do not categorically show that this cAMP gradient is 

driving PKA activity directly, parsimony would suggest that it is. Even if it is simply local 

cAMP that drives leading edge PKA, the mechanism by which cAMP production is 

spatially regulated is still unknown. Most attempts at directly inhibiting leading edge PKA 

use the rather heavy-handed application of PKA inhibitor H89. H89 is hardly specific to 

PKA (Davies et al., 2000) and acts directly at the level of the catalytic subunit, not 

�L�Q�W�H�U�I�H�U�L�Q�J���Z�L�W�K���F�$�0�3���D�Y�D�L�O�D�E�L�O�L�W�\���R�U���E�L�Q�G�L�Q�J�����(�Q�J�D�J�H�P�H�Q�W���R�I���������L�Q�W�H�J�U�L�Q�V���D�Q�G���D�S�S�O�L�F�D�W�L�R�Q��

of mechanical stress at the points of integrin engagement have been shown to activate G 

�S�U�R�W�H�L�Q���*�.�V���D�Q�G���O�H�D�G���W�R���O�R�F�D�O���L�Q�F�U�H�D�V�H�V���L�Q���F�$�0�3�����0�H�\�H�U���H�W���D�O�������������������$�O�H�Q�J�K�D�W���H�W���D�O��������������������

This gating of cAMP production by integrins and mechanical stress is certainly intriguing, 

particularly because leading edge PKA activity has been shown to be tightly coupled to 

mechanical inputs (McKenzie et al., 2020). Treatment with a potent inhibitor of myosin II 

(and thereby actomyosin contractility) diminishes leading edge PKA activity in under a 

minute. Further, PKA activity can be potentiated by application of mechanical stretch on a 

2D hydrogel. Finally, PKA activity is required for durotaxis, or mechanically gated cell 

migration (McKenzie et al., 2020). The mechanism underlying the mechanical regulation 
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of PKA is still under investigation. Cell migration itself is a process driven by iterative 

mechanical inputs as the cell constantly forms new connections and probes the extracellular 

environment for elasticity and structure (Plotnikov et al., 2012; Wong et al., 2014), so it 

stands to reason that the regulation of PKA is guided by this iterative mechanical probing. 

Recalling the study using rapamycin-inducible recruitment of RII subunit, this 

manipulation had differing effects on PKA activity and directional cell migration 

depending on the level of induction (LaCroix et al., 2022). Moderate amounts of 

recruitment of R subunit to the membrane led to increased and sustained PKA activity there 

whereas high levels ultimately inhibited PKA activity (LaCroix et al., 2022). Though not 

completely unexpected, this result highlights the complexity of PKA regulation—location, 

relative abundance of subunits, and availability of upstream activators, binding partners, 

and targets coalesce to create higher order signaling complexes that bring PKA specifically 

to bear on a variety of processes involved in cell migration.  

If we are to understand how PKA functions in the complex and contextual way 

outlined in this review, it is important to drill down and explore what regulators of adhesion 

and migration are proximally involved in regulating PKA activity. If the PKA activity in 

question is, indeed, regulated through the canonical pathway, there must be communication 

between adhesive complexes, cytoskeletal structures, and other migratory nodes and 

cyclases/phosphodiesterases. This regulation will be very tightly controlled and highly 

contextual. There is not a lot known about these connections, and for good reason. PKA 

regulation on this level is highly context specific in that it needs to be studied at very high 

conceptual and practical resolution. Needless to say, studying such a ubiquitous kinase at 
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a granular, subcellular level is complex, but identifying signaling niches and the regulatory 

machinery within those niches will be key to understanding how PKA functions in this 

contextual manner during cell migration. 

 

1.1.6. DISCUSSION 

Gradients and other heterogeneities in the extracellular environment must be 

converted into asymmetries in the intracellular biochemical processes that iteratively 

reshape and reposition the cell to achieve cell movement. Understanding this conversion 

requires detailed understanding of the interface between signaling enzymes and 

cytoskeletal and adhesive structures/machineries that execute the physical steps of cell 

migration. Though PKA signaling is widely recognized as important for migration and this 

topic has been the focus of a fair number of studies throughout the past two decades, the 

sum of these studies merely scratches the surface of the complexity therein. Anchored PKA 

complexes function as tethered, multicomponent sensors/relays for converting regional 

extracellular stimuli into specific, precise, and highly localized intracellular effects. Many 

such complexes, as well as known and putative PKA substrates, are found in a variety of 

subcellular compartments and structures involved in cell migration. Thus, elucidation of 

the composition, regulation, and precise function of these distinct PKA signaling 

complexes is an important endeavor in understanding of the complexity of spatial 

regulation of migration. 
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1.2. MECHANOTRANSDUCTION 

1.2.1. Cells in the mechanical microenvironment 

Cells sense and respond to all aspects of their environment-from soluble cues, like 

growth factors, to the physical features of the extracellular matrix (ECM). One such 

physical feature, tissue and matrix rigidity, helps to define a cell’s environment. The 

mechanical properties of the tissue and matrix surrounding a cell can alter metabolism, 

proliferation, survival, migration and other cellular processes (Bershadsky, Kozlov, & 

Geiger, 2006; Vogel & Sheetz, 2006). 

Some of the most striking examples of the relationship between cells and the 

mechanical microenvironment come from breast cancer research. Embedding a healthy 

mammary gland colony in a pliable matrix, similar to the stiffness of breast tissue, results 

in normal, acinar morphology (Paszek et al., 2005). When mammary gland colonies are 

embedded in stiffer and stiffer matrices, they start to exhibit more malignant 

characteristics. The cells proliferate and invade the acinus, losing normal epithelial 

polarity, and create larger and more numerous adhesions, reinforcing their connection to 

the rigid extracellular environment (Paszek et al., 2005). Further, cells that are already 

transformed become more malignant in rigid matrices, disaggregating and invading their 

surroundings (Provenzano et al., 2006; Provenzano et al., 2008). These experiments 

demonstrate that the rigidity of the extracellular environment dictates how a cell exists and 

moves within that environment.   

Mechanotransduction is the conversion of these extracellular mechanical signals to 

biochemical signals. This type of signaling originates from connections between the cell 
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and the substratum, namely integrin based adhesive structures (Bershadsky, Balaban, & 

Geiger, 2003; Bershadsky et al., 2006; Discher, Janmey, & Wang, 2005; Pelham & Wang, 

1998). These structures anchor the actomyosin cytoskeleton, a major structural element of 

the cell consisting of actin fibers and bundles linked and pulled by myosin motors to create 

tension across and between sites of connection with the ECM (Sun, Guo, & Fassler, 2016). 

This system is the basis for creating actomyosin contractility, the cell’s inherent, responsive 

mechanical strength. Focal adhesions (FAs) serve, then, as hubs for the outside-in and 

inside-out signaling inherent in mechanosensation (Sun et al., 2016). These multiprotein 

plaques are rife with structural and signaling molecules assembling and conforming 

according to the extracellular mechanical signals passing through integrins, from the 

outside-in. Similarly, they change in size and composition in response to feedback from 

the cell itself, applying more or less tension across the actin cytoskeleton and dynamically 

probing and deforming the ECM, making change from the inside-out (Discher, Janmey, & 

Wang, 2005). Focal adhesion proteins are poised to receive and integrate signals between 

the cell and ECM through the addition, removal, deformation, association, or post-

translational modification of different proteins (Kanchanawong et al., 2010; Vogel & 

Sheetz, 2006).  

It is differences in tension between FAs across the cell that promote cell motility in 

response to matrix rigidity (Lange & Fabry, 2013). Durotaxis is the movement of cells 

toward regions of increased rigidity, guided by the mechanisms above (Lo, Wang, Dembo, 

& Wang, 2000). Cells use mechanically-gated migration in the processes of development, 

wound healing, immune response, and cancer metastasis alike (Pelham & Wang, 1998; 
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Plotnikov & Waterman, 2013).  Given that the cell sets its own contractile state to match 

the tension in the environment, moving along a gradient of rigidity allows the cell to 

maintain tensional homeostasis or, in the case of cancer cell metastasis, promote 

malignancy (Ingber, 2006; Paszek et al., 2005; Plotnikov, Pasapera, Sabass, & Waterman, 

2012; Provenzano et al., 2006; Provenzano et al., 2008). 

 

1.2.2. Mechanical regulation of cAMP/PKA signaling 

The signaling pathway involving cAMP and PKA has long been described as 

mechanically sensitive. In fact, the oldest observation of mechanochemical signaling 

described mechanical regulation of cyclic nucleotide production (Rodan, Bourret, Harvey, 

& Mensi, 1975). Further observations have shown that stimulating integrins with 

�P�H�F�K�D�Q�L�F�D�O�� �I�R�U�F�H�� �L�Q�F�U�H�D�V�H�V�� �*�.�V�� �D�F�W�L�Y�L�W�\���� �F�$�0�3�� �S�U�R�G�X�F�W�L�R�Q���� �3�.�$�� �D�F�W�L�Y�L�W�\���� �D�Q�G�� �Q�X�F�O�H�D�U��

CREB accumulation (Alenghat, Tytell, Thodeti, Derrien, & Ingber, 2009). These data are 

brought into context by experiments showing that PKA activity controls anchorage 

dependent signaling by mitogen activated protein kinase (Howe & Juliano, 2000). 

Collectively, these studies identify cyclic nucleotide and PKA signaling downstream of 

integrin-mediated adhesion and mechanosensation, the full implications of which remain 

unexplored. 

 

1.2.3. Focal Adhesion Kinase, Migration, and Mechanotransduction 

As discussed previously, the dissemination of mechanical signals throughout the 

cell occur, in part, at integrin-based adhesive structures. Here, structural and signaling 
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molecules coalesce to form physical connections to the extracellular matrix that fluctuate 

and change based on extracellular conditions such as mechanical forces (Vogel & Sheetz, 

2006). Focal Adhesion Kinase (FAK) is a non-receptor tyrosine kinase which localizes to 

focal adhesions where it acts to control focal adhesion turnover, the mechanically sensitive 

phosphorylation of focal adhesion proteins (mainly paxillin), and other adhesion related 

�G�\�Q�D�P�L�F�V�����6�F�K�D�O�O�H�U�������������������)�$�.���D�Q�G���L�W�V���D�F�W�L�Y�L�W�\���D�U�H���U�H�T�X�L�U�H�G���I�R�U���F�H�O�O���P�L�J�U�D�W�L�R�Q�����,�O�L�ü���H�W���D�O������

1995; Lawson et al., 2012; Schaller, 2010; Sieg et al., 2000; Sieg, Hauck, & Schlaepfer, 

1999). The recruitment of FAK to focal adhesions occurs early in adhesion formation and 

is dependent on force generation by myosin II and actin structures (Pasapera, Schneider, 

Rericha, Schlaepfer, & Waterman, 2010; Zhou et al., 2021). Further, the recruitment of 

FAK to focal adhesions is required for the localization or activation of other mechanically 

sensitive proteins such as talin (Lawson et al., 2012) and YAP (Lachowski et al., 2018). 

FAK activity is required for cyclic mechanical probing of the matrix through focal 

adhesions, a process thought to be important for durotaxis (Plotnikov et al., 2012). Cells 

derived from FAK null embryos fail to form focal adhesions in the direction of applied 

durotactic stretch and are unable to durotax, phenotypes rescued by re-expression of 

wildtype FAK (Wang, Dembo, Hanks, & Wang, 2001). Therefore, FAK and its 

downstream targets are required for mechanosensation and durotaxis. 

 

1.3. SUMMARY AND PERSPECTIVE 

In summary, PKA signaling, adhesive signaling, and mechanosensation are all 

important factors in cell migration and there is significant evidence which suggests that 
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these factors may coalesce to provide permissive conditions for cell motility. PKA is 

locally and dynamically active in protrusive structures during migration, has a broad array 

of substrates involved in various aspects of motility, and is regulated downstream of 

mechanical and adhesive signaling. Therefore, the following studies seek to identify the 

connections between cell mechanics, adhesive signaling, and PKA in cell migration.  

PKA and focal adhesion kinase are both involved in migration, mechanical 

signaling, and, with the addition of the study presented in Chapter 2, durotaxis. Though 

these two principle kinases are functioning in parallel during these processes, there exists 

very little literature to suggest that they are acting together. The study in presented in 

Chapter 3 investigates the hypothesis that there is crosstalk between these two pathways 

during cell migration. Finally, preliminary studies presented in Chapter 4 broach the 

broader possibility of tyrosine kinase signaling upstream of the cAMP/PKA pathway 

beyond their potential role in motility. 
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CHAPTER 2: PROTEIN KINASE A ACTIVITY IS REGULATED BY 

ACTOMYOSIN CONTRACTILITY DURING CELL MIGRATION AND IS 

REQUIRED FOR DUROTAXIS  

Andrew J. McKenziea,b,†, Kathryn V. Sveca,b,†, Tamara F. Williamsa,b, and Alan K. 

Howea,b,c,*  

aDepartment of Pharmacology,  

bUniversity of Vermont Cancer Center, and  

cDepartment of Molecular Physiology and Biophysics, University of Vermont, Burlington, 

VT 05405 

†These authors contributed equally to this work.  

*Address correspondence to: Alan K. Howe (Alan.Howe@med.uvm.edu). 

 

2.1. ABSTRACT  

Dynamic subcellular regulation of protein kinase A (PKA) activity is important for 

the motile behavior of many cell types, yet the mechanisms governing PKA activity during 

cell migration remain largely unknown. The motility of SKOV-3 epithelial ovarian cancer 

(EOC) cells has been shown to be dependent both on localized PKA activity and, more 

recently, on mechanical reciprocity between cellular tension and extracellular matrix 

rigidity. Here, we investigated the possibility that PKA is regulated by mechanical 

signaling during migration. We find that localized PKA activity in migrating cells rapidly 

decreases upon inhibition of actomyosin contractility (specifically, of myosin ATPase, Rho 

kinase, or myosin light-chain kinase activity). Moreover, PKA activity is spatially and 
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temporally correlated with cellular traction forces in migrating cells. Additionally, PKA is 

rapidly and locally activated by mechanical stretch in an actomyosin contractility-

dependent manner. Finally, inhibition of PKA activity inhibits mechanically guided 

migration, also known as durotaxis. These observations establish PKA as a locally 

regulated effector of cellular mechanotransduction and as a regulator of mechanically 

guided cell migration. 

 

2.2. INTRODUCTION  

Cells sense, respond to, and contribute to the mechanical properties of the 

extracellular matrix (ECM) by exerting actomyosin-dependent contractile force on 

integrin-based adhesive contacts and sensing countertension through mechanochemical 

systems (Bershadsky et al., 2003; Janmey and McCulloch, 2007; Schwartz, 2010; Levayer 

and Lecuit, 2012; Schiller and Fassler, 2013; Ringer et al., 2017; Weinberg et al., 2017). 

Integrin engagement and clustering initiate the generation of cellular forces through 

actomyosin contractility (Chrzanowska-Wodnicka and Burridge, 1996; Choquet et al., 

1997; Balaban et al., 2001), which in turn promotes maturation and strengthening of 

adhesive contacts, thereby providing countertension to the force of protrusive actin 

polymerization within leading-edge lamellipodia and large-scale contractility to pull the 

cell body in the direction of migration (Riveline et al., 2001; Parker et al., 2002; Prager-

Khoutorsky et al., 2011; Wolfenson et al., 2011; Plotnikov et al., 2012; Plotnikov and 

Waterman, 2013; Roca-Cusachs et al., 2013; Lintz et al., 2017). The distribution of 

contractile forces within a migrating cell generates subcellular areas with varying degrees 
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of intracellular tension, countered both by internal cytoskeletal scaffolds and by matrix 

adhesions (Ingber, 1997; Schwartz, 2010). Intracellular contractile forces regulate myriad 

aspects of cell migration (Vicente-Manzanares et al., 2011; Levayer and Lecuit, 2012; 

Plotnikov et al., 2012; Pasapera et al., 2015; Schiffhauer and Robinson, 2017), and during 

the migration of many cell types, traction force tends to be highest within the leading edge, 

often within the lamella just behind actively protruding lamellipodia (Bereiter-Hahn and 

Luers, 1998; Dembo and Wang, 1999; Lo et al., 2000; Beningo et al., 2001; McKenzie et 

al., 2018). cAMP-dependent protein kinase (PKA) is an important regulator of myriad 

targets involved in cell migration and cytoskeletal dynamics (Howe, 2004, 2011), and 

localized activation of PKA signaling, facilitated by A-kinase anchoring proteins 

(AKAPs), is necessary for the motile behavior of numerous cell types (Howe et al., 2005; 

Lim et al., 2007, 2008; Paulucci-Holthauzen et al., 2009; Zhang et al., 2010; McKenzie et 

al., 2011; Tkachenko et al., 2011; Takahashi et al., 2013; Deming et al., 2015; Sinha et al., 

2015). However, the mechanisms controlling PKA activation during migration remain 

unclear. Previously, we showed that efficient migration of SKOV-3 human ovarian cancer 

cells requires localized PKA activity within the leading edge (McKenzie et al., 2011). More 

recently, we demonstrated that SKOV-3 cell migration is also governed by the mechanical 

microenvironment; specifically, that cell contractility and migration positively correlate 

with ECM stiffness and that directional increases in ECM tension promote SKOV-3 cell 

durotaxis (McKenzie et al., 2018). In the present work, we explore the possibility that 

localized PKA activity in migrating cells might be regulated by mechanical signaling and 

cell–matrix tension. 
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2.3. RESULTS 

2.3.1. Protein kinase A is activated at the leading edge during cell migration but not 

at the periphery during cell spreading  

In an attempt to facilitate the investigation of the regulation of PKA within the 

leading edges of migrating cells, we performed live-cell Förster resonance energy transfer 

(FRET) microscopy using pmAKAR3, a genetically encoded PKA biosensor consisting of 

a sensor cassette (a PKA-specific substrate domain and a flanking phosphoamino acid–

binding FHA1 domain) located between ECFP and an EYFP variant (cpV-E172), and a C-

terminal CAAX box (derived from K-Ras) for targeting to the plasma membrane (Allen 

and Zhang, 2006). PKA-mediated phosphorylation of the pmAKAR3 substrate domain 

promotes intramolecular binding by the FHA1 domain, juxtaposition of the fluorophores, 

and increased FRET. Mutation of the PKA phosphorylation site in pmAKAR3 from Thr to 

Ala (pmAKAR3TA) ablates the baseline FRET signal and renders the biosensor 

unresponsive to pharmacological elevation of cAMP by treatment with forskolin and 

IBMX (to activate adenylyl cyclase and inhibit phosphodiesterases, respectively; 

Supplemental Figure 2.1A). Importantly, it is this biosensor that has been used and 

characterized most extensively to describe and investigate localized PKA activity in 

migrating cells (Lim et al., 2008; Paulucci-Holthauzen et al., 2009; McKenzie et al., 2011; 

Tkachenko et al., 2011). We first used pmAKAR3 to compare the PKA activity in the 

leading edges of migrating SKOV-3 cells and in the peripheries of spreading SKOV-3 

cells, shortly after plating onto fibronectin-coated surfaces, as this periphery is often used 

as a model for the migratory leading edge (e.g., Giannone et al., 2007). Consistent with 
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prior reports (McKenzie et al., 2011), robust and dynamic PKA activity was seen within 

the leading edge of migrating cells (Figure 2.1, B and C; Supplemental Movie S1). No  

Figure 2.1: PKA activity is increased at the leading edge of migrating cells but not at the 
periphery of spreading cells. SKOV-3 cells expressing pmAKAR3 were plated onto fibronectin-coated 
glass coverslips and imaged via FRET microscopy10 min (A) or 4 h (B) after plating. Representative 
pseudocolored FRET/CFP images of spreading (A) and migrating (B) cells are shown (bar = 25 µm). FRET 
ratios of each image are scaled from 1.0 to 2.5 (cool to warm color). (C) A linescan analysis of the change in 
centroid-to-front FRET ratio was performed on the spreading (left) and migrating (right) cells from A and B. 
Kymographs represent the FRET ratio along the linescans shown in Supplemental Movie S1 over the course 
of 1 h. Images were acquired every 60 s. Kymograph scale bars represent 5 µm on the X axis and 5 min on 
the Y axis. 

https://www.molbiolcell.org/doi/10.1091/mbc.E19-03-0131
https://www.molbiolcell.org/doi/10.1091/mbc.E19-03-0131


60 
 

FRET signal was observed in cells expressing the phosphoresistant pmAKAR3TA mutant 

biosensor (Supplemental Figure 2.1B; Supplemental Movie S2), confirming that the 

leading-edge signal from the wild-type sensor is indeed due to biosensor phosphorylation. 

In contrast to the robust activity at the leading edge, PKA activity in the peripheries of 

spreading cells was very low (Figure 2.1, A and C; Supplemental Movie S1). This was 

somewhat surprising, given that prior investigations have reported, using biochemical 

methods, some degree of activation of PKA early upon integrin engagement and during 

cell spreading (Whittard and Akiyama, 2001; Howe et al., 2002). It is important to reiterate, 

here, that the pmAKAR3 biosensor used throughout this study (and others; Lim et al., 2008; 

Paulucci-Holthauzen et al., 2009; McKenzie et al., 2011; Tkachenko et al., 2011) is 

targeted to the plasma membrane and thus reports only membrane-proximal events, and 

therefore might not detect other pools of PKA that might be activated during spreading. 

That notwithstanding, the exceedingly low PKA peripheral activity suggests that spreading 

cells are not a suitable experimental system for studying regulation of PKA within the 

leading edge. 

 

2.3.2. Leading-edge protein kinase activity events are spatially and temporally 

distinct from sites of focal adhesion formation 

Over the course of additional experimentation and optimization of conditions for 

visualizing localized PKA activity during migration, we noticed that activation of PKA at 

the leading edge was common to many modes of migration under a variety of culture 

conditions; for example, signaling events were seen in the presence or absence of serum, 

https://www.molbiolcell.org/doi/10.1091/mbc.E19-03-0131
https://www.molbiolcell.org/doi/10.1091/mbc.E19-03-0131
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before and after serum starvation, and with and without supplemental growth factor, albeit 

with differences in signaling event morphology and kinetics (Supplemental Movie S3). 

This suggested that, rather than being instigated by soluble cues from culture media, the 

mechanisms governing localized PKA activity during migration might be governed by 

something intrinsic to cells as they move. One process common to most, if not all, modes 

of migration is the engagement of integrins by the ECM and the subsequent formation of 

adhesive complexes such as focal contacts and focal adhesions (Mostafavi-Pour et al., 

2003). Importantly, engagement of integrins has also been implicated in activation of PKA 

(O’Connor and Mercurio, 2001; Whittard and Akiyama, 2001; Goldmann, 2002; Howe et 

al., 2002, 2005; Howe, 2004; Alenghat et al., 2009; Tkachenko et al., 2011). We therefore 

investigated whether there were any spatiotemporal links between leading-edge PKA 

signaling events and the formation of focal adhesions. For this, we imaged cells co-

expressing pmAKAR3 and mCherry–paxillin to visualize PKA activity and focal adhesion 

dynamics, respectively. Paxillin was used as a marker of focal adhesions because it recruits 

to focal adhesions early in the maturation process and remains through the entirety of the 

adhesion lifetime (Zaidel-Bar et al., 2003). Visual assessment of numerous images 

suggested no close or obvious spatial correlation between leading-edge PKA events and 

paxillin-containing focal adhesions (Figure 2.2A).  

To further assess any spatiotemporal correlation between focal adhesion dynamics 

and PKA activity, leading-edge focal adhesions were tracked over time and an 

interrogation region of interest (ROI) 50% larger than the area of the adhesion was used to 

track pmAKAR3 FRET ratios under the same cellular regions (Figure 2.2B). Paxillin  

https://www.molbiolcell.org/doi/10.1091/mbc.E19-03-0131
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Figure 2.2: Leading-edge PKA activity does not correlate with focal adhesion dynamics.  
(A) Migrating SKOV-3 cells coexpressing pmAKAR3 and mCherry–paxillin were plated onto fibronectin-
coated imaging dishes, and representative near-simultaneous paxillin (Pxn) and pseudocolored FRET/CFP 
(pmAKAR3) images from live-cell microscopy experiments are shown. Arrow indicates location of peak 
FRET/CFP signal and corresponding location on mCherry– paxillin image. The leading edge is magnified in 
the insets, shown with cell outlines plotted for reference (bar = 10 µm). (B) Images of a single paxillin-
containing focal adhesion during assembly, peak, and disassembly (top) with overlapping pseudocolored 
FRET/CFP (bottom) are shown. (C) The changes in either paxillin fluorescence intensity or FRET ratios 
were plotted over time. (D) Images of dynamic PKA activity and the corresponding paxillin images are shown 
with ROI plotted as a reference. (E) The changes in either FRET ratios or paxillin fluorescence intensity were 
plotted over time. (F) YFP-dSH2 and paxillin intensities were tracked over time during focal adhesion 
assembly, peak, and disassembly. (G) Pearson’s coefficients of the covariance of paxillin with either YFP-
dSH2 (Pxn/dSH2) or pmAKAR3 (Pxn/pmAKAR3) during focal adhesion assembly, peak, and disassembly 
are shown as mean ± SEM (Pxn/dSH2, n = 10; Pxn/pmAKAR3, n = 13; * p < 0.001 for each phase of focal 
adhesion lifetime). 
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 (Figure 2.2C, red line), while PKA activity showed little, if any, variation in the same 

regions. Additionally, ROIs were placed around areas of dynamic leading edge PKA 

activity events and used to measure corresponding mCherry–paxillin intensities (Figure 

2.2D). Interestingly, there was no apparent covariation between the intensity of mCherry–

paxillin and peak PKA activity events (Figure 2.2E). Similar results were seen when 

mCherry–FAK was used as a distinct focal adhesion marker (Supplemental Figure 2.2). 

Integrin-containing complexes are known to generate myriad signals—most notably, a 

local increase in tyrosine phosphorylation and phosphotyrosine-dependent protein–protein 

interactions (Humphries et al., 2019). Thus, to ensure that the lack of coincidence between 

PKA events and focal adhesion dynamics was not due to an inability to detect adhesion-

associated signaling events, cells were co-transfected with mCherry–paxillin and 

YFPdSH2 (Kirchner et al., 2003), a phosphotyrosine reporter comprising yellow 

fluorescent protein fused to two tandem Src SH2 domains that bind phosphotyrosine. As 

expected, we saw strong covariation of paxillin intensity and the intensity of YFP-dSH2 

during the assembly, peak, and disassembly of focal adhesions (Figure 2.2F). 

Quantification of Pearson’s correlation coefficients showed a strong positive correlation 

between mCherry–paxillin and YFP-dSH2, but no correlation between pmAKAR3 FRET 

ratios and mCherry–paxillin (Figure 2.2G). While we cannot rule out a role for small and/or 

transient focal complexes that are below our threshold of detection, these results 

demonstrate that leading-edge PKA dynamics is not spatiotemporally correlated with the 

onset, maturation, or dissolution of mature focal adhesions in migrating cells. This suggests 

that leading edge PKA activity is regulated through a mechanism dependent on, but 
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downstream of and spatially removed from, integrin-mediated focal adhesion formation. 

In addition to spanning the plasma membrane, integrins and their dependent adhesion 

complexes can both regulate and be regulated by membrane order and lipid raft dynamics 

in complex ways (Leitinger and Hogg, 2002; Gagnoux-Palacios et al., 2003; Del Pozo, 

2004; Del Pozo et al., 2004, 2005; Fabbri et al., 2005; Gaus et al., 2006; Vassilieva et al., 

2008; Norambuena and Schwartz, 2011; Wang et al., 2013; Head et al., 2014; Sun et al., 

2016). Importantly, PKA also has distinct functions in lipid rafts (Golub and Caroni, 2005; 

Ruppelt et al., 2007; Delint-Ramirez et al., 2011; Raslan and Naseem, 2015), and work 

using distinctly targeted PKA biosensors has demonstrated differential regulation of PKA 

in bulk plasma membrane as compared with lipid rafts (Depry et al., 2011). Therefore, to 

determine whether a spatiotemporal correlation might exist between adhesion dynamics 

and leading-edge PKA activity in a distinct membrane microdomain, we visualized PKA 

dynamics in migrating cells using the lipid raft–targeted biosensor LynAKAR4 (Depry et 

al., 2011). Similarly to the activity seen with pmAKAR3, dynamic PKA activity was also 

observed in the leading edges of LynAKA4expresing cells, albeit with discernibly distinct 

patterns and dynamics (Supplemental Figure 2.3A; Supplemental Movie S4). Notably, 

these distinct raft associated PKA activity events also did not correlate closely with focal 

adhesion assembly dynamics in space or time (Supplemental Figure 2.3B), confirming the 

assertion that PKA activity in leading-edge membranes is regulated through a mechanism 

that is downstream of and/or spatially separated from integrin-mediated focal adhesion 

formation. 

 

https://www.molbiolcell.org/doi/10.1091/mbc.E19-03-0131
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2.3.3. Leading-edge protein kinase activity is regulated by actomyosin contractility 

In further consideration of what might regulate PKA activity during migration, we 

began to consider a cellular characteristic that is dependent on integrin-mediated adhesion, 

intrinsic to many cells across many modes of migration, and not typically associated with 

cell spreading—namely, actomyosin-dependent cellular contractility (Bershadsky et al., 

2003; Wakatsuki et al., 2003; Zhang et al., 2008; Wolfenson et al., 2011; Plotnikov et al., 

2012). Intracellular contractile forces regulate diverse aspects of signaling and cytoskeletal 

dynamics during cell migration (Vicente-Manzanares et al., 2011; Levayer and Lecuit, 

2012; Plotnikov et al., 2012; Pasapera et al., 2015; Schiffhauer and Robinson, 2017) and, 

importantly, these forces tend to be highest within the leading edge (Bereiter-Hahn and 

Luers, 1998; Dembo and Wang, 1999; Lo et al., 2000; Beningo et al., 2001; McKenzie et 

al., 2018), placing them in the correct subcellular location to affect PKA activity. 

To investigate whether cellular contractility affected PKA dynamics, we imaged 

PKA activity in live cells before and after addition of blebbistatin, an inhibitor of the 

myosin II-ATPase. Upon addition of blebbistatin, localized and dynamic activity of PKA 

at the leading edge rapidly and significantly diminished (Figure 2.3, A and B; Supplemental 

Movie S5), suggesting that this localized activity is dependent on actomyosin contractility. 

�(�[�S�R�V�X�U�H���R�I���E�O�H�E�E�L�V�W�D�W�L�Q���W�R���E�O�X�H���O�L�J�K�W�����”���������Q�P�������K�R�Z�H�Y�H�U�����F�D�Q���L�Q�D�F�W�L�Y�D�W�H���W�K�H���F�R�P�S�R�X�Q�G��

and generate cytotoxic free radicals (Kolega, 2004; Sakamoto et al., 2005), although 

attenuation of light intensity and rapid diffusion of “fresh” drug from the media bath into 

cells often allow its utility in live-cell imaging experiments using blue light excitation 

(Hotulainen and Lappalainen, 2006; Burnette et al., 2008; AratynSchaus and Gardel, 2010;  

https://www.molbiolcell.org/doi/10.1091/mbc.E19-03-0131
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Figure 2.3: Actomyosin contractility regulates leading-edge velocity and PKA activity. A 
migrating SKOV-3 cell expressing pmAKAR3 was plated on a fibronectin-coated glass-bottomed imaging 
dish and monitored by live-cell microscopy before and after treatment with 25 µM blebbistatin (Blebb). 
Representative pseudocolored FRET/CFP images (corresponding to the boxed region in Supplemental Movie 
S3) are shown. (B) A maximum-intensity projection of cumulative PKA activity in 10 images (2 min apart) 
before and after treatment with blebbistatin. (C) Representative images of pmAKAR3-expressing SKOV-3 
cells migrating on fibronectin-coated dishes before (0 min) and 30 min after treatment with 0.1% vol/vol 
dimethyl sulfoxide (DMSO), 1 µM H-1152, or 10 µM fasudil. The leading edge is magnified in the insets 
(scale bar = 10 µm). (D) QuimP11 software (Bosgraaf and Van Haastert, 2010) was used to generate maps 
of PKA activity (top) and edge velocity (bottom) within a 10-µm band along the leading edge before and 
after treatment with blebbistatin (Blebb). (E) SKOV-3 cells expressing mCherry–paxillin, mCherry–zyxin, 
or pmAKAR3 (FRET) migrating on fibronectin-coated glass dishes, or cells plated on 125 kPa fluorescent 
nanosphere-functionalized hydrogels (traction force) were treated with 25 µM blebbistatin (or with 0.1% 
vol/vol DMSO; Ctrl) at time = 0. Capturing images every 60 s, the fluorescence intensity of paxillin or zyxin 
within focal adhesions, PKA activity (via the pmAKAR FRET signal), or traction force was measured, 
normalized to values at t = 0, and plotted. The graph depicts mean values ± SEM (npaxillin-Blebb = 211 
adhesions from seven cells; nzyxin-Blebb = 156 adhesions from five cells; nFRET = 30 linescans from six 
cells; nzyxin-Ctrl = 125 adhesions from five cells; nFRET-Ctrl = 35 linescans from seven cells; ntraction 
force = average traction from six cells). The inset shows the first 5 min of the time course at higher resolution; 
these data were used to calculate the one-phase half-life (t½) or apparent t½ decay values for each signal, 
using GraphPad Prism.  

 

https://www.molbiolcell.org/doi/10.1091/mbc.E19-03-0131
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Myers et al., 2011). Nonetheless, to ensure that blebbistatin-mediated inhibition of leading-

edge PKA activity was due to inhibition of contractility and not cytotoxicity, we  repeated  

this   experiment   with   other   contractility inhibitors. Initial attempts at imaging 

pmAKAR3-expressing cells before and after addition of para-aminoblebbistatin, a 

nontoxic blebbistatin derivative that is supposedly nonfluorescent (Varkuti et al., 2016), 

gave uninterpretable results due to significant yellow fluorescence of the drug inside 

cells—an observation confirmed in non-transfected cells (Supplemental Figure 2.4). We 

therefore employed compounds that are devoid of phototoxicity and optical artefacts and 

inhibit actomyosin contractility (Supplemental Figure 2.5) through distinct mechanisms; 

specifically, through inhibition of Rho-kinase (using H-1152, Fasudil/HA-1077, or Y-

27632) or myosin light-chain kinase (using ML-7), both of which contribute to the 

phosphorylation and activation of the myosin light chain (MLC) of myosin II to promote 

contractility (Amano et al., 1996; Totsukawa et al., 2000). Treatment of migrating, 

pmAKAR3-expressing cells with each of these compounds lead to a rapid and significant 

decrease in leading-edge PKA activity (Figure 2.3C; Supplemental Movie S6; 

Supplemental Figure 2.6). Leading-edge PKA activity visualized by LynAKAR4 showed 

a similar dramatic reduction upon inhibition of Rho-kinase by Y-27632 (Supplemental 

Figure 2.3C), further supporting the observation that leading-edge PKA activity is 

dependent on actomyosin contractility. Inhibition of actomyosin contractility is associated 

with discrete morphological effects, including cessation of leading-edge dynamics and 

eventual dissolution of focal adhesions, so it is possible that the loss of PKA is coupled to 

one of those events. To better assess the kinetics of loss of PKA activity upon inhibition of 

https://www.molbiolcell.org/doi/10.1091/mbc.E19-03-0131
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contractility, we generated morphodynamic maps of protrusion/retraction velocities and 

PKA activity along the leading edge using QuimP11 edge tracking and sampling software 

(Bosgraaf and Van Haastert, 2010). As demonstrated previously (Tkachenko et al., 2011), 

edge velocity and leading-edge PKA activity are spatiotemporally correlated in actively 

migrating cells (Figure 2.3D). Importantly, we also observed a rapid coincident decrease 

in edge dynamics and leading-edge PKA activity upon treatment with blebbistatin (Figure 

2.3D). While the observations in Figure 2.2 suggest that there is no spatial correlation 

between membrane-associated PKA signaling events and focal adhesion dynamics, focal 

adhesions are important centers of signal transduction and their dissolution upon inhibition 

of contractility would be expected to disrupt that signaling. Specifically, if PKA activity 

were dependent on signaling from intact focal adhesions, we would predict that 

disassembly of focal adhesions would precede loss of PKA activity. Thus, we assessed the 

kinetics of inhibition of PKA activity relative to focal adhesion disassembly by measuring 

the rate of blebbistatin-induced loss of fluorescent signal intensity of two focal adhesion 

markers: zyxin, a mechanosensitive protein that leaves focal adhesion rapidly upon loss of 

contractility, and paxillin, which leaves “relaxed” focal adhesions much more slowly and 

with apparent zero-order kinetics (Zaidel-Bar et al., 2003; Wolfenson et al., 2011; Lavelin 

et al., 2013). As expected, paxillin intensity within focal adhesions decreased slowly but 

steadily after blebbistatin treatment (Figure 2.3E), with an apparent half-life of 52.69 ± 

3.35 min, while zyxin intensity decreased rapidly and exponentially, with a half-life of 7.63 

± 0.66 min (Figure 2.3E; Supplemental Movie S7), consistent with prior observations of 

the higher dependence of zyxin on mechanical forces for residence within focal adhesions 

https://www.molbiolcell.org/doi/10.1091/mbc.E19-03-0131
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(Lele et al., 2006; Hirata et al., 2008; Pasapera et al., 2010; Wolfenson et al., 2011; Lavelin 

et al., 2013). Interestingly, PKA activity decreased even more rapidly after blebbistatin 

treatment than focal zyxin intensity (Figure 2.3E), with a half-life of �ý50 s (0.83 ± 0.09 

min). These observations are consistent with our observation of the lack of spatiotemporal 

correlation between focal adhesion dynamics and peripheral PKA signaling events and 

suggest a closer relative coupling of PKA to the contractile state of the cell. With this in 

mind, we then determined the kinetics of loss of cellular traction force after blebbistatin 

treatment using traction force microscopy on cells adhering to fibronectin-coated 

polyacrylamide hydrogels functionalized with fluorescent nanospheres (McKenzie et al., 

2018). As expected, cellular traction force decreased very rapidly after addition of 

blebbistatin, with a t½ of 0.37 ± 0.05 min (Figure 2.3E and Supplemental Movie S8). While 

this t½ value is likely to be erroneously high, given that the rate of image acquisition for 

these experiments (1 frame/ min) results in an image interval that far exceeds the apparent 

t½, it is consistent with published reports (Pasapera et al., 2010; Wolfenson et al., 2011; 

Lavelin et al., 2013). More importantly, this decrease was far more rapid than the loss of 

paxillin or even zyxin from focal adhesions but only slightly more rapid than loss of PKA 

activity. Collectively, these data demonstrate that, during cell migration, regulation of PKA 

activity within the leading edge is kinetically coupled to and dependent on actomyosin 

contractility. 

 

 

https://www.molbiolcell.org/doi/10.1091/mbc.E19-03-0131
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2.3.4. Spatial distribution of cellular traction forces and protein kinase activity 

during cell migration 

If leading-edge PKA were regulated by actomyosin contractility, then one might 

expect PKA activity and cellular contractile forces to be coincident in migrating cells. To 

investigate this correlation directly, SKOV-3 cells expressing pmAKAR3 and migrating 

on nanosphere-functionalized hydrogels were analyzed by simultaneous FRET and traction 

force microscopy (TFM) in  the absence  and presence  of blebbistatin  (Figure 2.4).  In the  

 

Figure 2.4: PKA activity and cellular traction forces are spatiotemporally correlated. (A) 
Cells expressing pmAKAR3 were plated on fibronectin-coated polyacrylamide hydrogels surface-conjugated 
with fluorescent 0.2 µm nanospheres and imaged by FRET microscopy and traction force microscopy after 
20 min treatment with DMSO (Control) or 25 µM blebbistatin. The top panels show bead 
displacement/traction vector maps and the middle panels show traction force maps (with cell outlines plotted 
for reference) while the bottom panels show time-matched FRET/CFP images (bar = 10 µm). (B, C) Linescan 
analyses (dashed white lines in panel A) of both traction forces and FRET intensity from the cell centroid to 
the cell periphery for cells either control (B) or blebbistatin-treated (C) cells. (D) Pixel-by-pixel image 
correlation analysis was performed using intensity correlation analysis software (see Materials and Methods) 
to generate an intensity correlation quotient (ICQ). ICQs between traction force maps and PKA activity maps 
are summarized as mean ± SEM (n = 7 cells for each condition; *p < 0.001). 
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absence of blebbistatin, migrating cells exhibited high traction forces at sites of protrusion 

that overlapped with areas of high PKA activity (Figure 2.4A), and linescan analysis 

through cellular leading edges confirmed that the radial increase in PKA activity from cell 

center to periphery overlapped with peripherally increasing traction forces  (Figure 2.4B). 

Of note, traction forces were significantly lower in spreading cells than in migrating cells 

(Supplemental Figure 2.7), consistent with the aforementioned lack of peripheral PKA 

activity in spreading cells (Figure 2.1). Importantly, both cellular traction forces and PKA 

activity decreased dramatically upon treatment with blebbistatin (Figure 2.4A), and the 

residual pockets of contractility were no longer spatially correlated with residual PKA 

activity (Figure 2.4C).  

To formally quantify the extent to which PKA activity and traction forces overlap 

in migrating cells, TFM and FRET images were subjected to colocalization and intensity 

correlation analysis using intensity correlation quotients (ICQ). ICQ provide a single value 

indicating the covariance of two signals that can be used for statistical comparison (Li et 

al., 2004; Jaskolski et al., 2005). Mean ICQ values from –0.05 to +0.05 indicate random 

distribution of the two signals; values less than –0.05 indicate mutual exclusion; values 

between +0.05 and +0.1 indicate moderate covariance; and values >0.1 indicate strong 

covariance. Under control conditions, the mean ICQ for traction forces and PKA activity 

was 0.226 ± 0.022 and was significantly reduced to 0.032 ± 0.021 when the cells were 

treated with blebbistatin (mean ± SEM, Figure 2.4D). These data demonstrate that PKA 

activity and traction forces are spatially coincident in migrating cells. Coupled with the 

earlier observation that inhibition of actomyosin contractility significantly inhibits leading 
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edge PKA activity, these observations strongly suggest that PKA activity is locally 

regulated by a contractility-dependent mechanotransduction pathway during cell 

migration. 

 

2.3.5. Protein kinase is locally activated by acute mechanical stretch in an 

actomyosin-dependent manner 

Given the demonstrated requirement of cellular tension for localized activation of 

PKA during migration, we wondered whether PKA might be locally activated by acute 

increases in cellular tension. Recently, it was shown that cellular mechanosensing is 

mediated not only by substrate rigidity but also by substrate deformation strain energy 

(Panzetta et al., 2019). Thus, to test acute mechanical activation of PKA, cells expressing 

pmAKAR3 were plated onto fibronectin-coated hydrogels, and the hydrogel under 

individual cells was stretched (perpendicular to the axis of cell migration) with a 

microneedle (Supplemental Figure 2.5; Figure 2.5A; Svec et al., 2019). This directional 

stretch produces a linear, inhomogeneous strain field (Supplemental Figure 2.8, A and B) 

between the cell and the probe. If one simplifies the elastic hydrogel to a series of 

�H�T�X�L�Y�D�O�H�Q�W���V�S�U�L�Q�J�V�����+�R�R�N�H�¶�V���/�D�Z�����)�3��� ���N���î���û�[�����G�L�F�W�D�W�H�V���W�K�D�W���D���S�X�O�O�L�Q�J���I�R�U�F�H�����)�3�����D�S�S�O�L�H�G��

to a spring result �L�Q���D���G�L�V�S�O�D�F�H�P�H�Q�W�����û�[�����W�K�D�W���L�V���S�U�R�S�R�U�W�L�R�Q�D�O���W�R���W�K�H���V�S�U�L�Q�J�¶�V���V�W�L�I�I�Q�H�V�V�����N������

Thus, the magnitude of the restoring force (i.e., the force required to restore the stretched 

spring to its original length) is proportional to how far the spring is stretched from its 

original length; that is, FR = –�N���î���û�[�����%�H�F�D�X�V�H�����L�Q���D���O�R�F�D�O�O�\���V�W�U�H�W�F�K�H�G���J�H�O�����W�K�H���G�L�V�S�O�D�F�H�P�H�Q�W  
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Figure 2.5: PKA is activated upon acute mechanical stretch and is required for SKOV-3 
cell durotaxis.  (A) Schematic of technique using a glass microneedle to impart acute directional stretch 
on individual cells by deformation of the underlying hydrogel (see text for details). (B) An SKOV-3 cell 
expressing pmAKAR3, plated on a hydrogel coated with fibronectin for 4 h and then imaged by FRET 
microscopy, before and 30 s after application of mechanical stretch by a microneedle in the direction 
indicated by the arrow. Warmer colors correspond to higher PKA activity as assessed by FRET ratio. (C) 
Time course of FRET ratio indicating PKA activity in an SKOV-3 cell expressing pmAKAR3 before and 
after application of mechanical stretch. Immediately before the 2:00 min mark, stretch was applied directly 
to the right of the panel. Deformation of the cell is highlighted by the outline of the cell before the stretch 
overlaid at 2:00 min. (D) Line scan analyses in the direction of (a) and orthogonal to the axis of stretch (b) 
show a unique increase in PKA activity along the axis of stretch after stimulation. (E) FRET ratio images 
were sectioned into quadrants a through d, depicted by dotted lines, for quantification of directional response. 
The change in PKA activity before and after �V�W�U�H�W�F�K�����û�)�5�(�7�����R�I���6�.�2�9-3 cells expressing pmAKAR3 was 
calculated in quadrants proximal (quadrant a), orthogonal (quadrants b and d), or contralateral (quadrant c) 
�W�R���W�K�H���V�W�U�H�W�F�K�����P�H�D�Q���“���6�(�0�����Q��� �������������)�����&�K�D�Q�J�H���L�Q���3�.�$���D�F�W�L�Y�L�W�\���E�H�I�R�U�H���D�Q�G���D�I�W�H�U���V�W�U�H�W�F�K�����û�)�5ET) in quadrant 
a of SKOV-3 cells coexpressing pmAKAR3 and mCh-PKI (shown), coexpressing pmAKAR3 and mCherry, 
or SKOV-3 cells expressing only pmAKAR3 but pretreated with 25 µM blebbistatin (Blebb) for 10 min 
(mean ± SEM; n = 9 or 5 cells for control or mCh-PKI cells, respectively; *p < 0.005 [Student’s t test]). 
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�L�Q�F�U�H�D�V�H�V�������Z�L�W�K�������W�K�H�������S�U�R�[�L�P�L�W�\�������W�R�������W�K�H�������S�X�O�O�H�G�������P�L�F�U�R�S�U�R�E�H���������H���J�����������û�[�������������û�[�������������û�[������ 

�6�X�S�S�O�H�P�H�Q�W�D�O���)�L�J�X�U�H�������������$���D�Q�G���%�������V�R���W�K�H�Q���G�R�H�V���W�K�H���U�H�V�W�R�U�L�Q�J���I�R�U�F�H�������)�5����� ���‡�N���î���û�[����������

(FR2 = –�N���î���û�[�������������)�5����� ��–�N���î���û�[���������6�X�S�S�O�H�P�H�Q�W�D�O���)�L�J�X�U�H���������&�������$�W���W�K�H���F�H�O�O�X�O�D�U���O�H�Y�H�O����

this increased force or countertension is perceived as a stiffer substrate. Specifically, as a 

cell probes this gradient (e.g., from a to b in Supplemental Figure 2.8A), either a “constant” 

cell-generated contractile force would produce less and less gel movement, or the cell 

would have to exert higher force in order to move the gel the same distance. In other words, 

because the restoring force increases in the direction of the pull, the apparent rigidity—as 

perceived by the cell—increases. The reader is referred to an elegant description of this in 

the original report of durotaxis (Lo et al., 2000). 

Application of directional stretch revealed a rapid (i.e., within 20 s), robust, and 

localized increase in PKA activity in the direction of stretch in both pmAKAR3-expressing 

cells  (Figure 2.5,B–D; Supplemental Movie S9) and LynAKAR4-expressing cells 

(Supplemental Figure 2.3D), but not in cells expressing the phosphoresistant pmAKAR3TA 

biosensor (Supplemental Figure 2.9). Indeed, acute stretch appeared to “reorient” leading-

edge PKA activity, as the increased activity seen proximal to stretch at the leading edge 

was often accompanied by decreased activity in other areas of the leading edge (Figure 2.5, 

C–E; Supplemental Movie S9). This activation was completely inhibited in cells co-

expressing mCherry fused to the PKA-inhibitor protein (mCh-PKI; McKenzie et al., 2011; 

Figure 2.5F), confirming the PKA specificity of the response. Importantly, acute 

mechanical activation of PKA was also completely inhibited in cells treated with 

https://www.molbiolcell.org/doi/10.1091/mbc.E19-03-0131
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blebbistatin before stretch (Figure 2.5F). These results show that acute mechanical 

stimulation can activate PKA in a manner that requires actomyosin contractility. 

 

2.3.6. Protein kinase activity is required for durotaxis in SKOV-3 cells  

Previously, we have shown that efficient migration in SKOV-3 cells is dependent 

upon PKA activity (McKenzie et al., 2011). More recently, we showed that the migration 

of these cells is strongly influenced by the mechanical microenvironment and that these 

cells exhibit durotaxis, or mechanically guided migration toward regions of increased ECM 

rigidity and/or cell–matrix tension (McKenzie et al., 2018). Given the current observations 

connecting cellular tension and stretch to activation of PKA, we investigated whether the 

durotactic migration of SKOV-3 might be similarly dependent on PKA activity. To this 

end, control cells or cells expressing mCh-PKI were cultured to migrate on fibronectin-

coated hydrogels, subject to directional stretch as described above, and monitored for 

durotactic response (Svec et al., 2019). While control cells exhibited robust durotaxis in 

response to acute directional stretch, inhibition of PKA activity dramatically decreased 

durotactic efficiency (Figure 2.6, A–C; Supplemental Movie S10). Taken together, these 

observations demonstrate that PKA activity is mechanically regulated during cell 

migration, is activated upon acute mechanical cell stretch, and is required for durotaxis.  
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Figure 2.6: PKA is required for SKOV-3 cell durotaxis.  (A) An SKOV-3 cell plated onto a 25-
kPa fibronectin-coated hydrogel for 4 h was monitored by live-cell phase-contrast microscopy before and 
after durotactic stimulation (in the direction indicated by the arrow); images captured 1 min before (Pre) 
application of stretch, one minute after application (Stretch), and every 20 min thereafter are shown. (B) 
Control cells or cells expressing mCherry–PKI (PKI) were cultured and stimulated to invoke durotaxis as 
described for panel A. Protrusion/retraction analysis maps (PRAMs) were generated from manually 
thresholded and outlined phase-contrast images taken 1 min before and 1 min after stretch (Stretch) and 1 
�P�L�Q���D�Q�G���������P�L�Q���D�I�W�H�U���V�W�U�H�W�F�K���������•�����W�R���L�G�H�Q�W�L�I�\���U�H�J�L�R�Q�V���R�I���S�U�R�W�U�X�V�L�R�Q�����U�H�W�U�D�F�W�L�R�Q�����D�Q�G���R�Y�H�U�O�D�S�����J�U�H�H�Q�����U�H�G�����D�Q�G��
black, respectively). (C) Durotactic efficiency (see Materials and Methods for details) was calculated for 
control and mCherry–PKIexpressing cells (n = 8 for each condition; *p < 0.01). 
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2.4. DISCUSSION 

The mechanosensitivity of cAMP/PKA signaling is well supported by the literature. 

For example, the cAMP cascade was the first mechanosensitive signaling cascade ever to 

be described (Rodan et al., 1975). Also, the levels of cAMP and PKA activity have been 

shown to vary as a function of the mechanical tension of fibroblasts embedded in collagen 

gels (He and Grinnell, 1994). Furthermore, direct application of mechanical force through 

integrin-mediated adhesive contacts rapidly activates cAMP and PKA signaling and PKA-

dependent transcription (Meyer et al., 2000; Goldmann, 2002; Alenghat et al., 2009). 

Finally, mechanical signals from fluid flow activate PKA in an ECM-specific manner 

(Funk et al., 2010). While these and other studies firmly establish PKA as a 

mechanoresponsive target, it is important to note that they all assessed global rather than 

subcellular activation of cAMP/PKA and did not follow PKA dynamics in migrating cells.  

Here, we demonstrate a link between cellular tension and regulation of subcellular 

PKA activity during cell migration. We show that leading- edge PKA activity correlates 

with the spatial distribution of cellular traction forces and that disruption of actomyosin 

contractility uncouples the spatial correlation between cellular forces and PKA activity. 

We establish that leading-edge PKA activity is regulated by cellular tension and show that 

locally applied mechanical forces elicit localized increases in PKA activity. Furthermore, 

we demonstrate that PKA activity is required for the durotactic response to directional 

mechanical cues, thereby expanding this enzyme’s well-established role as a regulator of 

other modes of cell migration (Howe et al., 2005; Lim et al., 2008; Paulucci-Holthauzen et 

al., 2009; McKenzie et al., 2011; Tkachenko et al., 2011). An intriguing recent report 
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studying cells migrating from open to confined two-dimensional spaces showed that PKA 

activity was down-regulated during this transition in a manner dependent on Piezo1-

mediated Ca2+ influx and, importantly, that leading-edge PKA activity appeared to 

increase upon treatment of cells with blebbistatin (Hung et al., 2016). These latter 

observations are in direct contrast to the results reported here, which demonstrate a 

decrease in PKA activity upon treatment not only with blebbistatin, but also with other 

“upstream” inhibitors of actomyosin contractility (Y-27632, H-1152, fasudil/HA1077, and 

ML7; Figure 3). The reasons for this disparity are currently unknown but may include 

differences in cell lines and culture conditions. The prior study saw increased PKA activity 

after blebbistatin treatment (in both confined and unconfined cells) using CHO-K1 cells 

and a deriva�W�L�Y�H���O�L�Q�H���H�[�S�U�H�V�V�L�Q�J���W�K�H���.�����L�Q�W�H�J�U�L�Q�����&�+�2-�.���:�7�������D�G�K�H�U�L�Q�J���W�R���V�X�U�I�D�F�H�V���F�R�D�W�H�G��

with 20 µg/ml fibronectin. These are notable, yet modest differences compared with those 

in the current work, which uses SKOV-3 cells adhering to fibronectin at 10 µg/ml. 

While it will be important to keep these differences in mind for future studies, it is 

perhaps more important to appreciate that, together, the two reports firmly establish PKA 

as a target for mechanical regulation during migration. Moreover, given the importance of 

mechanotransduction in regulating cell adhesion and motility (Schwartz and DeSimone, 

2008; Roca-Cusachs et al., 2013; Schiller and Fassler, 2013) and the long and growing list 

of adhesion-related and cytoskeletal targets for PKA (Howe and Juliano, 2000; Howe et 

al., 2002, 2005; Howe, 2004, 2011; Lim et al., 2007; Tkachenko et al., 2011; Yeo et al., 

2011; Takahashi et al., 2013; Ithychanda et al., 2015; Nagy et al., 2015; Robertson et al., 

2015; Chavez-Vargas et al., 2016; Gau et al., 2019; Tonucci et al., 2019), the demonstration 
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that PKA activity can be dynamically and locally regulated by cell tension provides an 

important new axis of regulation. Though the current work establishes the connection 

between leading-edge PKA activity and actomyosin contractility, the exact molecular 

mechanism coupling cellular tension to localized PKA activity remains to be elucidated. A 

plausible hypothesis is that canonical activators of the cAMP/PKA pathway (G-protein 

coupled receptors, adenylyl cyclases, or phosphodiesterases) are locally and mechanically 

regulated during cell migration. Importantly, GPCRs are well-established mediators of 

mechanotransduction (Storch et al., 2012), and experiments imparting tension across 

fibronectin-coated magnetic beads have demonstrated that force application to integrins 

led to activation of �3�.�$���L�Q���D���*�.�V-dependent manner (Meyer et al., 2000; Alenghat et al., 

2009). Efforts to investigate the possible role of GPCR signaling in mechanically regulated 

PKA activity are currently under way. Previous work has shown activation of leading-edge 

PKA activity to be integrin-mediated (O’Connor and Mercurio, 2001; Whittard and 

Akiyama, 2001; Howe et al., 2002; Gui et al., 2006; Lim et al., 2007, 2008; Goldfinger et 

al., 2008; Funk et al., 2010). However, the current observations establish that this activity 

is both spatially and temporally distinct from sites of integrin-dependent focal adhesion 

assembly. It is important to reiterate that we cannot rule out a contribution of direct, 

integrin-mediated signaling events arising from focal complexes that are below the level 

of detection using the current methods. However, we contend that the circuitry for localized 

activation of PKA is spatially, temporally, and thus biochemically separate from mature 

focal adhesions. Moreover, we do not contend that focal adhesions are wholly unnecessary 

for regulating PKA during migration. As the nexus between the actin cytoskeleton and 
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matrix-bound integrins, focal adhesions are principal mediators of mechanical signaling. 

However, the relative kinetics of PKA inactivation and focal adhesion disassembly 

suggests that PKA is regulated by a tension-dependent aspect/ characteristic of intact focal 

adhesions (e.g., a mechanically regulated enzymatic activity or protein–protein interaction) 

rather than direct focal adhesion assembly or disassembly per se. 

It is also important to restate here that the current study used the targeted biosensors 

pmAKAR3 and Lyn-AKAR4, which report only plasma membrane– and lipid raft–

proximal PKA events, respectively. The machinery for generating, sensing, and 

transducing mechanical signals extends well beyond membranes—from the extracellular 

matrix, through transmembrane integrins and their associated juxta–membrane complexes, 

to deep inside the cell (Ingber, 1997; Bershadsky et al., 2003; Janmey and McCulloch, 

2007; Schwartz, 2010; Horton et al., 2016). In addition, paradigm shifting recent work has 

shown that PKA signaling can occur not necessarily through release of a diffusible catalytic 

subunit but through intact, anchored holoenzymes (Smith et al., 2017), exchanging action 

at a distance for a far more localized, almost “solid-state” activity. This paradigm of highly 

localized PKA activity may be particularly important for mediating its effects on 

architectural and scaffolding structures (e.g., actin microfilaments, focal adhesions) 

associated with cell migration. Thus, given the physical span of mechanotransduction 

machinery and this recent appreciation of the limited radius in which anchored PKA 

signaling may take place, there very well may be other pools of highly localized PKA 

activity that are important for migration but are not readily detected by membrane-targeted 

biosensors. With the wide and growing variety of AKAPs (Diviani and Scott, 2001; 
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Skroblin et al., 2010; Scott et al., 2013) and the myriad known and potential substrates for 

PKA present in various cellular regions and structures involved in cell migration (discussed 

above), it would be of considerable interest (and complexity) to evaluate PKA activity 

using a series of biosensors targeted to distinct migration-associated domains or structures 

to identify structure-specific dynamics and substrates, and thus more fully dissect the 

contributions of PKA to cell motility. 

 

2.5. MATERIALS AND METHODS  

Reagents and cell culture 

Human epithelial ovarian cancer (SKOV-3) cells were purchased from the 

American Type Culture Collection, authenticated at the UVM Advanced Genomic 

Technology Core, and maintained in a humidified incubator at 37°C containing 5% CO2 

in DMEM supplemented with 10% fetal bovine serum. All cell lines in the laboratory were 

�F�K�H�F�N�H�G���I�R�U���P�\�F�R�S�O�D�V�P�D���P�R�Q�W�K�O�\�� �E�\�� �'�$�3�,�� �����•����-diamidino2-phenylindole) staining and 

every 4–6 mo using a commercial kit (MycoAlert, Lonza). Cells were trypsinized and split 

1:5 every 3–4 d to avoid reaching confluence. Cells were transfected using Fugene6 

(Promega) according to the manufacturer’s protocol. In brief, cells were plated into 35-mm 

dishes at 60–70% confluence the day before transfection so that they were 75–85% 

confluent at the time of transfection. Fugene6 and Opti-MEM were warmed to room 

temperature (RT) and 6 µl of Fugene6 was diluted into 100 µl of Opti-MEM, vortexed, and 

incubated for 5 min at RT. A total of 1.5 µg of plasmid DNA was added to the diluted 

Fugene6 at a 1:4 ratio (1.5 µg DNA/6 µl Fugene6), vortexed, and incubated for 15 min at 
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RT. The transfection solution was then added dropwise to cells and images were acquired 

48 h post-transfection. Blebbistatin, fasudil, H-1152, and ML7 were purchased from 

Tocris. Acrylamide and N,NI-methylenebisacrylamide were purchased from National 

Diagnostics. Tetramethylethylenediamine (TEMED), ammonium persulfate (APS), and 

bovine serum albumin (BSA), along with other sundry chemicals, were purchased from 

Sigma (St. Louis, MO). Plasmids used in this work included PKA biosensor pmAKAR3 

(Allen and Zhang, 2006) from Jin Zhang (Johns Hopkins University); pYFP-dSH2 from 

Benny Geiger (Weizmann Institute of Science); and pmCherry-FAK and pRFP-zyxin from 

Addgene (plasmids #35039 and 26720, respectively). The plasmid encoding mCherry–

paxillin was made by substituting mCherry for EGFP in pEGFP-N1-paxillin (a gift from 

Chris Turner, SUNY, Upstate), while the PKA inhibitor peptide fused to mCherry 

(mCherry-PKI) was described previously (McKenzie et al., 2011). 

 

Fabrication of polyacrylamide hydrogels  

Acrylamide hydrogels with a Young’s elastic modulus of �ý25 kPa were fabricated 

essentially as described previously (McKenzie et al., 2018; Svec et al., 2019). Briefly, 

cleaned 25 mm–diameter round glass coverslips were briefly flamed and incubated with 

0.1 N NaOH for 15 min. After removal of excess NaOH, 25 µl (3-

aminopropyl)trimethoxysilane (APTMS) was smeared on the coverslips and incubated for 

3 min at RT and the coverslips were washed 3 × 5 min in ddH2O and dried by aspiration. 

Once dried, the coverslips were incubated with 500 µl 0.5% glutaraldehyde for 30 min. 

The glutaraldehyde was removed and a 25-µl drop of acrylamide solution (7.5:0.5% 
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acrylamide:bis-acrylamide, activated with APS and TEMED) was sandwiched between the 

activated coverslip and a 22 mm– diameter coverslip passivated with RainX (ITW Global 

Brands, Houston, TX) and allowed to polymerize for 10 min. Once polymerized, the 

RainX-treated coverslip was removed and the hydrogel was washed three times (5 min 

each) in PBS. The gel surface was derivatized with the heterobifunctional cross-linker 

sulfo-SANPAH as previously described (Tse and Engler, 2010; McKenzie et al., 2018; 

Svec et al., 2019). For routine studies, activated gels were functionalized with 20 µg/ml 

fibronectin at 37°C for 45 min. For traction force microscopy studies, 0.2 µm red 

fluorescent carboxy-modified latex microspheres (Invitrogen, F8810) were conjugated to 

the gel surface by incubating a sonicated suspension of the beads (1:200 in 50 mM HEPES, 

pH 8.5) on the gels for 30 min. The gels were rinsed three times with 50 mM HEPES (pH 

8.5) to remove all nonattached beads and then incubated with 20 µg/ml fibronectin (diluted 

in 50 mM HEPES, pH 8.5) at 37°C for 45 min. The gels were postfixed with 0.5% 

glutaraldehyde for 1 h at RT and quenched in NaBH4 before cells were plated in complete 

media. Coated gels were washed 3 × 5 min in PBS and either used immediately or stored 

at 4°C for up to 1 wk. In some experiments, hydrogels were cast in a similar manner directly 

onto the surface of glass-bottomed imaging dishes (Delta T; Bioptechs) instead of 25-mm 

coverslips. 

 

Live cell imaging 

Cells transfected with plasmids encoding pmAKAR3 were cultured overnight in 

serum-free DMEM + 40 ng/ml epidermal growth factor (EGF), trypsinized, soybean 
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trypsin inhibitor added, pelleted, and resuspended in DMEM 1% BSA + 25 or 40 ng/ml 

EGF. These cells were plated on fibronectin-coated coverslips and incubated for �ý4 h 

before imaging at low density to induce migration. Cells plated on hydrogels for durotaxis 

were incubated overnight in complete media then rinsed twice in modified Ringer’s buffer 

without phosphate (10 mM HEPES; 10 mM glucose; 155 mM NaCl; 5 mM KCl; 2 mM 

CaCl2; 1 mM MgCl2). All cells were refed modified Ringer’s buffer supplemented with 

25 or 40 ng/ml EGF for imaging. Coverslips were mounted in a chamber (Attofluor; 

ThermoFisher) before imaging. Culture temperature was maintained at 35–37°C with hot 

air (ASI 400 Air Stream; Nevtek). Cultures of hydrogels cast in imaging dishes were 

mounted, warmed, and imaged in a suitable temperature controller (Delta T4; Bioptechs). 

 

Durotaxis assay  

Cells were seeded on fibronectin-coated gels and mounted and maintained on the 

microscope as above. Cells were manipulated with a glass microneedle as described 

previously (Wang et al., 2001; McKenzie et al., 2018; Svec et al., 2019). Briefly, 

micropipettes were fashioned from borosilicate glass capillaries (1B150-4 or TW150-4; 

World Precision Instruments) on a two-stage pipette puller (Pul-2; World Precision 

Instruments). A Narishige MF-900 microforge was used to form the micropipette tip into 

a hooked probe with a rounded end to engage the polyacrylamide hydrogels without 

tearing. The probe was mounted on a micromanipulator (Leitz or Narishige) and lowered 

onto the gel surface �ý20 µm away from a cell and pulled 20 µm in a direction orthogonal 

to the cell’s long axis. Quantification of response to stretch was calculated using custom 
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ImageJ Protrusion-Retraction Analysis Mapping (PRAM) macros designed to calculate the 

percentage of cell area protruding, retracting, and overlapping between any two given 

frames of time-lapse images (Deming et al., 2015). A positive durotactic response was 

defined as a >50% increase in the protrusion index (protrusion area/ [protrusion area + 

overlap area]) in the direction of stretch over 45 min, and durotactic efficiency was defined 

as the number of cells showing a durotactic response divided by the number of cells pulled. 

 

Förster resonance energy transfer imaging and analysis  

The FRET-based PKA activity biosensor pmAKAR3, consisting of a sensor 

cassette (i.e., a PKA-specific substrate domain and a flanking phosphoamino acid–binding 

FHA1 (forkhead-associated domain-1) located between ECFP and an EYFP variant 

(circularly permuted Venus cpV-E172; Allen and Zhang, 2006), and a C-terminal CAAX 

box (derived from K-Ras) for targeting to the plasma membrane, was imaged in SKOV-3 

cells as previously described (McKenzie et al., 2011). Briefly, 48 h after transfection, cells 

were rinsed twice and maintained in a HEPES-buffered saline solution containing (in mM) 

134 NaCl, 5.4 KCl, 1.0 MgSO4, 1.8 CaCl2, 20 HEPES, and 5 d-glucose (pH 7.4) without 

serum, unless otherwise specified. Cells were imaged on a Nikon Eclipse TE-2000E 

inverted microscope with a 60×/1.4NA Plan Apo oil-immersion objective lens using the 

appropriate fluorophore-specific filters (Chroma Technology, Rockingham, VT) and an 

Andor Clara charged coupled device camera (Andor Technologies, South Windsor, CT) 

controlled by Elements (Nikon) software. CFP, YFP, and FRET images were acquired with 

(400–700)-ms exposures and 2 × 2 binning for each acquisition at 60-s intervals, unless 
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otherwise noted in the figure legends. Images in each channel were subjected to 

background subtraction, and FRET ratios were calculated using either the Biosensors 

FRET ImageJ plug-in (Hodgson et al., 2010) or a slightly modified mathematical protocol 

as described elsewhere (Broussard et al., 2013). Pseudocolor images were generated using 

a custom-written ImageJ look-up table. 

 

Cell spreading and migration assays  

To monitor cell spreading, cells were prepared and cultured as previously described 

(Howe et al., 2002). Briefly, cells were serumstarved overnight, trypsinized, quenched with 

1 mg/ml soybean trypsin inhibitor, washed via centrifugation (50 × g for 5 min), 

resuspended in DMEM 1% BSA, and rocked for 1 h before being plated on fibronectin-

coated (10 µg/ml) glass-bottomed imaging dishes. The cells were allowed to settle to the 

bottom of the dish for 10 min at 4°C before imaging as described below. Similar conditions 

were used to monitor migrating cells, with the exception that the cells were allowed to 

adhere, spread, and begin migrating for 4 h at 37°C before imaging. Cells were imaged in 

Ringer’s buffer. 

 

Correlating edge velocity and protein kinase activity  

Corrected FRET ratio time-lapse movies were fed to the Quantitative Imaging of 

Membrane Proteins (QuimP11) package (http:// go.warwick.ac.uk/bretschneider/quimp) 

software, which analyzed edge dynamics and calculated edge velocity. Additionally, the 

software generated two-dimensional morphodynamic plots of edge velocities along the cell 
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edge over time and computed autocorrelation coefficients of edge dynamics. Once edge 

dynamics was analyzed, the corrected FRET ratio images were analyzed by QuimP11 to 

sample the FRET ratios within 10 µm of the cell edge. The software generated two-

dimensional heat maps of PKA activity along the cell edge over time and calculated cross-

correlation coefficients at different time lags to determine when peak PKA activity events 

were occurring in relation to peak protrusion events. The ImageJ plug-in, QuimP11, was 

also used to display time-coded depth stacks to depict cell movement over time in a single 

image. 

 

Focal adhesion analysis 

Cells were transfected with plasmids encoding focal adhesion markers (mCherry–

paxillin, mCherry–FAK, or RFP–zyxin) and either pmAKAR3 or dSH2-YFP to visualize 

focal adhesions and PKA activity or tyrosine phosphorylation. Images were acquired at 60-

s intervals. Focal-adhesion pixel intensities and lifetimes were calculated by manually 

thresholding adhesions and measuring pixel intensities, adhesion assembly and 

disassembly rates, and lifetimes of individ-ual adhesions in time-lapse movies. To quantify 

the spatiotemporal correlation between focal adhesion dynamics and PKA activity, 

leading-edge focal adhesions were tracked over time and an interrogation region of interest 

(ROI) that was 50% larger than the area of the adhesion was used to track pmAKAR3 

FRET ratios in the same cellular regions. Pearson’s correlation coefficients were generated 

using the Intensity Correlation Analysis ImageJ plug-in, and average values are represented 
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as mean ± SEM. LynAKAR4 FRET and mCherry–Paxillin signals were analyzed by 

�R�Y�H�U�O�D�\�L�Q�J���W�K�H���W�K�U�H�V�K�R�O�G�H�G���S�H�D�N���V�L�J�Q�D�O�V�����•���������R�I���P�D�[�L�P�X�P���� 

 

Traction force microscopy  

TFM was performed essentially as described previously (McKenzie et al., 2018). 

Briefly, cells were plated on polyacrylamide gels that were surface-conjugated with 0.2-

µm red fluorescent latex microspheres as described above. Cells were adhered to the 

hydrogels overnight in complete media and were washed twice and maintained in HEPES-

buffered saline as described above. Coverslips were mounted in imaging chambers as 

above and fluorescent bead images were captured though a 20× Plan Apo objective on a 

Nikon Eclipse TE-2000E inverted microscope as described above. Bead images were 

acquired before and after cells were cleared by the addition of trypsin/EDTA (0.5%). Cell 

outlines were generated using either the YFP image from cells expressing pmAKAR3 or a 

transmitted light image in cases where cells were not transfected. Bead images were 

registered to correct for any stage drift; then the movement of individual microspheres 

between image pairs was calculated using particle image velocimetry (PIV) and the 

Young’s elastic modulus of the polyacrylamide hydrogels (25 kPa) was used to calculate 

traction forces using Fourier transform traction cytometry (FTTC; Marinkovic et al., 2012; 

Tseng et al., 2012). The mean traction force within the cell was used to generate the average 

cellular traction and the mean of the maximum traction forces was used to generate the 

average maximum traction force generation. 
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Traction force microscopy/Förster resonance energy transfer correlation analysis  

To correlate cellular traction forces and PKA activity, both readings were captured 

simultaneously and analyzed independently. Once heat maps of both PKA activity and 

traction forces were generated, standard image correlation analysis was performed. This 

analysis was made possible because the two signals are rendered as 8-bit gray-scale images 

and higher pixel intensity corresponds with either higher PKA activity or higher traction 

forces. Lookup tables are assigned to the images after analysis for ease of interpreting 

biosensor and TFM data. Mander’s correlation coefficients and intensity correlation 

quotients were generated using the Intensity Correlation Analysis ImageJ plug-in, and 

average values are represented as mean ± SEM. Intensity correlation quotient (ICQ) 

analysis has been described in detail elsewhere. In brief, ICQ reflects the ratio of the 

number of positive (Ai-aI)(Bi-b) values to the total number of pixels in the region of 

interest, where a and b are the means of each signal intensity’s values Ai and Bi. ICQ values 

from -0.05 to +0.05 indicate random (noncovariant) signals, 0.05–0.1 indicate weak 

covariance, and >0.1 indicates strong covariance. 
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2.8. SUPPLEMENTAL MATERIALS  

Supplemental Figure 2.1: A phospho-resistant biosensor point mutant (pmAKARTA) is 
insensitive to cAMP elevation and does not show FRET signal in the leading edge. (A) 
SKOV3 cells expressing wild-type pmAKAR3 or the phospho-resistant Thr/Ala mutant (pmAKAR3TA) were 
imaged before (Untreated) and 2 min after addition of 25 µM forskolin and 100 µM IBMX (+ Fsk/IBMX) 
and ratiometric FRET/CFP images are shown. Images were normalized to the same FRET ratio scale 
(indicated by the scale bars). (B) Migrating SKOV-3 cells expressing wild-type or phospho-resistant 
pmAKAR3 were imaged every minute for 1 hr. Ratiometric FRET images at the indicated times are shown. 
Images were normalized to the same FRET ratio scale (indicated by the scale bars). 

 

Supplemental Figure 2.2: Lack of correlation between assembly of FAK-containing focal 
adhesions and localized PKA activity.  (A) Migrating SKOV-3 cells co-expressing pmAKAR3 and 
mCherry-FAK were plated and imaged as described for Fig. 2. on fibronectin coated imaging dishes and 
representative near-simultaneous paxillin (Pxn) and pseudocolored FRET/CFP (pmAKAR3) images from 
live-cell microscopy experiments are shown. Images (15 min apart) of a single FAK-containing focal 
adhesion during assembly, peak, and disassembly (top) with overlapping pseudocolored FRET/CFP (bottom) 
are shown. (B) The changes in either FAK fluorescence intensity or FRET ratio in the indicated ROI were 
plotted over time. 
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Supplemental Figure 2.3: A lipid raft-targeted biosensor reveals similar but distinct 
patterns of localized & mechanically-regulated PKA activity. (A) Pseudocolored FRET ratio 
image of a migrating SKOV-3 cell expressing LynAKAR4 (bar = 25 µm). (B) mCherry-Paxillin and peak 
FRET signal (> 85% of maximum) are overlayed to depict spatiotemporal relationship. Example raw, 
thresholded, and overlayed frames for both mCherry-Paxillin and peak FRET signal are shown. Kymographs 
through respective linear ROIs on overlayed image represent mCherryPaxillin and peak FRET signal over 
35 min. Images taken every 30 sec. Scale bar indicates 2.75 µm in the X axis and 6 min in the Y axis. (C) 
LynAKAR4 expressing SKOV-3 cells were treated with 25 µM Y-27632. FRET/CFP image shown 30 min 
before, 30 min after, and at time of drug delivery. Scale bar represents 10 µm. (D) SKOV-3 cells expressing 
LynAKAR4 show directionally increased PKA activity within seconds upon durotactic stretch Scale bar = 
25 µm. Kymograph scale bar indicates 2 µm on the Y and 3 min on the X axis. Cells were imaged every 30 
sec.  
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Supplemental Figure 2.4: Para-aminoblebbistatin exhibits strong, yellow autofluorescence 
upon cellular uptake, rendering it useless for CFP/YFP-based FRET imaging.  Untransfected 
SKOV-3 cells were imaged using standard FRET imaging optical conditions (Excitation of CFP with 
simultaneous capture of CFP & YFP (FRET) emissions) before and after addition of 50 µM para-
aminoblebbistatin. 
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Supplemental Figure 2.5: Cellular traction forces are inhibited with actomyosin 
contractility inhibitors.  (A) Transmitted light images and corresponding normalized traction force maps 
of cells before and 30 min after control, 25 µM Blebbistatin, 10 µM fasudil, or 1 µM H-1152 treatment. (B) 
Quantification of the average traction forces generated following indicated treatment (n = 10 cells for each 
condition; * = p< 0.01).   
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Supplemental Figure 2.6: Inhibition of ROCK with Y-27632 decreases leading edge PKA 
activity.  A migrating SKOV-3 cell expressing pmAKAR3 was monitored via live-cell FRET microscopy 
before (0 min) and after (30 min) treatment with 10 µM Y-27632.  

 

 

Supplemental Figure 2.7: Spreading cells exhibit lower traction forces than migrating cells.  
(A) Transmitted light and normalized traction force maps of either migrating (left) or spreading (right) cells 
(bar = 10 µm). (B) Quantification of the average traction forces generated following indicated treatment (n 
= 4 for migration and n = 6 for spreading; * = p< 0.01).   
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Supplemental Figure 2.8: Demonstration and simplified interpretation of linearly 
inhomogeneous strain fields imparted by directional, mechanical stretching of hydrogels. 
(A) A traction force microscopy hydrogel, with embedded fluorescent nanospheres, was imaged before (red) 
and after (green) directional micromanipulation as described in Materials and Methods. (B) Bead 
displacement was measured and plotted as a function of the distance from the microprobe used to stretch the 
hydrogel. Directional stretch of acrylamide hydrogels produces a linear, inhomogeneous strain field between 
the cell and the probe. (C) Simplified schematic equating the inhomogeneously strained hydrogel to a series 
of springs, each with the same mechanical properties but elongated to a different degree, thus resulting in 
increasing restoring forces (according to Hooke’s Law, FR= -�N�
�û�[�����Z�K�H�U�H���N���L�V���W�K�H���V�S�U�L�Q�J���F�R�Q�V�W�D�Q�W���D�Q�G���û�[���L�V��
the displacement). See Results section for a complete discussion.  
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Supplemental Figure 2.9: A phospho-resistant biosensor point mutant (pmAKARTA) does 
not show an increase in FRET signal upon mechanical cell stretch.  (A) SKOV-3 cell expressing 
pmAKARTA show no increase in FRET ratio upon mechanical stretch (bar = 25 µm). Arrow indicates 
direction of stretch. Deflection of cell represented by outline in inset. (B) Kymograph (bottom) represents 
FRET ratio through linescan (top) over 90 sec, 45 sec before and after stretch. Kymograph scale bar 
represents 2 µm in the X axis and 20 sec on the Y axis.  

 

 

Supplemental Movies can be accessed at 

https://www.molbiolcell.org/doi/10.1091/mbc.E19-03-0131 
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3.1. ABSTRACT 

Protein Kinase A (PKA) is a pleiotropic serine/threonine kinase whose dynamic 

activity is required for cellular migration. Several cell types have shown robust PKA 

activity in the leading edge during migration. This activity is sensitive to changes in 

actomyosin contractility, but the mechanism of this regulation remains unclear. Our 

investigation into the mechanism underlying mechanochemical regulation of PKA activity 

led us to discover a novel relationship between tyrosine kinase Focal Adhesion Kinase 

(FAK) and PKA. Though both kinases are critical during cellular migration and are 

recognized as key signaling proteins in cancer, FAK and PKA are canonically regarded as 

belonging to distinct signaling pathways. Here we show that pharmacologic inhibition of 
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FAK rapidly decreases leading edge PKA activity in migrating SKOV-3 ovarian cancer 

cells. Genetic knockout of FAK in mouse embryonic fibroblasts leads to decreased PKA 

activity in the leading edge compared to wildtype cells. Leading edge PKA activity is 

rescued by re-expression of a wild-type, but not kinase-dead FAK, showing a dependence 

of leading edge PKA activity on FAK kinase activity. As FAK is mechanically sensitive 

and its inhibition decreases mechanically sensitive leading edge PKA activity, we began 

the dissection of a potentially linear connection between contractility, FAK, and PKA. 

Therefore, we assessed the immediate consequences of a loss of contractility on FAK 

activity and show that treatment with a myosin II inhibitor leads to a rapid decrease in 

active FAK in focal adhesions, well before a global effect is seen throughout the cell. These 

data show a requirement for FAK kinase activity upstream of leading edge PKA activity. 

Further, local FAK activity is rapidly changed in response to a loss of contractility and 

leaving open the possibility that FAK is acting between contractility and PKA in a linear 

hierarchy. These findings reveal a new mechanism by which leading edge PKA activity is 

sensitive to the extracellular environment and adhesive state of the cell.  

 

3.2. INTRODUCTION 

Cellular migration is required for the growth and maintenance of healthy tissues. 

Processes such as wound healing, development, and cancer cell metastasis require cells to 

migrate to different locations and between tissues. Many decades of research have 

discovered many important and diverse signaling pathways involved in cell migration, but 
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in such an intricate process, seemingly discrete signaling nodes must work in concert to 

coordinate directed motility.  

Substantial evidence points to Protein Kinase A (PKA) as an important mediator of 

cell migration upstream of membrane dynamics, actin organization, and many other 

processes critical to cell motility (Diviani & Scott, 2001; Howe, 2004; Svec & Howe, 

2022). PKA is a principal serine/threonine kinase canonically activated downstream of G-

protein coupled receptor (GPCR)-mediated activation of adenylyl cyclases (Lodish, 2016). 

Further, we and others have shown that PKA is active in the leading edge of migrating cells 

(Howe, Baldor, & Hogan, 2005; Lim et al., 2007; Lim et al., 2008; A. J. McKenzie, 

Campbell, & Howe, 2011; A. J. McKenzie, Svec, Williams, & Howe, 2020; Paulucci-

Holthauzen et al., 2009; Tkachenko et al., 2011), alongside innumerable other signaling 

molecules that guide and coordinate cell migration, such as Cdc42 and RhoA (Machacek 

et al., 2009; Ridley, 2011). Our previous work identified a dependence of leading edge 

PKA activity on cellular contractility, as it is rapidly lost upon treatment with the myosin 

II inhibitor, blebbistatin (A. J. McKenzie et al., 2020). Further, durotactic stretch can give 

rise to rapid, local bursts of PKA activity, and PKA is required for mechanically gated cell 

migration, or durotaxis (A. J. McKenzie et al., 2020). Thus, PKA activity in the leading 

edge of migrating cells is coupled to cellular contractility. 

However, it remains unclear how PKA activity is regulated by mechanical inputs. 

Generally, cells sense changes in extracellular forces via focal adhesion complexes and 

associated dynamic actin structures. Mechanical force is translated into chemical signals 

via physical deformation of focal adhesion components, allowing for the confluence of 
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different combinations of proteins and modified signaling (Bershadsky, Balaban, & 

Geiger, 2003; Bershadsky, Kozlov, & Geiger, 2006; Discher, Janmey, & Wang, 2005; 

Pelham & Wang, 1998). Principal among mechanically sensitive signaling proteins is Focal 

Adhesion Kinase (FAK). FAK is a nonreceptor tyrosine kinase well characterized for its 

role in adhesive signaling, namely through the phosphorylation of paxillin (Mitra et al., 

2005; Schaller, 2010). Further, FAK is involved in the iterative probing of the extracellular 

environment performed by focal adhesion structures through fluctuations in force 

(Plotnikov, Pasapera, Sabass, & Waterman, 2012). FAK is a key mediator of contractile 

signaling and downstream propagation of those signals. Yet while FAK mediates 

mechanochemical signaling and is required for durotaxis, it has never been implicated in 

the regulation of PKA activity, in any context.  

Several studies provide evidence of crosstalk between tyrosine kinases and PKA 

signaling, but almost exclusively involving the regulation of tyrosine phosphorylation by 

PKA (Abrahamsen, Vang, & Tasken, 2003; Armaiz-Pena et al., 2013; Beristain et al., 

2015; Howe & Juliano, 2000; Jin et al., 2010; Sanchez-Collado et al., 2019; Schmitt & 

Stork, 2002; Vang et al., 2001; Yeo et al., 2011). Though it is uncommon, it is not unheard 

of for a tyrosine kinase to regulate PKA activity. Both receptor tyrosine kinases and Src 

family kinases have been shown to regulate PKA activity by phosphorylating the PKA 

catalytic subunit directly (Caldwell et al., 2012b; Schmoker et al., 2018). However, this 

work has been largely conducted in vitro and has not yet extended to FAK, which is well 

placed to relay mechanical inputs to the regulation of PKA. Therefore, we tested whether 
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pharmacologic inhibition of FAK influenced the mechanically sensitive PKA activity in 

the leading edge of migrating SKOV-3 ovarian cancer cells. 

Here, for the first time, we demonstrate that pharmacologic inhibition and genetic 

ablation of FAK leads to a decrease in PKA activity in the leading edge of migrating cells. 

Further, we show that this relationship is dependent on FAK kinase activity, as opposed to 

its scaffolding functions, as leading-edge PKA activity in is restored in FAK null cells by 

re-expression of wildtype but not kinase-dead FAK. Finally, we report a novel effect 

whereby blebbistatin treatment causes a rapid drop in FAK phosphorylation within focal 

adhesions, faster than the effect of blebbistatin on FAK activity in the cell as a whole. This 

result demonstrates that small pools of FAK may be rapidly and dynamically regulated by 

mechanical forces, possibly upstream of PKA activity in the leading edge. The novel 

interaction between FAK and PKA signaling described here has implications that extend 

beyond the leading edge to general cAMP/PKA signaling. 

 
 
3.3. RESULTS 

3.3.1. Disrupting Actin Polymerization does not lead to an immediate loss of leading 

edge PKA activity 

Mechanically gated migration and mechanosensation are dependent on actin 

polymerization. Our prior research identified PKA as being dependent on mechanical 

inputs, both applied and intrinsic. Actin polymerization at focal adhesions is critical for 

mechanosensing and mechanically driven cell migration (Puleo et al., 2019). Further, 

previous studies in CHO-�.���� �F�H�O�O�V�� �V�K�R�Z�H�G�� �W�K�D�W���O�H�D�G�L�Q�J�� �H�G�J�H�� �3�.�$�� �D�F�W�L�Y�L�W�\�� �L�V�� �V�H�Q�V�L�W�L�Y�H���W�R��
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inhibition of actin polymerization using Latrunculin A, on the order of 9-20 minutes (Lim 

et al., 2008). Therefore, as a first step toward understanding mechanical regulation of PKA 

activity, SKOV-3 ovarian cancer cells expressing a membrane targeted AKAR3 biosensor 

for PKA activity (pmAKAR3) were treated with actin polymerization inhibitors. In the 

present study, migrating SKOV-3 cells were treated with a low dose of either Latrunculin 

A (100nM) or Cytochalasin D (50nM) and PKA activity was monitored. Though leading 

edge morphology was altered almost immediately (Supplemental Movies 1 and 2), PKA 

activity persisted (Supplemental Figure 3.1A, B and C, D, Supplemental Movies 1 and 2). 

Neither actin polymerization inhibitor led to a significant decrease in the mass of relative 

leading edge PKA activity within 10 minutes of treatment (Supplemental Figure 3.1E and 

F). These data suggest that PKA activity is not immediately and directly regulated by actin 

dynamics such that changes in ruffling and morphology alone are not sufficient to rapidly 

change leading edge PKA activity. Given that the actin polymerization inhibitors worked 

to immediately halt actin polymerization but failed to immediately change leading edge 

PKA activity, yet the effect of myosin II inhibition or durotactic stretch on PKA activity 

occurred within seconds to minutes (A. J. McKenzie, Svec, Williams, & Howe, 2020), the 

hypothesis arises that PKA is coupled to changes in actomyosin contractility by means 

other than through actin polymerization. 

 

3.3.2. Pharmacologic Inhibition of FAK Decreases Leading Edge PKA Activity 

The rapid nature of the effect of mechanical inputs on PKA activity led us to reason 

that the functional connection between the two could be mediated through signaling 
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molecules. FAK is well known for its relationship to the tensional state of the cell 

(Plotnikov, Pasapera, Sabass, & Waterman, 2012). FAK is immediately coupled to changes 

in actomyosin contractility, as it is required for constant tugging at focal adhesion 

structures and thereby repeated probing of the mechanical microenvironment. To test 

whether leading edge PKA activity required the functions of FAK, SKOV-3 cells were 

treated with PF-562271 (PF271), a potent ATP-competitive FAK inhibitor (Roberts et al., 

2008). Surprisingly, treatment with 250nM PF271 led to a rapid decrease in membrane-

proximal leading edge PKA activity within 10 minutes of treatment (Figure 3.1A-D).  

 

Figure 3.1: Inhibiting FAK activity rapidly decreases leading edge PKA activity. (A) FRET 
ratio image montage of the leading edge of an SKOV-3 cell expressing pmAKAR3 treated with 250nM 
�3�)�������� �D�W�� �W�L�P�H�� �������� �6�V�F�D�O�H� �������P���� ���%���� �.�\�P�R�J�U�D�S�K�� �R�I�� �O�H�D�G�L�Q�J�� �H�G�J�H�� �3�.�$�� �D�F�W�L�Y�L�W�\�� �W�K�U�R�X�J�K�� �O�L�Q�H�� �L�Q�� �S�D�Q�H�O�� �$������
�6�F�D�O�H� �����P�����&�����5�H�O�D�W�L�Y�H���S�H�D�N���3�.�$���D�F�W�L�Y�L�W�\���L�Q���W�K�H���O�H�D�G�L�Q�J���H�G�J�H���R�I���F�H�O�O�V���R�Y�H�U���W�L�P�H���W�U�H�D�W�H�G���Z�L�W�K���Y�H�K�L�F�O�H���F�R�Q�W�U�R�O����
0.1% DMSO (N=3, n=36), and cells treated with 250nM PF271 (N=3, n=36). (D) Peak PKA activity 
remaining in the leading edge 10 minutes after treatment compared to that 10 minutes before treatment with 
�����������'�0�6�2�����������Q�0���3�)�����������D�Q�G���������0���)�$�.�L�����������1� �������Q� �����������.�U�X�V�N�D�O-Wallis with multiple comparisons, 
�
�� �S�”������������ �
�
�� �S�”������������ �
�
�
�
�� �S������������������ �&�R�P�S�D�U�L�V�R�Q�V�� �V�K�R�Z�Q�� �D�U�H�� �D�� �V�X�E�V�H�W�� �R�I�� �D�O�O�� �F�R�P�S�D�U�L�V�R�Q�V�� �D�V�V�H�V�V�H�G�� �E�\��
Kruskal-Wallis test. Comprehensive graph including all test results found in Supplemental Figure 4. 
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Importantly, the dose used was 2.5-fold lower than the reported in vitro IC50 of PF271 

against PKA directly (Roberts et al., 2008). This effect did not change the ability of PKA 

to respond to increases in cAMP using saturating dose of both cyclase activator (forskolin) 

and phosphodiesterase inhibitor (IBMX) (Supplemental Figure 3.2), though the 

measurement of this effect was limited by the dynamic range of the biosensor. To ensure 

that this novel effect was not an off-target effect of PF271, the assay was repeated with two 

additional FAK inhibitors, PND1186 and the lesser known, but structurally dissimilar, 

FAK inhibitor 14 (also known as Y15) (Golubovskaya et al., 2008). Treatment with FAK 

inhibitor 14 caused a rapid and complete reduction of leading edge PKA activity, even 

more striking than that caused by PF271 (Figure 3.1D). This inhibitor is reported as being 

highly specific for FAK activity, having no measurable effect on even highly similar 

tyrosine kinases such as Pyk2 or Src (Golubovskaya et al., 2008; Hochwald et al., 2009; 

O'Brien et al., 2014). To our knowledge, no data have been published on the direct effect 

of FAK inhibitor 14 on PKA activity. Treatment with the more widely known FAK 

inhibitor PND1186 (VS-4718) led to a different, varied effect. Peaks of PKA activity in 

the leading edge were diminished, but overall PKA activity in other parts of the cell rose 

(Supplemental Figure 3.3 A and B). This general increase may be explained by in vitro 

studies that showed PND1186 can cause a slight direct increase in PKA activity (Tanjoni 

et al., 2010). The speed with which a FAK inhibitor affected PKA activity, which has 

heretofore been considered to belong to a nearly completely distinct signaling pathway, 

suggests that a functional connection exists between the two canonically separate pathways 
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in the leading edge of migrating cells. Though a few studies have described possible 

connections between these canonically distinct pathways, very little data has shown a 

dependence of PKA activity on FAK (Howe & Juliano, 2000; Sanchez-Collado et al., 

2019).  

 

3.3.3. Genetic loss of FAK leads to Decreased PKA Activity in the Leading Edge 

Given that no reports of FAK acting upstream of PKA activity exist in the literature, we 

sought to eliminate the possibility of off target effects of pharmacologic inhibition. PKA 

activity was observed in mouse embryonic fibroblast (MEF) cells isolated from FAK null 

mouse embryos (Sieg, Hauck, & Schlaepfer, 1999). Similar to SKOV-3 cells and other 

motile cell types previously assessed for PKA activity, and consistent with previous 

reports, wildtype MEF cells exhibit leading edge PKA events (Figure 3.2 A). As in the 

SKOV-3 cells, this PKA activity is similarly sensitive to pharmacologic inhibition of FAK 

by PF271 (Figure 3.2 B), demonstrating the potential universality of this novel connection. 

When compared to wildtype cells, MEF knockout cells showed significantly less PKA 

activity in the leading edge (Figure 3.2 B-D), indicated by lower activity mass in the 

leading edge. However, the mean FRET ratio value of these cells was not significantly 

different than that of wildtype cells and some level of membrane-proximal PKA activity 

was retained in protrusive regions (Figure 3.2 C and D).  
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Figure 3.2: Fibroblasts lacking FAK exhibit decreased LE PKA activity. (A) FRET ratio image 
of a migrating wildtype MEF cell expressing pmAKAR3���� �3�.�$�� �D�F�W�L�Y�L�W�\�� �U�H�S�R�U�W�H�U���� �V�F�D�O�H�� �E�D�U� �������P����(B) 
Montage of FRET ratio in the leading edge of a wildtype MEF cell upon treatment with 250nM PF271 
�V�K�R�Z�L�Q�J�� �G�H�F�U�H�D�V�H�G�� �O�H�D�G�L�Q�J�� �H�G�J�H�� �3�.�$�� �D�F�W�L�Y�L�W�\�� �I�L�Y�H�� �D�Q�G�� �W�H�Q�� �P�L�Q�X�W�H�V�� �D�I�W�H�U�� �W�U�H�D�W�P�H�Q�W���� �V�F�D�O�H�� �E�D�U� �������P���� ���&����
FRET ratio image of a migrating FAK-/- MEF cell expressing pmAKAR3�����V�F�D�O�H���E�D�U� �������P����(D) Montage of 
FRET ratio in the leading edge of a FAK-/-  MEF cell upon treatment with 250nM PF271, showing very 
slightly decreased leading edge PKA activity five and ten minutes afte�U���W�U�H�D�W�P�H�Q�W�����V�F�D�O�H���E�D�U� �������P�� Note the 
uniform LUT scaling in panels A and C. (E) FRET ratio image of a MEF FAK-/- cell stably expressing 
�V�K�3�\�N���� �D�Q�G�� �W�U�D�Q�V�L�H�Q�W�O�\�� �H�[�S�U�H�V�V�L�Q�J�� �S�P�$�.�$�5������ �V�F�D�O�H�� �E�D�U� �������P���� �/�8�7�� �V�F�D�O�L�Q�J�� �H�Q�K�D�Q�F�H�G�� �G�X�H�� �W�R�� �G�H�F�U�H�D�V�H�G��
mean FRET ratios in shPyk2 cells. (F) Whole cell PKA activity as assessed by mean FRET ratio values for 
entire cell in wildtype MEF (N=5, n=30), FAK-null MEF (N=3, n=27), and FAK-null/shPyk2 MEF (N=5, 
n=24) cells. Comparisons shown are a subset of all comparisons assessed by Kruskal-Wallis test. 
Comprehensive graph including all test results found in Supplemental Figure 5A. (G) Relative leading edge 
PKA activity in wildtype MEF (N=5, n=19), FAK-null MEF (N=3, n=26), and FAK-null/shPyk2 MEF (N=4, 
n=14) cells. Comparisons shown are a subset of all comparisons assessed by Kruskal-Wallis test. 
Comprehensive graph including all test results found in Supplemental Figure 5B���� �
�� �S�”������������ �
�
�
�� �S�”��������������
�
�
�
�
���S�”������������. 
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Pyk2 is a related tyrosine kinase which shares 45% AA identity with FAK and is 

upregulated and highly active in FAK null cells (Sieg et al., 1998). Prior studies have shown 

that this increase in Pyk2 abundance and activity can compensate for the loss of FAK in 

some contexts (Sieg et al., 1998; Weis et al., 2008). Thus, given the novelty of this 

interaction between FAK and PKA, we assessed whether loss of Pyk2 would further 

diminish membrane proximal PKA activity in the FAK null cell line. Specifically, to 

determine whether the residual PKA activity in FAK-null cells might be dependent on 

partial compensation by Pyk2, we obtained FAK null cells stably expressing a short hairpin 

RNA against Pyk2 to knock down Pyk2 activity (shPyk2). Though relative mass of leading 

edge PKA activity in cells lacking functional FAK and Pyk2 was not significantly different 

from FAK null cells, the total amount of PKA activity in the whole cell was diminished 

compared to both the wildtype and the FAK -/- cells, as assessed by the whole cell mean 

FRET ratio (Figure 3.2 F and G). These observations were limited by the cell line’s low 

transfection efficiency. These data suggest that FAK is required for leading edge PKA 

activity in migrating cells, with a potential partially compensatory role for Pyk2 in the 

absence of functional FAK.   

 

3.3.4. FAK kinase activity is required for leading edge PKA activity 

In addition to its tyrosine kinase activity, FAK has been shown to exhibit important 

cellular effects by acting as a scaffold that physically organizes various signaling 

intermediates (J. T. Parsons, 2003). To assess whether the kinase activity or structural and 

scaffolding functions of FAK were responsible for its relationship to leading edge PKA 
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activity, an mCherry tagged kinase dead FAK (R454) construct was transiently transfected 

into FAK null MEF cells. Re-expression of mCherry tagged wildtype FAK rescued leading 

edge  PKA  activity  to  the  level  of  wildtype  cells  (Figure 3.3 A and E). As  expected,  

 

Figure 3.3: FAK kinase activity is required for formation of LE PKA activity. (A) FRET ratio 
image of a migrating FAK-/- MEF cell expressing mCh-FAK and pmAKAR3�����V�F�D�O�H���E�D�U� �������P����(B) FRET 
ratio image of a migrating FAK-/- MEF cell expressing mCh-paxillin and pmAKAR3�����V�F�D�O�H���E�D�U� �������P�������&) 
FRET ratio image of a MEF FAK-/- cell expressing mCh-R454 FAK and pmA�.�$�5�������V�F�D�O�H���E�D�U� �������P�����1�R�W�H��
the LUT scaling is the same for A-C. (D) Whole cell PKA activity as assessed by mean FRET ratio values 
for entire cell. mCh-FAK (N=3, n=42), mCh-Paxillin (N=3, n=22), or mCh-R454 FAK (N=3, n=30). 
Comparisons shown are a subset of all comparisons assessed by Kruskal-Wallis test. Comprehensive graph 
including all test results found in Supplemental Figure 5A. (E) Relative leading edge PKA activity in FAK-
/- MEF cells expressing each mCherry construct. mCh-FAK (N=3, n=42), mCh-Paxillin (N=3, n=22), or 
mCh-R454 FAK (N=3, n=30). Comparisons shown are a subset of all comparisons assessed by Kruskal-
Wallis test. Comprehensive graph including all test results found in Supplemental Figure 5 B. �
���S�”�������������
�
��
�S�”�������������
�
�
���S�”���������������
�
�
�
���S�”������������. 

 



117 
 

expression of a control mCh-Paxillin construct was unable to rescue leading edge PKA 

activity above that of the parent FAK-/- cell line (Figure 3.3 B and E). Similarly, cells 

expressing the kinase dead mCh-R454 FAK exhibited limited PKA activity in the leading 

edge, similar to FAK -/- cells alone or those expressing mCh-Paxillin (Figure 3.3 C and E). 

These data suggest that FAK kinase activity, and not its scaffolding or other functions, is 

required for its regulation of PKA activity in the leading edge of migrating cells. 

 

3.3.5. Disruption of cellular traction forces rapidly affects both FAK and PKA 

activity  

The origins of discovery of this novel relationship between FAK activity and PKA 

were rooted in the dependence of PKA activity on cellular traction forces identified in our 

prior study. Given that FAK is a well-established mechanically sensitive protein, relays 

mechanical force through focal adhesion structures, and regulates PKA activity, it is poised 

to be the mediator of mechanical signals to PKA. Previous observations showed that 

treatment with PF271 does not disrupt contractility or focal adhesion structures in SKOV-

3 cells (A. J. McKenzie, 2018), suggesting that FAK activity is not upstream of cellular 

contractility in this context. Therefore, given that leading edge PKA activity is 

mechanically sensitive and dependent on FAK, which is also mechanically sensitive, we 

asked whether loss of contractility led to a rapid decrease in FAK activity that could 

potentially be upstream of the loss of PKA activity. Prior work in the field has shown that 

treating cells with blebbistatin to diminish cellular traction forces dissolves focal adhesions 

and leaves relatively little active, auto-phosphorylated FAK remaining (Pasapera, 

Schneider, Rericha, Schlaepfer, & Waterman, 2010). However, these studies largely 
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observed the effect of blebbistatin after a period of at least 60 minutes. As our prior work 

has shown, the effect of blebbistatin on cellular traction forces occurs much sooner than 

this, on the order of minutes (A. J. McKenzie et al., 2020). Further, our previous study 

showed that 30 minutes after blebbistatin treatment, focal adhesions in SKOV-3 cells 

retained a similar amount of phosphorylated FAK, relative to focal adhesion size, 

compared to untreated cells (A. J. McKenzie, 2014). To our knowledge, no study has 

observed the effects on FAK phosphorylation and activation earlier than 30 minutes post 

blebbistatin treatment. Given that FAK is mechanically coupled and that traction forces 

rapidly diminish upon blebbistatin treatment, we investigated the effect of blebbistatin at 

early timepoints, at 2-, 5-, and 15-minutes post treatment, to assess whether there was an 

immediate effect on FAK activity in focal adhesions. To assess FAK activity in fixed cells, 

immunofluorescence experiments in SKOV-3 cells probed for pY397 FAK or pY118 

paxillin relative to vinculin signal (Figure 3.4 A). Surprisingly, both the relative amount of 

pY397 FAK and of pY118 paxillin was significantly decreased within 2 minutes of 

blebbistatin treatment (Figure 3.4 B and C). This suggests a tightly coupled mechanism 

whereby active FAK in focal adhesions is rapidly dephosphorylated or displaced, far before 

the observable dissolution of the focal adhesion structures themselves. To our knowledge, 

this is the most immediate effect of myosin II inhibition on FAK phosphorylation, or on 

that of a downstream target of FAK, described to date. Interestingly, both relative pY397 

FAK and relative pY118 paxillin levels quickly recovered relative to vinculin signal by 5 

minutes post blebbistatin, becoming even higher than control as the focal adhesions 

dissolved  and  diminished  in  size  (Figure 3.4 B and C).  This  result  shows  local,  rapid 
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Figure 3.4: Blebbistatin rapidly but temporarily reduces phosphorylated FAK relative to 
entire focal adhesion. (A) Schematic describing the method used to calculate and mask relative phospho-
FAK and phosphor-Pxn in focal adhesions. Briefly, SKOV-�����F�H�O�O�V���W�U�H�D�W�H�G���Z�L�W�K�����������0���E�O�H�E�E�L�V�W�D�W�L�Q���I�R�U��������������
5, 15, 30, or 60 minutes were probed for vinculin, to demarcate total focal adhesions, and either pY397 FAK 
or pY118 Pxn. Vinculin signal was used to create a binary focal adhesion mask which was multiplied by the 
phosphoprotein signal and. Phosphoprotein signal was then divided by vinculin signal to give relative 
phosphoprotein images as shown in B. (B) Pseudocolored relative phosphoprotein images for pY397 FAK 
���W�R�S���� �R�U�� �S�<�������� �3�[�Q�� ���E�R�W�W�R�P���� �X�S�R�Q�� �W�U�H�D�W�P�H�Q�W�� �Z�L�W�K�� �������0�� �%�O�H�E�E�L�V�W�D�W�L�Q�� �I�R�U�� �W�K�H�� �L�Q�G�L�F�D�W�H�G�� �W�L�P�H�� �S�H�U�L�R�G���� ���&����
Relative phosphoprotein signal in each masked adhesion for each pY397 FAK (left) or pY118 Pxn (right). 
Kruskal-Wallis Cmparison �
���S�”���������� �
�
�
�
���S�”������������. (D) Western blot of whole cell lysates from cells treated 
�Z�L�W�K���������0���E�O�H�E�E�L�V�W�D�W�L�Q���I�R�U�������������������������������������R�U���������P�L�Q�X�W�H�V���S�U�R�E�H�G���I�R�U���S�<���������)�$�.���R�U���W�R�W�D�O���)�$�.�����T�X�D�Q�W�L�I�L�F�D�W�L�R�Q��
below. 
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inactivation or relocalization of FAK in response to decreased contractility. However, 

though FAK may be rapidly affected by changes in contractility, it remains unclear whether 

FAK is responsible for the mechanical regulation of PKA activity in the leading edge. It 

remains possible that a subcellular pool of FAK activity acts as an intermediate between 

mechanical signals and PKA. Here, we observed a rapid change in FAK activity localized 

to focal adhesions—structures which have been shown to be spatially distinct from peaks 

in leading edge PKA activity (A. J. McKenzie et al., 2020). No rapid change in FAK 

phosphorylation was observed when assessed throughout the entire cell by western blot 

(Figure 3.4 D). Taken together, these results suggest that FAK is at least partially rapidly 

sensitive to changes in actomyosin contractility. If FAK is acting as an intermediate 

between contractile forces and PKA activity, it is a small, subcellular pool of FAK 

regulated at a level that is not detected via western blot of whole cell lysates.  

 

3.4. DISCUSSION 

We have identified a novel relationship whereby FAK promotes PKA activity in 

the leading edge of migrating SKOV-3 ovarian cancer cells and MEF cells. This 

relationship is sensitive to both pharmacologic and genetic inhibition of FAK and is 

dependent on FAK kinase activity. It is rather surprising that FAK inhibition has a marked 

effect on PKA activity in the leading edge. The canonical pathway leading to activation of 

PKA, the generation of cAMP downstream of adenylyl cyclases (ACs), heterotrimeric G-

proteins, and GPCRs, is well characterized and ostensibly wholly independent of tyrosine 

phosphorylation. There is no precedent suggesting the mechanism by which this regulation 
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occurs. It is possible that FAK is acting on regulatory targets upstream of PKA, such as 

heterotrimeric G proteins, ACs, or phosphodiesterases, that control the local availability of 

cAMP. To our knowledge, however, there are no published reports of FAK activity 

contributing to the generation of cAMP, in any system.  There is evidence to support the 

regulation of FAK downstream of ACs, both promoting FAK activity downstream of 

increased AC activity (Sanchez-Collado et al., 2019) or norepinephrine stimulation (Sood 

et al., 2010), and decreasing FAK activity after stimulation of ACs in microdomains 

(Swaney et al., 2006). Further, inhibition of PKA has been shown to delay 

dephosphorylation of FAK upon cellular detachment, putting PKA upstream of FAK in 

anchorage-dependent signaling (Howe & Juliano, 2000). Yet no mechanism for these 

relationships has been identified, nor has the reciprocal relationship, whereby FAK 

modulates the activity of adenylyl cyclases, been demonstrated.  

While other tyrosine kinases such as EGFR and Fyn have been shown to directly 

phosphorylate the PKA catalytic domain (Caldwell et al., 2012a; Schmoker et al., 2018), 

these modifications lead to only a modest increase in the catalytic efficiency of PKA in 

vitro, and the direct PKA phosphorylation by FAK has not been investigated. Thus, while 

phosphorylation of PKA subunits by FAK has not been shown, it is possible that FAK, like 

EGFR and Fyn, may directly modify and thus regulate PKA catalytic subunits. However, 

if FAK were directly phosphorylating PKA, it seems unlikely that we would see a marked 

decrease in PKA activity within minutes of FAK inhibition as we see in Figure 1. If, similar 

to EGFR and Fyn, phosphorylation of PKA by FAK slightly increased PKA catalytic 

efficiency, then inhibiting FAK would cease ongoing phosphorylation of PKA. A decrease 
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in PKA activity would then rely on swift, overwhelming action by tyrosine phosphatases, 

which would likely only modestly decrease the catalytic response of PKA to the unchanged 

availability of cAMP. Therefore, it is more likely that FAK is acting upstream, potentiating 

PKA through increased availability of cAMP, allowing for more immediate and marked 

change through signal amplification via second messenger production. 

Moreover, using the R454 kinase-dead FAK construct in FAK null cells, we have 

demonstrated that it is FAK kinase activity, and not one of the numerous scaffolding 

functions of FAK, that is responsible for regulation of PKA. FAK is a large protein known 

for its ability to scaffold higher order signaling complexes through its binding with 

numerous other proteins—other kinases such as Src, adapter molecules such as p130Cas,  

and focal adhesion components like talin and paxillin (Golubovskaya & Cance, 2007; 

Guan, 2010; J. T. Parsons, 2003; Schaller, 2001; Schlaepfer, Hauck, & Sieg, 1999). Our 

results suggest that FAK is acting to influence PKA activity more directly than by 

scaffolding some components of the signaling pathway in a way that requires the input of 

its kinase activity. 

With these results, it is unclear whether mechanical inputs, PKA, and FAK exist in 

a linear hierarchy where FAK acts as an intermediate signaling node. Prior experiments 

suggested that FAK inhibition does not rapidly change actomyosin contractility (A. J. 

McKenzie et al., 2018). If FAK is acting to transmit mechanical signals to PKA, we would 

expect that disrupting contractility would lead to rapid decreases in FAK activity. Though 

we have shown that at least some pools of FAK are rapidly sensitive to contractile forces 

(within 2 minutes), the data presented do not categorically place FAK activity in the same 
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pathway as mechanical regulation of PKA. However, our prior work has shown that leading 

edge PKA events are not directly spatially related to focal adhesions (A. J. McKenzie et 

al., 2020). Additionally, FAK functions in distinct pools within the cell, not always 

localized to focal adhesions (Kleinschmidt & Schlaepfer, 2017), where we observed its 

activity in this study. Therefore, further work must be done at higher time resolution to 

identify whether a subcellular pool of FAK activity is contributing to PKA activity in 

migrating cells. This can be addressed using subcellular fractionation techniques to 

sensitize western blotting to small, subcellular changes in FAK activity downstream of 

myosin II inhibition. Of particular interest is membrane fractionation. FAK associates with 

lipid membranes (Cai et al., 2008; Goni et al., 2014) and membrane structures (Swaney et 

al., 2006; Baillat, Siret, Delamarre, & Luis, 2008). The actin cytoskeleton and adhesive 

structures necessary for mechanotransduction are tethered to membrane structures such as 

caveolae (Del Pozo, 2004; Del Pozo et al., 2005; Echarri & Del Pozo, 2015), which are, 

themselves, sensitive to mechanical force (Del Pozo, Lolo, & Echarri, 2021; Echarri & Del 

Pozo, 2015; Parton & Del Pozo, 2013). Leading edge PKA activity, sensitive to both 

changes in force and FAK activity is detected at the plasma membrane. Further dissection 

of the interaction between contractility, FAK, and leading edge PKA activity should focus 

on membrane-proximal signaling and mechanotransduction.  

The novel involvement of FAK in leading edge PKA activity is intriguing 

regardless of whether FAK is involved specifically in its mechanical regulation. PKA is 

active in the leading edge of numerous cell types, is required for the migration of many 

different types of cells, and has important downstream targets involved in many aspects of 
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this complex process (Svec & Howe, 2022). FAK is similarly widely required for cell 

migration, adhesion, and mechanotransduction, yet these two principal kinases are 

canonically regarded to function separately. The identification of crosstalk between FAK 

and PKA represents an important finding in the regulation of migration and implies that 

these ubiquitously active serine/threonine and tyrosine kinase pathways may collaborate to 

regulate other cellular processes. Further characterization of the relationship between the 

PKA pathway and upstream inputs by FAK tyrosine phosphorylation to understand the 

extent and mechanism of crosstalk between these two pathways. 

 

3.5. MATERIALS AND METHODS  

Cell Culture 

SKOV-3 cells were obtained from ATCC and maintained in DMEM supplemented 

with 10% fetal bovine serum below 60% confluency. Cells plated for transfection were 

allowed to reach 70% confluency and transfected with FuGene 6. After 30 hours, 

transfected SKOV-3 cells were cryopreserved at -80�qC in DMEM 10% fetal bovine serum, 

10% DMSO. 

MEF WT, FAK KO, and FAK KO shPyk2 cells were obtained from David 

Schlaepfer and maintained in DMEM supplemented with 10% fetal bovine serum on dishes 

coated with 0.1% gelatin (Sieg et al., 1999). Cells were transfected at 70% confluency, 

replated at 24 hours, and cryopreserved after 48 hours at -80�qC in DMEM 10% fetal 

biovine serum, 10% DMSO. 
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FRET Microscopy 

Imaging dishes (29mm CellVis) were coated overnight at 4�q�&�� �Z�L�W�K�� �������J���P�O��

fibronectin. SKOV-3 ells were thawed and plated at 25,000 cells per dish in DMEM 

supplemented with 10% fetal bovine serum. Four hours after plating, cells were rinsed and 

media was exchanged to Ringer’s Solution supplemented with 12.5ng/ml epidermal 

growth factor. Cells were allowed to equilibrate for at least 45 min before imaging. Imaging 

began 20 minutes before drug treatment and extended 20 minutes beyond treatment to 

assess the effect of each drug. 

MEF cells were thawed and plated at 20,000 cells per dish in DMEM supplemented 

with 10% fetal bovine serum. Eighteen hours after plating, cells were rinsed and media was 

exchanged with Ringer’s Solution supplemented with 10ng/ml plasma derived growth 

factor-BB. 

CFP and FRET images were acquired simultaneously using a Nikon TiE inverted 

fluorescent microscope and the Cairn OptoSplitII optical splitter. Temperature was 

maintained at 37�qC. FRET images were acquired using 2X2 binning. 

 

FRET Image Analysis 

FRET images were processed using a protocol based on Broussard et al. 2013. 

Briefly, a median filter radius 1 was applied and background was subtracted from each 

channel using a mean background pixel value for each image. The FRET image was then 

corrected for CFP bleed-through and division of the corrected FRET image by the CFP 

image resulted in the FRET ratio image. This image was then masked using the sum of the 
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corrected FRET and CFP images, sharpened with an unsharp mask, radius 10. FRET ratio 

images were visualized using a custom LUT. 

Quantification of relative leading edge PKA activity was calculated by the number 

of pixels in the leading edge with a FRET ratio value measuring more than 1.5 standard 

deviations above the mean pixel value of the entire cell during the pre-drug portion of the 

experiment. The remaining leading edge activity after a given treatment was calculated by 

dividing the relative LE PKA activity 10 minutes after by that 10 minutes before treatment. 

Whole cell mean FRET ratio calculations were averaged over 7 frames of the 

movie, absent of any treatment, while the cell migrated. 

 

Immunofluorescence 

SKOV-3 cells were plated in DMEM supplemented with 10% fetal bovine serum 

�R�Q�� �F�R�Y�H�U�V�O�L�S�V�� �F�R�D�W�H�G�� �Z�L�W�K�� �������J���P�/�� �I�L�E�U�R�Q�H�F�W�L�Q overnight then treated with 25 uM 

blebbistatin for the indicated periods. Cells were then fixed in 4% PFA in PBS for 15 min 

at RT, permeabilized in 0.25% triton X100 in PBS for 10 min at RT with gentle shaking, 

and blocked for at least 1 h in 4% low- IgG BSA + 0.1% tween-20 in PBS. Coverslips were 

stained for 1 h at RT with antibodies against vinculin (hVin1, Sigma; 1:400) and either 

(phosphoTyr397-FAK (Cat# 44-625G, ThermoFisher; 1:50) or phosphoTyr118-paxillin 

(Cat# 44-722G; ThermoFisher; 1:100) diluted in blocking solution. Coverslips were 

washed 4 times for 7 min in PBS, then incubated in secondary antibodies (Alexa594-

ocnjugated donkey anti-mouse and Alexa488-conjugated anti-rabbit, both from Abcam and 

both diluted 1:250 in block) and washed again as above. Coverslips were mounted on slides 
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using Prolong Glass Antifade (ThermoFisher) and imaged as described elsewhere (A. J. 

McKenzie et al., 2018)). 

 

Western Blot 

SKOV-3 cells were plated in DMEM supplemented with 10% fetal bovine serum 

on 60 mm tissue cu�O�W�X�U�H�� �G�L�V�K�H�V�� �S�U�H�Y�L�R�X�V�O�\�� �F�R�D�W�H�G�� �L�Q�� �������J���P�/�� �I�L�E�U�R�Q�H�F�W�L�Q���� �)�R�O�O�R�Z�L�Q�J�� �D��

similar protocol to imaging parameters, at ~70% confluency, cells were stimulated with 

���������Q�J���P�/�� �(�*�)�� �I�R�U�� ������ �P�L�Q�X�W�H�V�� �S�U�L�R�U�� �W�R�� �G�U�X�J�� �W�U�H�D�W�P�H�Q�W�V���� �7�L�P�H�G�� �W�U�H�D�W�P�H�Q�W�V�� �Z�L�W�K�� �������0��

blebbistatin were ended by a double rinse in ice-cold complete PBS followed by harvest in 

lysis buffer containing 50mM Tris, pH 8.0, 150mM NaCl, 5mM EDTA, 5% glycerol, 1% 

Triton-X 100, 25mM NaF, 2mM Na2VO4 supplemented with 1x protease inhibitor cocktail 

(Thermo Scientific). Cells were freeze-thawed twice in liquid nitrogen and whole cell 

�H�[�W�U�D�F�W�V�� �Z�H�U�H�� �F�R�O�O�H�F�W�H�G�� �X�S�R�Q�� �F�H�Q�W�U�L�I�X�J�D�W�L�R�Q�� �D�W�� �������������� �[�� �J���� �������J�� �R�I�� �S�U�R�W�H�L�Q�� �I�U�R�P�� �H�D�F�K��

treatment condition was separated by SDS-PAGE and transferred to PVDF membrane. 

Membranes were blocked with 5% nonfat dry milk and immunoblotted with antibodies 

against pY397-FAK (Invitrogen 44-624G) or total FAK (Millipore, 05-537).  
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3.7. SUPPLEMENTAL FIGURES 

 

 

Supplemental Figure 3.1: Inhibiting actin polymerization does not rapidly decrease leading 
edge PKA activity (A) FRET ratio image montage of the leading edge of an SKOV-3 cell expressing 
pmAKAR3 treated with 50nM Cytochalasin D �D�W���W�L�P�H���������6�F�D�O�H� �������P��(B) Kymograph of leading edge PKA 
activity through line in panel A. (C) FRET ratio image montage of the leading edge of an SKOV-3 cell 
�H�[�S�U�H�V�V�L�Q�J���S�P�$�.�$�5�����W�U�H�D�W�H�G���Z�L�W�K���������Q�0���/�D�W�U�X�Q�F�X�O�L�Q���$���D�W���W�L�P�H���������6�F�D�O�H� �������P��(D) Kymograph of leading 
edge PKA activity through line in panel C. (E) Relative peak PKA activity in the leading edge of cells over 
time treated with vehicle control, 0.1% DMSO (N=3, n=36), and cells treated with 50nM Cytochalasin D  or 
100nM Latrunculin A. (D) Peak PKA activity remaining in the leading edge 10 minutes after treatment 
compared to that 10 minutes before treatment with 0.1% DMSO, 50nM Cytochalasin D, or 100nM 
Latrunculin A. Kruskal-Wallis with multiple comparisons. Comparisons shown are a subset of all 
comparisons assessed by Kruskal-Wallis test. Comprehensive graph including all test results found in 
Supplemental Figure 4. 
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Supplemental Figure 3.2: Whole cell FRET ratio to Forskolin and IBMX after treatment 
with PF271. After treatment with PF271 or DMSO control, cells from Figure 2 were treated with Forskolin 
and IBMX to increase intracellular cAMP and assess maximum PKA signal. No significant difference was 
found between the cell means. 

 

Supplemental Figure 3.3: Inhibiting FAK with PND1186 leads to decrease in leading edge 
PKA activity, but slight whole cell increase.  (A) FRET ratio image montage of the leading edge of 
an SKOV-�����F�H�O�O���H�[�S�U�H�V�V�L�Q�J���S�P�$�.�$�5�����W�U�H�D�W�H�G���Z�L�W�K���������0���D�W���W�L�P�H�������� �6�F�D�O�H� �������P�����%�� Peak PKA activity 
remaining in the leading edge 10 minutes after treatment compared to that 10 minutes before treatment with 
0.1% DMSO (N=3, n=36) or �������0�� �3�1�'���������� ���1� ������ �Q� ������. Kruskal-Wallis with multiple comparisons. 
Comparisons shown are a subset of all comparisons assessed by Kruskal-Wallis test. Comprehensive graph 
including all test results found in Supplemental Figure 4. 
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Supplemental Figure 3.4: Comprehensive graph including all test results from Kruskal-
Wallis assessment of the treatment of SKOV-3 cells with pharmacologic inhibitors.  
Comparisons shown in Figure 1, Supplemental Figure 1, and Supplemental Figure 3 are a subset of all 
comparisons assessed by Kruskal-Wallis test, results of which are shown here. * p�”0.05, ** p�”0.01, *** 
p�”0.001, **** p�”0.0001 
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Supplemental Figure 3.5: Comprehensive graph including all test results from Kruskal-
Wallis assessment of MEF cell lines and MEF FAK-null cells expressing mCherry tagged 
addback constructs.  Comparisons shown in Figures 3 and 4 are a subset of all comparisons assessed by 
Kruskal-Wallis test, the complete results of which are shown here. (A) Mean PKA activity as assessed by 
mean FRET ratio. (B) Relative leading edge PKA activity �
���S�”�������������
�
���S�”�������������
�
�
���S�”���������������
�
�
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CHAPTER 4: MATTERS ARISING  

4.1. INTRODUCTION 

The data presented in Chapter 3 demonstrate a functional link between FAK and 

PKA activity in the leading edge, the basis of which is unknown. FAK does not act in a 

vacuum, however, and the inextricable relationship between FAK and Src must not be 

ignored. Src is a non-receptor tyrosine kinase involved in development and cellular growth. 

It is at the center of tyrosine signaling pathways, regulated by tyrosine phosphorylation, 

and regulating other proteins and kinases through tyrosine phosphorylation (S. J. Parsons 

& Parsons, 2004). FAK and Src form a complex in focal adhesions are involved in further 

activation of one another (Mitra & Schlaepfer, 2006). Like FAK, Src can be mechanically 

activated (Daday, de Buhr, Mercadante, & Grater, 2022; Na et al., 2008; Y. Wang et al., 

2005) and is involved in the relay of mechanical signals (Koudelkova, Brabek, & Rosel, 

2021), making it an interesting candidate for the regulation of mechanically regulated PKA 

activity. Therefore, our dissection of the novel regulation of PKA activity by FAK led us 

to ask whether Src activity was also upstream of leading edge PKA activity. 

Src exists as part of a larger family of kinases, Src Family Kinases (SFKs), that is 

comprised of 9 tyrosine kinases—Src, Fyn, Yes, and Yrk (which are ubiquitously 

expressed) as well as Lyn, Blk, Fgr, Hck, and Lck (S. J. Parsons & Parsons, 2004). 

Crosstalk with PKA is more common for SFKs than for FAK. PKA can phosphorylate Src 

and Fyn. The phosphorylation of Fyn at S21 by PKA is essential for its kinase activity and 

targeting to focal adhesions (Yeo et al., 2011). This phosphorylation is required for the 

recruitment of Fyn and also FAK to focal adhesions. Cells expressing a non-
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phosphorylatable Fyn were deficient in FA dynamics, FAK function, and migration (Yeo 

et al., 2011).  

Reciprocally, and more relevant to the present study, PKA can be directly 

phosphorylated by Src Family Kinases (SFKs). Specifically, Src and Fyn have both been 

found to phosphorylate PKA catalytic subunit in vitro (Deming & Ballif unpublished, 

2018; Schmoker et al., 2018). Unpublished observations revealed that direct 

phosphorylation of PKA by Src and Fyn occurs at Y69 and that phosphorylation of this 

residue increased PKA activity in vitro and in cells overexpressing Fyn. Further, Fyn forms 

a complex with PKA and can change PKA complexing with other binding partners, 

including known AKAPs (Schmoker et al., 2018). Interestingly, the association of PKA 

catalytic subunit with AKAP-Lbc, whose AKAP function is involved in the localization of 

leading edge PKA activity (Paulucci-Holthauzen & O'Connor, 2006), was altered by the 

presence of Fyn (Deming & Ballif unpublished, 2018).  

As we try to understand the origins of leading edge PKA activity that is sensitive 

to mechanical inputs and tyrosine kinase activity, caveolae arise as a possible scaffold for 

all the requisite signaling partners and inputs. Caveolae are invaginated lipid microdomains 

known to be sensitive to mechanical force (Del Pozo, Lolo, & Echarri, 2021; Echarri & 

Del Pozo, 2015; Parton & Del Pozo, 2013). Adenylyl cyclases and other cAMP signaling 

components as well as FAK and Src are localized to caveolae (Head, Patel, & Insel, 2014; 

Head et al., 2006; Patel, Murray, & Insel, 2008; Swaney et al., 2006). All of this suggests 

that caveolae may organize the PKA pathway elements involved in mechanically 

responsive leading edge PKA activity.  
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Here, we find that pharmacologic inhibition of SFKs with two distinct inhibitors 

leads to a significant rapid decrease in leading edge PKA activity. In preliminary 

experiments to investigate the role of caveolae in organizing PKA signaling structures with 

FAK and Src in the leading edge, we show that treatment with methyl-��-cyclodextrin 

similarly leads to rapid disruption of leading edge PKA activity. Finally, to test whether 

FAK or SFK inhibition could impact general GPCR signaling, we pretreated cells with 

FAK or SFK inhibitors before stimulation with isoproterenol, a non-�V�H�O�H�F�W�L�Y�H�������D�G�U�H�Q�H�U�J�L�F��

receptor agonist. Surprisingly, both inhibition of FAK and of SFKs led to a decreased 

cellular PKA response, suggesting that the role of tyrosine kinase signaling in regulating 

the pathway upstream of PKA may extend beyond leading edge PKA activity in migration. 

 

4.2. RESULTS 

4.2.1. Pharmacologic inhibition of Src Family Kinases rapidly decreases leading 

edge PKA activity 

To test the dependence of leading edge PKA activity on SFK activity, we treated 

SKOV-3 ovarian cancer cells expressing pmAKAR3 with Saracatinib or Src-1. Src-1 

inhibits Src and Lyk with similar affinities, as well as Csk and Yes (Bain et al., 2007; Tian, 

Cory, Smith, & Knight, 2001). Saracatinib is less specific, inhibiting Src, Yes, Fyn, Lyn, 

Blk, Fgr, Lck, and Abl. Treatment with either SFK inhibitor led to a rapid decrease in 

leading edge PKA activity (Figure 4.1). This suggests that, like FAK, SFKs are acting 

upstream of PKA activation in the leading edge. 
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Figure 4.1: Pharmacologic Inhibition of Src Family Kinases immediately disrupts leading 
edge PKA activity.  (A) FRET ratio image montage of a migrating SKOV-3 cell expressing pmAKAR3 
before and after exposure to 1��M Saracatinib. (B) Kymograph through leading edge of cell in panel A (white 
line) extending ten minutes before and after application of Saracatinib. White line indicates time of 
application. (C) FRET ratio image montage of a migrating SKOV-3 cell expressing pmAKAR3 before and 
after exposure to 2��M Src-1. (D) Kymograph through leading edge of cell in panel C (white line) extending 
ten minutes before and after application of Src-1. White line indicates time of application. (E) Time course 
showing average relative leading edge PKA activity in migrating cells treated with 0.1% DMSO, 1��M 
Saracatinib, or 2��M Src-1. (F) Remaining leading edge PKA activity 10 minutes after treatment compared 
to 10 minutes before treatment with 0.1% DMSO, 1��M Saracatinib, or 2��M Src-1. Note that DMSO control 
cells in panels E and F are the same cell population as those in Figure 3.1, Supplemental Figure 3.1, and 
Supplemental Figure 3.4. Comparisons are shown are a subset from a Kruskal-Wallis including all 
experiments using this 0.1% DMSO control. **** p�”0.0001 
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4.2.2. Disruption of caveolae with Methyl-��-cyclodextrin decreases leading edge 

PKA activity  

As all components of the cAMP/PKA pathway, FAK, and Src are found in 

caveolae, we tested the ability of cholesterol sponge methyl-��-cyclodetrin to decrease 

leading edge PKA activity. Surprisingly, there was a rapid significant decrease in leading 

edge PKA activity in SKOV-3 cells expressing pmAKAR3 upon cholesterol depletion 

(Figure 4.2). Though this result suggests caveolar disruption may ablate local PKA activity, 

we have also observed very rapid dissipation of cellular contractility upon treatment with 

methyl-��-cyclodetrin. This is not altogether surprising given that caveolae are tethered to 

stress fibers and govern contractility (Echarri & Del Pozo, 2015). However, given that we 

know leading edge PKA activity is dependent on actomyosin contractility, more work must 

be done to separate or titrate these effects to understand how PKA activity is being affected. 

 

Figure 4.2: Caveolae disruption with methyl-��-cyclodetrin rapidly decreases leading edge 
PKA activity. (A) Time course showing average relative leading edge PKA activity in migrating cells 
treated with 0.1% DMSO or 8mM methyl-��-cyclodetrin. (F) Remaining leading edge PKA activity 10 
minutes after treatment compared to 10 minutes before treatment with 0.1% DMSO or 8mM methyl-��-
cyclodetrin. Note that DMSO control cells in panels A and B are the same cell population as those in Figure 
3.1, Supplemental Figure 3.1, Supplemental Figure 3.4, and Figure 4.1. Comparisons are shown are a subset 
from a Kruskal-Wallis including all experiments using this 0.1% DMSO control. **** p �”0.0001 
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4.2.3. Pretreating cells with FAK or SFK inhibitors  decreases cellular PKA response 

to a GPCR agonist 

To test whether the effect of FAK and SFK inhibitors on leading edge PKA activity 

was specific to the leading edge or could be generalized to responses to a GPCR agonist, 

SKOV-3 cells expressing pmAKAR3 were pretreated with FAK or SFK inhibitors for 10 

minutes before stimulation with 1nM isoproterenol, a non-�V�H�O�H�F�W�L�Y�H�������D�G�U�H�Q�H�U�J�L�F���U�H�F�H�S�W�R�U��

agonist. After 10 minutes of stimulation, �������0�� �$�&�� �D�F�W�L�Y�D�W�R�U�� �I�R�U�V�N�R�O�L�Q�� �D�Q�G�� ���������0��

phosphodiesterase inhibitor IBMX were added to maximize detectable PKA signal. 

Pretreatment with either FAK or SFK inhibitors led to a decreased cellular PKA response 

to isoproterenol (Figure 4.3). This suggests that more general GPCR-PKA activity in the  

Figure 4.3: Cellular PKA response to isoproterenol is decreased by pretreatment with FAK 
or SFK inhibitors Mean FRET ratio values representing relative PKA activity from cells treated with 
0.1% DMSO, 1��M Saracatinib, 10��M PND1186, or 250nM PF271 (Drug). After 10 minutes, cells were 
stimulated with 1nM Isoproterenol. 10 minutes later, PKA response was flooded by application of 50���0��
�I�R�U�V�N�R�O�L�Q���D�Q�G����������M IBMX to maximize AC activity. 
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cell, beyond the leading edge, is impacted by tyrosine kinase activity. 

Experiments were performed alongside those in Chapter 3 and thus all experiments 

were performed as described in Section 3.5. Results from this chapter are discussed in 

context in Chapter 5: Discussion.   



144 
 

 
CHAPTER 5: DISCUSSION 

5.1. SUMMARY OF FINDINGS 

Cellular migration is required for the growth and maintenance of healthy tissues 

and organ structures. This complex process requires tight spatiotemporal regulation and 

complex coordination of numerous signaling pathways. This work identifies the sensitivity 

of PKA activity in the leading edge of migrating ovarian cancer cells to actomyosin 

contractility and other mechanical inputs. Specifically, we found that regions of high 

actomyosin contractility (AMC) are spatially related to regions of high PKA activity. When 

actomyosin contractility was inhibited, PKA activity in the leading edge rapidly decreased. 

Further, we demonstrated that applied durotactic stretch causes an acute, local increase in 

PKA activity and that PKA is required for durotactic migration. These findings show a 

sensitivity of PKA activity to cellular and extracellular mechanical forces.  

Interestingly, we discovered a novel relationship between the activities of FAK and 

PKA in the leading edge of migrating cells. Leading edge (LE) PKA is rapidly diminished 

upon specific pharmacologic inhibition of FAK in ovarian cancer cells. Additionally, 

leading edge PKA activity is lower in mouse embryonic fibroblasts that do not express 

FAK than in wildtype cells. Leading edge PKA activity is rescued to wildtype levels in 

FAK null cells by re-expression of wildtype FAK, but not by expression of kinase-dead 

FAK, showing a dependence of leading edge PKA activity on FAK kinase activity. Finally, 

we demonstrated that distinct pools of FAK, such as the pool in focal adhesions, can be 

dynamically changed by decreases in actomyosin contractility before those changes 

become evident throughout the entire cell. This finding does not rule out the possibility 
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that FAK and mechanical stimulation could be acting together, upstream of PKA. Rather 

it suggests that if FAK is acting as an intermediate between mechanical stimuli and PKA, 

a distinct, localized pool of FAK activity is responsible. 

Finally, in Chapter 4, we find that Src family kinase (SFK) activity is also upstream 

of leading edge PKA activity. Additionally, preliminary studies show that inhibition of 

�H�L�W�K�H�U���)�$�.���R�U���6�)�.�V���O�H�D�G�V���W�R���D���G�H�F�U�H�D�V�H�G���3�.�$���U�H�V�S�R�Q�V�H���W�R���D���J�H�Q�H�U�D�O�������$�G�U�H�Q�H�U�J�L�F���U�H�Feptor 

agonist, suggesting that FAK and SFK regulation of PKA activity may extend to cellular 

functions beyond migration.   

 

5.2. MECHANICAL REGULATION OF LEADING EDGE PKA SIGNALING  

Here, we describe PKA activity in the leading edge dynamically regulated by 

mechanical inputs from both within and outside the cell. This dynamic regulation likely 

requires the coupling of the canonical PKA pathway to the structural elements of the cell, 

mainly the actin cytoskeleton and focal adhesions. The first implication that leading edge 

PKA events were mechanically regulated came from Tkachenko et al. (2011) who 

demonstrated that peaks in PKA activity lag behind peaks in the activity of RhoA, a 

principal signal in cellular contraction, and that the two cycle on and off as the cell 

protrudes and retracts. Peaks in PKA activity occurred ~22 seconds behind peak protrusion 

(and membrane tension). Intriguingly, Ji et al. (2008) had previously reported a ~20 second 

lag from peak protrusion to peak traction force. The similarity in the timing of these events 

suggested iterative mechanical activation of PKA in the leading edge (Tkachenko et al., 

2011). This hypothesis, paired with our data showing the rapidity with which LE PKA 
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signaling ceases upon disruption of AMC and the rapidity of the appearance of stretch 

activated PKA suggests that local, preorganized, mechanically-sensitive signaling domains 

exist in the leading edge of migrating cells. This organization would allow for the rapid 

increase and decrease of PKA activity following local iterative cycles of changing 

contractility. Given that both leading edge and stretch activated PKA are mechanically and 

dynamically regulated, it is likely that they rely on similar, if not the same, machinery to 

function. The question that arises: How is the pathway upstream of PKA activity coupled 

to the structural components of the cell and activated by mechanical stimulation? 

 

Mechanical activation of the canonical pathway 

The mechanical activation of several nodes along the GPCR-�*�.�V-AC-PKA 

pathway have been previously described. Observations of mechanically sensitive 

production of cAMP date back to 1975 (Rodan, Bourret, Harvey, & Mensi, 1975). More 

recent observations show that twisting forces applied to integrins leads to local membrane-

proxima�O���D�F�W�L�Y�D�W�L�R�Q���R�I���$�&�V���D�Q�G���3�.�$�����0�H�\�H�U���H�W���D�O�������������������G�R�Z�Q�V�W�U�H�D�P���R�I���*���S�U�R�W�H�L�Q���*�.�V����

apparently coupled to integrins themselves (Alenghat, Tytell, Thodeti, Derrien, & Ingber, 

2009). Recent evidence shows that GPCRs themselves can be mechanically activated as 

reviewed in (Marullo et al., 2020). Though there are several documented ways in which 

PKA can be activated in a cAMP dependent manner (Dulin, Niu, Browning, Ye, & Voyno-

Yasenetskaya, 2001; Ferraris, Persaud, Williams, Chen, & Burg, 2002; Kohr, Traynham, 

Roof, Davis, & Ziolo, 2010; Kopperud, Krakstad, Selheim, & Doskeland, 2003; Niu et al., 

2001), with several documented instances of precedence for mechanical activation of the 
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canonical pathway, it is likely that one or more nodes are activated mechanically in the 

leading edge. 

 

5.3. LOCAL PREORGANIZATION OF PKA AT MECHANICALLY SENSITIVE 

STRUCTURES 

The rapidity with which PKA is activated downstream of applied stretch (within 20 

seconds) and likely by iterative mechanical protrusion/retraction cycles (Ji, Lim, & 

Danuser, 2008; Tkachenko et al., 2011) suggests that the machinery needed to sense and 

respond to this mechanical input is already assembled and waiting to receive stimulation. 

Scaffolding or close association of, at least, PKA heterotetramers, adenylyl cyclases (ACs), 

and the factors that sense mechanical input and activate adenylyl cyclases is needed for 

these rapid and repeated signaling events. These components and connections must be 

dynamically organized and connected in order to respond quickly to increases in local 

tension and, just as rapidly, decrease when local tension dissipates. 

 

Focal adhesions as sites of mechanotransduction and cAMP/PKA signaling 

Focal adhesions are dynamic multiprotein complexes that form in the leading edge 

and govern the fundamental sensation of the mechanical microenvironment (Bershadsky, 

Balaban, & Geiger, 2003; Bershadsky et al., 2006; Discher, Janmey, & Wang, 2005; 

Pelham & Wang, 1998). As discussed in section 1.2, focal adhesions are principal sites of 

mechanotransduction where physical, structural changes to the cytoskeleton and adhesive 

connections with the ECM are translated into biochemical changes within the cell (Sun et 
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al., 2016). Thorough investigation of a mechanically regulated process must consider the 

role of focal adhesions. 

Not only do focal adhesions act as mechanosensitive signaling hubs, but they 

contain PKA (Zaidel-Bar et al., 2007; Kuo et al., 2011; Schiller et al., 2011; Horton et al., 

2015), adenylyl cyclases (Swaney et al., 2006)�����D�Q�G���*�.�V��(Alenghat et al., 2009) and thus 

represent a probable site for mechanically sensitive PKA pathway preorganization. 

Moreover, numerous focal adhesion proteins are targets of phosphorylation by PKA (Svec 

& Howe, 2022) and local PKA activity has been detected in focal adhesions using a 

targeted biosensor (unpublished). 

However, our findings show that peak PKA activity in the leading edge is spatially 

distinct from focal adhesion structures visible by fluorescent microscopy. PKA activity 

visualized using a lipid raft-targeted biosensor, however, identified peaks in PKA activity 

more closely but not entirely related to focal adhesions, suggesting that focal adhesions 

cannot be categorically dismissed as points of leading edge PKA regulation. Moreover, the 

scope of these particular findings is limited to those focal adhesions mature enough to 

visualize via widefield fluorescence microscopy and ignores very small nascent adhesions 

or integrin clusters which may exist closer to the protruding edge.  

Integrins can act as noncanonical AKAPs for PKA (Lim et al., 2007) and integrin 

activation, before higher order integrin clustering and FA formation, occurs through 

binding to Talin, which itself is a novel AKAP (Kang and Howe, Unpublished, 2022) and 

mechanically sensitive (Sun, Costell, & Fassler, 2019). Therefore, it is possible that PKA 

is anchored to integrins microclusters (Changede, Xu, Margadant, & Sheetz, 2015) or very 
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nascent adhesions, promoting organization in early, mechanically sensitive sites. 

Interestingly, nascent adhesions have been identified as sites regulated by 

phosphodiesterases in preformed complex with FAK (Serrels et al., 2010). The 

organization of mechanically sensitive PKA in nascent focal adhesions or integrin 

microclusters in the leading edge would mesh well with the observed pattern of integrin-

dependent PKA signal at the leading edge above patches of ECM proteins, which appears 

more uniform than punctate or FA-shaped (Tkachenko et al., 2011).  

Importantly, mechanosensation at focal adhesions is dynamic enough to support the 

rapid increases and decreases seen in PKA activity in response to local changes in tension 

or contractility. In fact, mechanosensation is occurring continuously and locally at focal 

adhesions guided by iterative tugging and probing of the underlying substrate and cells can 

respond dynamically to small detected changes or imbalances in local tension by focal 

adhesions (Plotnikov, Pasapera, Sabass, & Waterman, 2012; Plotnikov & Waterman, 

2013). 

Further dissection of the relationship between PKA signaling in the leading edge 

and potential regulation at focal adhesion structures could be assessed at higher resolution 

and signal to noise ratio by using confocal microscopy. Ongoing efforts in the lab seek to 

identify AKAPs and targets of PKA activity within focal adhesions. Dissection and 

interruption of the relationships identified in these studies may ultimately lead to disrupted 

leading edge PKA dynamics. 
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Mechanically sensitive preorganization of the PKA pathway may occur in membrane 

microdomains  

An interesting possibility to consider is the local preorganization of PKA pathway 

signaling molecules in membrane microdomains such as caveolae. Caveolae are sites of 

mechanotransduction and the flattening and disruption of caveolae acts to protect the 

membrane against mechanical stress (Del Pozo, Lolo, & Echarri, 2021; Echarri & Del 

Pozo, 2015; Parton & Del Pozo, 2013). Mechanical activation of proteins such as RhoA 

and Rac1 by applied stretch relies on their organization in caveolar structures (Kawamura, 

Miyamoto, & Brown, 2003). Caveolae include all the signaling molecules and properties 

required to activate PKA activity and to respond to mechanical stretch. Actin 

microfilaments, such as those in the dense actin network in protrusions, promote the 

�R�U�J�D�Q�L�]�D�W�L�R�Q�� �R�I�� �*�3�&�5�V���� �*�.�V���� �D�Q�G�� �D�G�H�Q�\�O�\�O�� �F�\�F�O�D�V�H�V�� �L�Q�� �F�D�Y�H�R�O�D�H�� ���+�H�D�G���� �3�D�W�H�O���� �	�� �,�Q�V�H�O����

2014; Head et al., 2006; Patel, Murray, & Insel, 2008; Swaney et al., 2006). Caveolae 

associate with actin stress fibers and regulate actomyosin contractility (Echarri & Del Pozo, 

2015). Therefore, it is possible that the rapid, local increase in PKA activity upon 

application of durotactic stretch or by iterative mechanical stimulation through 

protrusion/retraction cycles is mediated through the preorganization of cAMP/PKA 

signaling components at caveolae. 

Importantly, caveolae aren’t necessarily disparate from focal adhesion structures or 

components. Caveolae and caveolins colocalize with adhesive structures (Echarri & Del 

Pozo, 2015) and regulators of adhesive signaling such as FAK and Src (Li, Couet, & 

Lisanti, 1996; Liang et al., 2001; Lisanti, Sargiacomo, & Scherer, 1999). Caveolae and 
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caveolins associate with integrins. Caveolae exhibit adhesion dependent behaviors and 

confer adhesion/anchorage-dependence to several signaling pathways (Del Pozo et al., 

2004). Recalling that PKA activity is integrin-dependent (Lim et al., 2008; Tkachenko et 

al., 2011), that PKA is involved in anchorage-dependent signaling (Howe & Juliano, 2000), 

and that cAMP signaling pathways are organized in caveolae, one may hypothesize that 

PKA activity is organized specifically at caveolae for these functions. 

Mechanosensation at caveolar structures is dynamic enough to account for the 

transient nature of the stretch activated PKA response and the quick, iterative peaks in 

leading edge PKA activity. Mechanical stress disrupts caveolae to buffer membrane 

tension and cellular responses to stress (Sinha et al., 2011), which could lend dynamism  

and flexibility to cAMP/PKA signaling. Mechanical stress could activate PKA signaling 

through caveolae-mediated mechanotransduction and create short-lived local signal due to 

the dispersal of cAMP signaling components in a secondary response to mechanical 

stimulation.  

Investigating these possible connections to caveolin-1 or caveolae would be 

relatively simple. Membrane fractionation coupled with western blotting techniques could 

allow assessment of caveolae and their contents. Combined with separate collections of 

cellular pseudopods, the relative protein contents of buoyant fractions in the protruding 

portion of the cell could be compared to those in the rest of the cell. This would allow for 

identification of potential differences in the caveolar makeup in the leading edge compared 

to the rest of the c�H�O�O�����7�K�H�V�H���I�U�D�F�W�L�R�Q�V���F�R�X�O�G���E�H���S�U�R�E�H�G���I�R�U���W�K�H���L�Q�F�O�X�V�L�R�Q���R�I���*�.�V�����$�&�V�����3�.�$����

and cav-1 in front vs rear of the cell and in the absence or presence of blebbistatin. These 
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relationships are worth probing in the context of leading edge and stretch activated PKA, 

especially in light of our observation in Figure 4.2. that disruptions of caveolae with 

methyl-��-�F�\�F�O�R�G�H�[�W�U�L�Q�����0���&�'�����U�D�S�L�G�O�\���U�H�G�X�F�H�V���O�H�D�G�L�Q�J���H�G�J�H���3�.�$���D�F�W�L�Y�L�W�\�����+�R�Z�H�Y�H�U�����W�K�L�V��

treatment led to a concurrent rapid decrease in AMC, leaving us unable to separate the 

effect of caveolar disruption and loss of AMC on PKA (data not shown). Further study 

may well identify a role for caveolae in the regulation of PKA activity in migration as an 

organizing structure for cAMP production, PKA, and all the inputs we have identified as 

important for PKA function in this work. 

 

5.4. NOVEL TYROSINE KINASE REGULATION OF PKA SIGNALING  

One of the most exciting aspects of this work is the identification of tyrosine kinase 

signaling crosstalk with the canonical pathway upstream of PKA. PKA and cAMP 

�V�L�J�Q�D�O�L�Q�J���G�R�Z�Q�V�W�U�H�D�P���R�I���$�&���D�F�W�L�Y�D�W�L�R�Q���E�\���*�.�V���D�Q�G���*�3�&�5�V���L�V���D���F�O�D�V�V�L�F�����W�K�R�U�R�X�J�K�O�\���V�W�X�G�L�H�G��

signaling pathway and none of these nodes has ever shown a dependence for tyrosine 

kinase signaling (Di Liberto, Mudo, & Belluardo, 2019; Hilger, Masureel, & Kobilka, 

2018; Khannpnavar, Mehta, Qi, & Korkhov, 2020). Several instances of PKA controlling 

downstream tyrosine kinase activity have been documented, but these observations 

generally stop short of identifying a mechanism of crosstalk (Abrahamsen, Vang, & 

Tasken, 2003; Armaiz-Pena et al., 2013; Beristain et al., 2015; Howe & Juliano, 2000; Jin 

et al., 2010; Sanchez-Collado et al., 2019; Schmitt & Stork, 2002; Vang et al., 2001). 

Investigation of the mechanism behind the regulation of leading edge PKA activity by 
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tyrosine phosphorylation through FAK and Src activity is important, but there exists no 

research to suggest a basis for this relationship. 

 

Future investigations 

Efforts to identify the mechanism of FAK/Src signaling upstream of PKA should 

begin by interrogating each level of the cAMP/PKA pathway and whether FAK or Src 

inhibition impacts it. For example, we have observed PKA activity is dependent on these 

inputs, but is cAMP availability? Biochemical cAMP assays performed with and without 

FAK or Src inhibition could be used to assess the effect of FAK inhibition on cAMP 

production. The effect of tyrosine kinase inhibition described in Chapter 3 and Figure 4.1 

was localized to the leading edge which cannot be physically isolated from cell bodies in a 

cAMP assay. Further, given the results in Figure 4.2, it is likely that the effect of tyrosine 

kinase inhibition on cAMP production will be apparent at the whole cell level.  

The limited use of cAMP biosensors in our lab has not shown a gradient of cAMP 

availability in the leading edge of migrating cells, but other labs have reported such a 

gradient (Lim et al., 2008). Further investigation into this discrepancy should include the 

use of alternative and more sensitive biosensors. If the presence of high leading edge cAMP 

was confirmed using these biosensors, then changes in this distribution could be assessed 

in the presence of FAK or Src inhibitors. If the cAMP levels were shown to be sensitive to 

�)�$�.���6�U�F���L�Q�K�L�E�L�W�L�R�Q�����W�K�H�Q���H�[�S�H�U�L�P�H�Q�W�V���F�R�X�O�G���P�R�Y�H���X�S���W�K�H���S�D�W�K�Z�D�\���W�R���*�.�V���R�U���V�H�O�H�F�W�H�G���*�3�&�5��

�I�X�Q�F�W�L�R�Q�V���� �/�D�V�W�O�\���� �F�K�D�Q�J�H�V�� �L�Q�� �W�\�U�R�V�L�Q�H�� �S�K�R�V�S�K�R�U�\�O�D�W�L�R�Q�� �R�I�� �3�.�$���� �$�&�V���� �*�.�V���� �D�Q�G select 
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GPCRs could be assessed in the presence or absence of FAK or Src inhibition using mass 

spectrometry. 

 

5.5. A POSSIBLE HIERARCHY BETWEEN TYROSINE KINASE AND 

MECHANICAL REGULATION OF PKA 

Though it seems likely that FAK activity is involved in mechanical regulation of 

PKA, the results presented in this dissertation do not yet firmly place FAK, AMC, and 

PKA in a linear hierarchy. We know from previous study that inhibiting FAK does not 

decrease actomyosin contractility (McKenzie et al., 2018), making it unlikely that FAK is 

acting upstream of mechanical inputs. Myosin II activity, a key regulator of AMC, 

promotes FAK activation in focal adhesions and phosphorylation of paxillin (Pasapera, 

Schneider, Rericha, Schlaepfer, & Waterman, 2010), implying that FAK could potentially 

act as an intermediate in the leading edge or sites of mechanical stimulation. Results from 

the end of Chapter 3 showed that disrupting AMC has the potential to rapidly disrupt FAK 

activity in focal adhesions (within 2 minutes) before an effect was seen at the cellular level. 

This finding shows that FAK can be dynamically regulated upon disruption of AMC but 

does not imply that this connection is upstream of mechanically sensitive PKA. 

As discussed previously, areas of peak PKA activity do not colocalize with focal 

adhesions. To probe for rapid changes in FAK activity upon loss of contractility, we 

normalized the pY397 FAK to total adhesion signal as reported by vinculin. We did not 

compare pY397 FAK to total FAK. Therefore, we do not know whether the effective rapid 

loss of active FAK in focal adhesions upon treatment with Blebbistatin was due to rapid 
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dephosphorylation of FAK that remains in adhesions, or whether phosphorylated FAK is 

rapidly translocated away from focal adhesions. Certainly, this distinction matters if focal 

adhesions are sites of PKA regulation. Even beyond focal adhesions, this result leaves the 

door open to FAK being an intermediate in mechanical regulation of PKA as it 

demonstrates that FAK can be rapidly affected by loss of AMC. 

 

Future investigations 

Further interrogation of this hierarchy could include biochemical cAMP assays to 

assess the effect of FAK inhibition on cAMP production paired with mechanical 

stimulation with FlexCells to stretch the cell population en masse. By mechanically 

stimulating cells with and without inhibition of FAK, the affect of FAK inhibition on 

stretch induced cAMP production could be assessed. Similarly, one could test the ability 

of FAK inhibition to block rapid PKA activation by durotactic stretch.  

If initial results from caveolar fractionation experiments described in the last 

section suggested that caveolar components of the PKA pathway were sensitive to changes 

in AMC, one could further probe caveolae for changes in the inclusion of or activity of 

FAK and Src under high tension (FlexCell) or low tension (blebbistatin).  

Given that cav-1 is tyrosine phosphorylated by FAK and Src (Buwa, Kannan, 

Kanade, & Balasubramanian, 2021; Li, Seitz, & Lisanti, 1996; Volonte, Galbiati, Pestell, 

& Lisanti, 2001) and that mechanical stress induces tyrosine phosphorylation of cav-1 

(Buwa et al., 2021; Volonte et al., 2001), it is possible that caveolae may serve to act as an 

organization center for this entire hierarchy. Assessment of phospho-cav-1 levels in 
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levels of FAK and Src) with stimulation or relaxation of AMC would help to identify 

whether FAK and Src activity and localization in these structures are disrupted upon loss 

of contractility, potentially upstream of PKA.  

Interestingly, cav-1 has been shown to directly inhibit PKA (Razani & Lisanti, 

2001), the impact of cav-1 Y14 phosphorylation on this effect is unknown. This could 

represent another possible connection between mechanical stimulation, tyrosine kinases, 

and PKA. If, potentially, phosphorylation of cav-1 relieved direct inhibition of PKA, then 

mechanically induced and FAK/Src mediated phosphorylation of cav-1 could potentially 

reverse this inhibition. The assays described above and coimmunoprecipitation 

experiments between PKA and cav-1 could address this potential connection. 

 

5.6. IMPLICATIONS OF TYROSINE KINASE CROSSTALK UPSTREAM OF 

PKA ACTIVITY 

In the leading edge 

Like any pool of biochemical activity, PKA activity in the leading edge is the 

product of more than just immediate upstream input. Under permissive conditions, 

including adhesive signaling, likely transmitted through FAK and Src, and active 

mechanical engagement with the surroundings, the canonical pathway upstream of PKA 

generates cAMP and PKA is available and able to respond to it. Perhaps more important 

than any one upstream stimulus, a quorum of local, permissive signals and an absence of 

antagonistic signals are required to achieve a certain level of PKA signaling, with local 
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fluctuations in the balance of these signals causing peaks and troughs in local activity. In 

this way, the presence, absence, function, or quiescence of different factors specify local 

PKA signaling in each location within the cell and within the leading edge.  

In the absence of FAK or Src transmitting adhesive signals to some level of the 

PKA pathway, the quorum is not met and the lack of adhesive signaling cannot be 

overcome by other positive signals, leading to decreased leading edge PKA activity. 

Similarly, as we have shown tension is a positive regulator of PKA activity, the absence of 

this structure and strength disallows local PKA activity. Given that inhibiting PKA delays 

dephosphorylation of FAK upon cellular detachment (Howe & Juliano, 2000), perhaps 

inhibited PKA in the leading edge upon either of these perturbations is not only a means to 

stop cell migration when adhesive and mechanical signaling is halted, but also a means to 

momentarily buffer the cell and halt further actin dynamics and dephosphorylation of FAK 

downstream of perceived reduced attachment. More relevant to the small scale changes in 

cell migration, small, local fluctuations in adhesion and tension, as occur iteratively in the 

leading edge of migrating cells, are coupled to protrusion dynamics and other migratory 

functions by corresponding rapid fluctuations in PKA activity. In this way, PKA, a 

regulator of protrusive membrane dynamics whose activity is also upstream of actin and 

adhesion dynamics, may be acutely tuned to small fluctuations in the state of the cell. 

 

The potential reach of these relationships 

The striking preliminary results presented in Chapter 4 are particularly exciting 

because the implications go beyond cell migration to the core of GPCR signaling. 
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Regardless of how PKA activity is regulated by tyrosine kinase inputs, the existence of this 

crosstalk is novel and of broad interest to the field. Firstly, PKA and its activity are 

ubiquitous. PKA is required for innumerable functions within cells from metabolism to 

gene transcription to neurotransmitter signaling (Lodish, 2016). FAK and Src are similarly 

ubiquitously expressed and active and are required for proper cellular adhesive dnamics 

(Parsons & Parsons, 2004; Schlaepfer, Hauck, & Sieg, 1999). In Figure 4.3, we chose a 

non-�V�H�O�H�F�W�L�Y�H�������D�G�U�H�Q�H�U�J�L�F���U�H�F�H�S�W�R�U���D�J�R�Q�L�V�W���W�R���D�V�N���Z�K�H�W�K�H�U���)�$�.���R�U���6�U�F���L�Q�K�L�E�L�W�L�R�Q���D�O�W�H�U�H�G��

the cell’s ability to respond to an unrelated GPCR agonist. Surprisingly, both tyrosine 

kinases were required for the GPCR agonist to elicit full activation of PKA. This result 

shows that both FAK and Src activity have input somewhere in the GPCR-�*�.�V-AC-cAMP-

PKA pathway, presumably unrelated to cell migration or subcellular niche signaling. 

GPCR signaling has been shown to be anchorage-dependent (Short, Boyer, & Juliano, 

2000), but no study has investigated the role of FAK/Src signaling upstream of GPCR/PKA 

signaling. Canonical signaling through PKA is a principal pathway in many basic cellular 

functions and we have implicated tyrosine kinase signaling, a novel input in its regulation.  

Finally, GPCRs represent the largest class of transmembrane receptors, with over 

800 known GPCRs, and over half of all pharmaceuticals target GPCR function (Pierce, 

Premont, & Lefkowitz, 2002). The potential influence of FAK and Src activity on these 

pathways could represent new avenues for drug development or treatment protocols, 

particularly in cancer where Src and FAK are often upregulated and highly active (Frame, 

2002; Golubovskaya & Cance, 2007; Guan, 2010; Mitra & Schlaepfer, 2006; Schlaepfer 

& Mitra, 2004) while GPCRs drive neovascularization, cell survival, and metastatic spread 
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(Bar-Shavit et al., 2016). There is no existing evidence in the literature suggesting that 

tyrosine kinase activity is required for the full activation or propagation of GPCR signaling. 

Further investigation into the relationship presented here has the potential to change our 

understanding of broader GPCR signaling.  
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A.1. ABSTRACT 

Durotaxis is the process by which cells sense and respond to gradients of tension. 

In order to study this process in vitro, the stiffness of the substrate underlying a cell must 

be manipulated. While hydrogels with graded stiffness and long-term migration assays 

have proven useful in durotaxis studies, immediate, acute responses to local changes in 

substrate tension allow focused study of individual cell movements and subcellular 

signaling events. To repeatably test the ability of cells to sense and respond to the 

underlying substrate stiffness, a modified method for application of acute gradients of 

increased tension to individual cells cultured on deformable hydrogels is used which allows 

for real time manipulation of the strength and direction of stiffness gradients imparted upon 

cells in question. Additionally, by fine tuning the details and parameters of the assay, such 

as the shape and dimensions of the micropipette or the relative position, placement, and 
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direction of the applied gradient, the assay can be optimized for the study of any 

mechanically sensitive cell type and system. These parameters can be altered to reliably 

change the applied stimulus and expand the functionality and versatility of the assay. This 

method allows examination of both long term durotactic movement as well as more 

immediate changes in cellular signaling and morphological dynamics in response to 

changing stiffness. 

 

A.2. INTRODUCTION 

Over the past few decades, the importance of the mechanical properties of a cell’s 

environment has garnered increasing recognition in cell biology. Different tissues and 

extracellular matrices have different relative stiffnesses and, as cells migrate throughout 

the body, they navigate these changes, using these mechanical properties to guide 

them1,2,3,4,5,6,7. Cells use the stiffness of a given tissue to inform their motile behavior during 

processes such as development, wound healing, and cancer metastasis. However, the 

molecular mechanisms that allow sensation of and response to these mechanical inputs 

remain largely unknown1,2,3,4,5,6,7. 

In order to study the mechanisms through which cells respond to physical 

environmental cues, the rigidity or stiffness of the substrate underlying adherent cells must 

be manipulated. In 2000, Chun-Min Lo, Yu-Li Wang and colleagues developed an 

assay8 whereby an individual cell’s motile response to changing mechanical cues could be 

directly tested by stretching deformable extracellular matrix (ECM)-coated polyacrylamide 
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hydrogels on which the cells were plated. Cells exhibits a significant preference for 

migrating towards stiffer substrates, a phenomenon they dubbed “durotaxis.” 

Since the original report in 2000, many other techniques have been employed for 

the study of durotaxis. Steep stiffness gradients have been fabricated by casting gels over 

rigid features such as polystyrene beads9 or stiff polymer posts10 or by polymerizing the 

substrate around the edges of a glass coverslips11 to create mechanical ‘step-boundaries’. 

Alternatively, hydrogels with shallower but fixed stiffness gradients have been fabricated 

by a variety of methods such as gradients of crosslinker created by microfluidic 

devices12,13 or side-by-side hydrogel solution droplets of differing stiffness8, or hydrogels 

with photoreactive crosslinker treated with graded UV light exposure to create a linear 

stiffness gradient14,15. These techniques have been used to great effect to investigate 

durotactic cellular movement en masse over time. However, typically these features are 

fabricated in advance of cell plating and their properties remain consistent over the course 

of the experiment, relying on random cell movement for sampling of mechanical gradients. 

None of these techniques are amenable to observation of rapid changes in cellular behavior 

in response to acute mechanical stimulus. 

In order to observe cellular responses to acute changes in the mechanical 

environment, single cell durotaxis assays offer several advantages. In these assays, 

individual cells are given an acute, mechanical stimulus by pulling the underlying substrate 

away from the cell with a glass micropipette, thereby introducing a directional gradient of 

cell-matrix tension. Changes in the motile behavior, such as speed or direction of 

migration, are then observed by live-cell phase contrast microscopy. This approach 
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facilitates direct observation of cause and effect relationships between mechanical stimuli 

and cell migration, as it allows rapid, iterative manipulation of the direction and magnitude 

of the tension gradient and assessment of consequent cellular responses in real time. 

Further, this method can also be used to mechanically stimulate cells expressing fluorescent 

fusion proteins or biosensors to visualize changes in the amount, activity, or subcellular 

localization of proteins suspected to be involved in mechanosensing and durotaxis. 

This technique has been employed by groups who study durotaxis8,16 and is 

described here as it has been adapted by the Howe Laboratory to study the durotactic 

behavior of SKOV-3 ovarian cancer cells and the molecular mechanisms that underly 

durotaxis17. Additionally, a modified method is described for fabrication of hydrogels with 

a single, even layer of fluorescent microspheres near the cell culture surface; this facilitates 

visualization and optimization of micropipette-generated strain gradients and may allow 

assessment of cell contractility by traction force microscopy. 

 

A.3. PROTOCOL 

A.3.1. Fabrication of Deformable Polyacrylamide Hydrogels with Embedded 

Fluorescent Microspheres 

NOTE: �'�L�U�H�F�W�L�R�Q�V���G�H�V�F�U�L�E�H���S�R�O�\�P�H�U�L�]�D�W�L�R�Q���R�I���D���������N�3�D���K�\�G�U�R�J�H�O���W�K�D�W���L�V�����������P���L�Q��

�G�L�D�P�H�W�H�U���D�Q�G���D�S�S�U�R�[�L�P�D�W�H�O�\�����������P���W�K�L�F�N�����(�D�F�K���R�U���D�O�O���R�I���W�K�H�V�H���S�D�U�D�P�H�W�H�U�V���F�D�Q���E�H���P�R�G�L�I�L�H�G��

and directions to do so can be found in Table A1.1 and in the notes17. 
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Table A1.1: Acrylamide gel solutions 

Desired hydrogel stiffness 3 kPa 25 kPa 125 kPa 

7.5% Acrylamide �����������/ �����������/ �����������/ 

0.5% Bis-Acrylamide ���������/ �����������/ �����������/ 

ddH2O �����������/ �����������/ 137 
 

1. Activation of glass-bottom dishes or coverslips 

1. Prepare the bind silane working solution for activation of a glass-bottom 

imaging dish or a coverslip that fits into a live-cell imaging chamber. Mix 

�����������/���R�I�����������H�W�K�D�Q�R�O�������������/���R�I���J�O�D�F�L�D�O���D�F�H�W�L�F���D�F�L�G�����D�Q�G���������/���R�I���E�L�Q�G��

silane (y-methacryloxypropyltrimethoxysilane). 

NOTE: Using a larger bottom coverslip compared to the top coverslip will give 

additional room to work when preparing the gel and will facilitate positioning the glass 

micropipette in later steps. Also, if using a coverslip rather than a glass-bottom imaging 

dish, clean the coverslip as described in the following section. 

2. Activate the surface of the glass for 20 s with a corona wand and 

�L�P�P�H�G�L�D�W�H�O�\���R�Y�H�U�O�D�\�����������/���R�I���W�K�H���E�L�Q�G���V�L�O�D�Q�H���Z�R�U�N�L�Q�J���V�R�O�X�W�L�R�Q�����$�O�O�R�Z���W�K�H��

solution to dry for 10 min. 

3. Rinse two times with 95% ethanol, then two times with isopropanol and 

then allow the coverslips to airdry for approximately 20 min. 

NOTE: Activated glass can be stored for up to one week in a desiccator. 

2. Cleaning top coverslips 
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1. Clean 22 mm top coverslips by incubating in 2% HCl at 70 °C for 30 min, 

then wash in ddH2O for 10 min two times. 

2. Incubate the coverslips in a solution of 2% cuvette cleaning concentrate in 

ddH2O at 50 °C for 30 min, then wash in ddH2O for 10 min two times. 

3. Incubate the coverslips in ddH2O at 90 °C for 30 min, then in 70% ethanol 

at 70 °C for 10 min, and then air dry at 60 °C for a minimum of 2 h. 

NOTE: Cleaned coverslips can be stored indefinitely in a clean desiccator. 

3. Fluorescent microsphere/bead deposition onto top coverslips 

1. Sonicate the stock solution of fluorescent microspheres for 1 h in an 

ultrasonic water bath. Make a working bead solution by diluting bead 

stock 1:200 in 100% ethanol and sonicate again for 1 h. 

2. 15 min before the bead solution has finished sonicating, thoroughly clean 

the coverslips by placing them vertically in a ceramic coverslip holder and 

treating with room-air plasma for 3 min in a tabletop plasma cleaner. 

3. To facilitate handling and prevent sliding of the coverslip during 

subsequent steps, place a piece of parafilm in a 60 mm Petri dish lid or a 

similar container. Place the coverslip in the stabilizer and lightly tap down, 

ensuring good contact between the parafilm and the coverslip. 

4. �)�R�U���D���������P�P���F�R�Y�H�U�V�O�L�S�����D�G�G�������������/���R�I���W�K�H���Z�R�U�N�L�Q�J���E�H�D�G���V�R�O�X�W�L�R�Q���W�R���W�K�H���W�R�S��

of the coverslip. Immediately aspirate the ethanol solution off from the 
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side of the coverslip, leaving the beads on the coverslip. Allow the 

coverslip to airdry. 

NOTE: �7�K�H���D�P�R�X�Q�W���R�I���Z�R�U�N�L�Q�J���E�H�D�G���V�R�O�X�W�L�R�Q���D�G�G�H�G���V�K�R�X�O�G���E�H���a�������/���F�P2 and can be 

scaled to accommodate any size coverslip. 

4. Casting hydrogels with embedded fluorescent beads 

1. Prepare the hydrogel solution of acrylamide and bis-acrylamide. Mix the 

solution according to Table 1, then add 2.5 ���/���R�I�����������$�3�6���D�Q�G�������������/���R�I��

TEMED. Mix well. Immediately move to the next step. 

NOTE: The hydrogel solution mixture can be altered to vary the Young’s modulus, or 

stiffness, of the hydrogel by changing the ratio of acrylamide to bis-acrylamide as shown 

in Table 1. These values have been verified for use in the Howe laboratory using atomic 

force microscopy but should be confirmed within one’s institution. 

2. Immediately af�W�H�U���P�D�N�L�Q�J���W�K�H���K�\�G�U�R�J�H�O���V�R�O�X�W�L�R�Q�����D�G�G���D�����������/���G�U�R�S���W�R���W�K�H��

activated side of the glass-bottom dish or bottom coverslip, then 

immediately place the bead-coated coverslip onto the solution, bead side 

down. Contacting the drop with the far side of the coverslip followed by 

slow lowering helps avoid trapping air bubbles within the hydrogel. 

NOTE: The height of the hydrogel should be well within the working distance of the 

�R�E�M�H�F�W�L�Y�H���O�H�Q�V���W�R���E�H���X�V�H�G���L�Q���W�K�H���O�D�W�H�U���H�[�S�H�U�L�P�H�Q�W�����$���K�\�G�U�R�J�H�O���K�H�L�J�K�W���R�I�����������P���Z�R�U�N�V���Z�H�O�O��

for most systems. The size of the hydrogel can be scaled by adding more or less hydrogel 

solution depending on the size of the coverslip. To calculate the appropriate volume of 
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hydrogel solution, use the equation for the volume of a cylinder, V = �Œ�U2h where r is the 

coverslip radius and h is the desired hydrogel height. Typically, this calculation predicts 

with fair accuracy the actual height of the hydrogel, as measured by preparing a gel with 

bead-coated coverslips on both the top and bottom and using a confocal microscope to 

measure the distance between the two bead planes. However, it has been observed that 

�W�K�H���D�F�W�X�D�O���K�H�L�J�K�W���R�I���W�K�H���K�\�G�U�R�J�H�O���F�D�Q���G�H�Y�L�D�W�H���I�U�R�P���W�K�L�V���F�D�O�F�X�O�D�W�L�R�Q���E�\���“�����������P����e.g., 

depending on the thickness and manufacturer of the top glass coverslip). Direct 

measurement of gel height using the method described above is recommended. 

3. Allow the gel to polymerize for 30 min, then remove the top coverslip 

gently with forceps. Adding 50 mM HEPES pH 8.5 to the dish can 

facilitate removal. Wash for 5 min in 50 mM HEPES pH 8.5 three times. 

5. Hydrogel activation and extracellular matrix coating 

1. Activate the hydrogel surface by incubating in 0.4 mM Sulfo-SANPAH 

(sulfosuccinimidyl 6-(4'-azido-2'-nitrophenylamino) hexanoate) in 50 mM 

HEPES pH 8.5. Immediately expose to a UV arc lamp in an enclosed area. 

NOTE: Protect Sulfo-SANPAH from light prior to activation. For a 400 W lamp, 

position the gel 10 cm away from bulb within the light box and illuminate for 100 s. The 

Sulfo-SANPAH solution will change from bright orange to dark brown. 

2. Wash for 5 min in 50 mM HEPES pH 8.5 three times. 

NOTE: Hydrated gels may be stored at 4 °C for up to one week. 
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3. �,�Q�F�X�E�D�W�H���W�K�H���D�F�W�L�Y�D�W�H�G���K�\�G�U�R�J�H�O���L�Q�����������J���P�/���I�L�E�U�R�Q�H�F�W�L�Q���L�Q���������P�0���+�(�3�(�6��

pH 8.5 for 1 h at 37 °C. 

4. Aspirate the fibronectin solution and wash for 5 min in phosphate-buffered 

saline (PBS) three times. Sterilize the hydrogel and the lid of the dish for 

15 min under UV light in a tissue culture hood with a low volume of PBS. 

Wash once in sterile PBS. 

NOTE: Other types of ECM protein can be used to coat the hydrogel including collagen 

and laminin. 

A.3.2. Plating cells 

1. Add 3 mL of media containing 21,000 cells to fill a 60 mm dish for a final cell 

density of ~1000 cells/cm2. Adjust the seeding density as needed to prevent 

crowding and allow free movement of individual cells. 

2. Allow the cells to recover at 37 °C for at least 4 h and for up to 18 h before 

imaging. Prepare for imaging by rinsing with imaging media two times before 

adding imaging media. Allow the cells to equilibrate for at least 30 min before 

imaging. 

NOTE: Screen media conditions in advance to determine conditions that will optimize 

migration in the cell line being used. For SKOV-3 cells, DMEM without phenol red, 

containing 20 mM HEPES and 12.5 ng/mL epidermal growth factor stimulates the most 

migration. Optimal conditions for Ref52 cells are Ringer’s Buffer with 10% fetal bovine 

serum (FBS) and 25 ng/mL platelet-derived growth factor. 
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A.3.3. Preparation of glass micropipette: pipette pulling and forging 

1. Pull 100 mm long borosilicate glass micropipettes with a 1.0 mm exterior and 

0.58 mm interior diameter in a two-step process to obtain a taper over 2 mm that 

�U�H�G�X�F�H�V���W�R���a���������P���L�Q���W�K�H���I�L�U�V�W���P�L�O�O�L�P�H�W�H�U���D�Q�G���H�[�W�H�Q�G�V���W�R���D���O�R�Q�J�����S�D�U�D�O�O�H�O�����������P��

diameter tube in the last millimeter. 

2. �/�R�D�G���S�X�O�O�H�G���S�L�S�H�W���L�Q�W�R���D���P�L�F�U�R�I�R�U�J�H�����6�K�D�S�H���W�K�H���S�L�S�H�W���W�R���K�D�Y�H���D�����������P���E�O�X�Q�W�H�G���W�L�S��

�W�K�D�W���L�V���H�Q�F�O�R�V�H�G���D�W���W�K�H���Y�H�U�\���H�Q�G���R�I���D�������������P���V�H�F�W�L�R�Q���E�H�Q�W���D�W���D���a�����ƒ���D�Q�J�O�H���I�U�R�P���W�K�H��

�U�H�V�W���R�I���W�K�H���S�L�S�H�W�����7�K�H���D�S�S�U�R�[�L�P�D�W�H���G�L�D�P�H�W�H�U���D�W���W�K�H���E�H�Q�G���V�K�R�X�O�G���E�H���D�U�R�X�Q�G�����������P���W�R��

lend strength to the tip. 

NOTE: Taper and tip dimensions can be adjusted to properly apply desired force (see 

step 5). Pulling micropipettes at 65 °C for the first step for 3 mm, and 60 °C for the 

second step produces the dimensions described in step 3.1. Results using different pipet 

pullers may vary. 

3. Sterilize the micropipette in 70% ethanol before use. 

A.3.4. Positioning the micromanipulator and the micropipette 

1. Remove the dish lid and load the dish onto the microscope stage and center. Use a 

10X or similarly low magnification objective. Cover the media with mineral oil to 

prevent evaporation of the media. 

2. Inserting pulled pipet 



201 
 

1. Insert the pulled pipet into the micropipette sheath, pointing the hook 

down toward the dish. The tip of the hook will be the lowest point when 

lowered to the gel. 

2. Insert sheath into micromanipulator and adjust until the tip of the pipet is 

centered over the objective lens in both X and Y directions. 

3. Lower the pipet using coarse manipulator until it just touches the surface 

of the liquid. 

3. Using phase contrast or brightfield, focus the microscope on the bead layer at the 

top of the gel. This will be the reference plane. 

4. Ensuring that the objective is in no danger of hitting the sample or stage, bring 

focus above the gel to find the tip of the micropipette, using small adjustments of 

the coarse manipulator in the X and Y directions to cast shadows on the focal 

plane. Only lower the micropipette when certain that the very tip of the pipet is in 

the field of view. 

5. Ensure that the blunted tip of micropipette is pointing down by rotating the pipet 

in the sheath or rotating the sheath in the micromanipulator until the tip is 

perpendicular to the focal plane. Repeat steps 4.4 and 4.5 as needed. Focus on the 

tip of the pipet. 

6. Focus back down to the top bead layer of the gel to gauge how far the pipet is 

from the gel surface. Focus back up to a plane that is part way between the gel 
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and the tip of the pipet. Slowly lower the pipet to reach the intermediate focal 

plane. 

7. Repeat step 4.6 until very faint shadows from the tip of the micropipette can be 

appreciated when focusing on the hydrogel. Increase to the next highest 

magnification. 

8. Lower the micromanipulator until shadows and refractions of the very tip of the 

micropipette can be appreciated within the bead layer focal plane. 

9. Increase the magnification to that which will be used in the experiment. Lower the 

pipet until it hovers just above the surface of the hydrogel. 

A.3.5. Calibrating the micromanipulator and force generation 

1. In phase or brightfield, lower the hovering micropipette to touch the surface of the 

hydrogel. Observe how the pipet looks upon contact with the hydrogel. Continue 

to lower micropipette in Z until adjustments in X and Y cause pulling and 

deflection of the hydrogel in those directions. Use the microspheres or nearby 

cells as fiduciary marks. 

NOTE: If the micromanipulator is attached to the phase condenser arm or the bench and 

not the sample stage itself, always disengage the gel before moving the stage to avoid 

breaking the pipet or disturbing cells. If the pipet breaks, go back to step 3 and step 4. 

2. Find an area devoid of cells to engage the gel. Pull it in all directions and get 

comfortable with the way micromanipulation translates to deformation of the gel. 
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3. Take fluorescent images of the bead field with no manipulation, with the pipet 

engaging the gel, and with the engaged pipet pulling the gel. Repeat this several 

times taking good notes regarding the tick marks on the micromanipulator, the 

way the pipet tip looks in phase or brightfield at each stage of pulling, and the 

distance the tip moves using that manipulation. 

4. Use ImageJ as previously described16,17 to calculate relative bead displacements 

and force applied to the beads by comparing the null bead field to the bead field 

without pipet engagement, the bead field with the gel engaged, and the pulled gel. 

5. To fine tune the tensional stimulus, compare force application using differing 

micropipette tip dimensions, distances from the cell, or distance pulled by the 

micromanipulator from initial point of touchdown. The effect of the micropipette 

tip dimension on force application gives great flexibility to the user but also 

demonstrates the need to generate force maps for new micropipettes, even when 

the dimensions and shape closely resemble previously calibrated tips. 

A.3.6. Conducting the durotaxis assay 

1. Before performing the experiment, practice engaging the gel near a cell and 

observe the deformation of the cell when the micromanipulator is repositioned. 

2. Monitor a group of cells that have clear polarity and appear to be moving for 30 

min to identify cells that are moving in a directed manner. 

3. Choose a cell that is moving in a single, clear direction and monitor it at the 

desired frame rate for an additional 30 min. 
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4. If determination of forces exerted on the cell or tension exerted by the cell is 

desired, capture bead field images at each acquisition. If the cell changes its 

course of direction during monitoring, choose a different cell to monitor as this 

will make it difficult to determine the effect of stimulation. 

5. �(�Q�J�D�J�H���W�K�H���K�\�G�U�R�J�H�O���D�S�S�U�R�[�L�P�D�W�H�O�\�����������P��away from the cell. Position the pipet 

in front of the near side of the leading edge and move the micromanipulator such 

that the gel is deformed orthogonally to the cell’s direction of travel. Observe the 

cell over time as it responds to the acute, local gradient of stiffness. 

NOTE: The timing provided here is effective when monitoring SKOV3 or Ref52 

fibroblasts, however, the interval and overall time course should be adjusted to suit the 

cell type and biological event being observed. If pairing with fluorescence microscopy, 

pause fluorescent acquisition immediately before step 6.5., use phase contrast or 

brightfield to position micropipette and pull, and restart fluorescent acquisition 

immediately after. 

6. If the pipet slips or if the gradient is otherwise relaxed or released, find a new cell 

by repeating steps 6.2 and 6.3. 

A.3.7. Determining durotactic migration response 

1. Using ImageJ19 or another image analysis program, calculate the turn angle by 

drawing a line between the middle of the leading edge of the cell at 0 min and 30 

min post monitor (reflecting the cell’s original trajectory) and another line 
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between the middle of the leading edge just before and 80 min after stimulation 

and measuring the angle between these two lines. 

 

A.4. REPRESENTATIVE RESULTS 

By preparing micropipettes (Figure A1.1) and normalizing the force generation of 

the pulls (Figure A1.2 and 



206 
 

Figure A1.3) as described above, optimal durotactic conditions have been identified for 

multiple cell lines. Using this technique, as outlined in Figure A1.4, both SKOV-3 ovarian 

cancer cells17 and Ref52 rat embryonic fibroblasts (Figure A1.5) move toward increased 

stiffness in gradients applied by a glass micropipette. In addition to durotaxis, this method 

can be used to study dynamic signaling events using fluorescent biosensors and markers. 

For example, the structure of and signaling within focal adhesion structures can be 

observed upon durotactic stimulation. Vinculin tension sensor (VinTS) is a FRET-based 

biosensor which localizes to focal adhesions, allowing for fluorescent observation of focal 

adhesion dynamics and measurement of changes in tension within those structures19. Ref52 

cells transiently expressing VinTS on 125 kPa polyacrylamide gels show the formation of 

focal adhesions in the direction of stretch over time period of 40 min (Figure A1.6A). FRET 

analysis20 reveals that vinculin localized to focal adhesions experiences an immediate 

change in tension when presented with acute durotactic stimulation (Figure A1.6B) 

expanding the utility of this assay to the observation of subcellular signaling events in 

response to durotactic stimulation. 
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Figure A1.1: Diagrams of typical pulled (A) and forged (B) micropipettes.  (A) 
Micropipettes are pulled using a two-�V�W�H�S���S�U�R�W�R�F�R�O���W�R���D�F�K�L�H�Y�H���D���W�D�S�H�U���I�U�R�P�������P�P���W�R�����������P���R�Y�H�U�������P�P�������%����
Micropipettes are then loaded into the microforge and their tips are bent, enclosed, and shortened so that 
�W�K�H���O�D�V�W�������������P���R�I���W�K�H���P�L�F�U�R�S�L�S�H�W�W�H���L�V���E�H�Q�W���D�W���D���a�����ƒ���D�Q�J�O�H���D�Q�G���W�D�S�H�U�V���I�U�R�P���a���������P���W�R���D���U�R�X�Q�G�H�G���W�L�S���W�K�D�W��
�P�H�D�V�X�U�H�V���a���������P�� 

 

 

Figure A1.2: Improved bead field after ethanol coating as compared to traditional method 
using poly-L-lysine.  Representative hydrogel bead fields from poly-L-lysine and ethanol (EtOH) 
evaporation coverslip coating methods using yellow-green, red, and dark-red fluorescent beads. Scale bar: 
���������P�� 
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Figure A1.3: Generation of force map for an example durotactic stretch. (A) Position of 
fluorescent microspheres before and after (pseudo-colored green and red, respectively) deforming the 
hydrogel with a micropipette ���O�R�F�D�W�H�G���E�H�\�R�Q�G���W�K�H���U�L�J�K�W���H�G�J�H���R�I���W�K�H���S�D�Q�H�O�������6�F�D�O�H���E�D�U�������������P�����'�L�V�S�O�D�F�H�P�H�Q�W��
vectors (B) and displacement heat map (C) between null and pulled bead fields generated by Traction Force 
Microscopy plugins in ImageJ highlight the gradient of bead deflection and hydrogel strain. 

 

Figure A1.4: Schematic of durotaxis assay and determination of deflection angle. (A) A cell 
is observed for at least 30 min to determine its original trajectory. (B) The micropipette is positioned 
orthogon�D�O�O�\���W�R���W�K�H���F�H�O�O�¶�V���W�U�D�M�H�F�W�R�U�\�������������P���I�U�R�P���W�K�H���F�H�O�O���H�G�J�H�����7�K�H���K�\�G�U�R�J�H�O���L�V���H�Q�J�D�J�H�G���E�\���W�K�H���P�L�F�U�R�S�L�S�H�W�W�H��
such that moving the micropipette will exert force on the surface of the hydrogel. (C) The micropipette is 
�S�X�O�O�H�G���D�Q�� �D�G�G�L�W�L�R�Q�D�O�������� ���P�� �D�Z�D�\�� �I�U�R�P�� �W�K�H�� �F�H�O�O���� �Rrthogonal to the cell’s trajectory which creates an acute, 
local gradient of tension (denoted in blue) which increases toward the micropipette. (D) The cell is observed 
over time as it navigates the applied gradient. (E) In ImageJ or an image analysis program, the original 
trajectory (dashed line) is marked by a line drawn from the middle of the cell through the center of the leading 
edge in the first frame. The final trajectory (solid line) is marked by a line drawn after the cell is allowed to 
navigate the applied tension gradient. The angle between these two lines toward the stimulus is termed “turn 
�D�Q�J�O�H���´���P�D�U�N�H�G���K�H�U�H���E�\������ 

 

Figure A1.5: Rat Embryonic Fibroblasts move toward regions of increased substrate 
stiffness in durotaxis. Time course showing durotactic movement of a Ref52 cell 10 min before the pull 
(panel 1), 1 min before the pull (panel 2), at the time of pull (panel 3), and 1 h after pull (panel 4). Arrow 
�L�Q�G�L�F�D�W�H�V���G�L�U�H�F�W�L�R�Q���R�I���V�W�U�H�W�F�K�����6�F�D�O�H���E�D�U�������������P��  
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Figure A1.6: Protein localization and activity during durotactic stimulation using 
fluorescent markers or biosensors. Ref52 cells transiently expressing Vinculin Tension Sensor 
(VinTS)19 migrating on 125 kPa polyacrylamide gels are presented with acute durotactic stimulation. (A) 
After stimulation, new focal adhesions form in the direction of stretch as cells re-orient along the stiffness 
gradient. For two 10 min periods, starting 20 min before mechanical stimulation and 21 min after stimulation, 
cell morphology (top) and focal adhesion formation (bottom) were monitored. Red color indicates the first 
timepoint within the time period and green color indicates the timepoint 10 min later. New focal adhesions 
formed within the 10 min period are shown in green. Before stimulation, new focal adhesions form in the 
direction of travel. After stimulation, new focal adhesions form in the direction of stretch. Arrow indicates 
the direction of stretch. Arrowheads indicate areas with focal adhesions formed over that 10 min period. Scale 
�E�D�U�������������P�������%�����)�5�(�7���D�Q�D�O�\�V�L�V���R�I���9�L�Q�7�6���I�O�X�R�U�H�V�F�H�Q�F�H���L�Q�G�L�F�D�W�H�V���D���F�K�D�Q�J�H���L�Q���W�H�Q�V�L�R�Q���Z�L�W�K�L�Q���I�R�F�D�O���D�G�K�H�V�L�R�Q�V��
proximal to durotactic stretch. Outline of cell membrane before and after stretch highlight deformation of 
cell upon stimulation. Arrowheads indicate examples of focal adhesions experiencing changes in FRET ratio 
�X�S�R�Q���V�W�U�H�W�F�K�����6�F�D�O�H���E�D�U�������������P�� 
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A.5. DISCUSSION 

Demonstrated here is a repeatable, single-cell durotaxis assay that allows 

assessment of a cell’s ability to alter its migration behavior in response to acute mechanical 

cues. This technique can also be used in combination with fluorescence microscopy and 

appropriate fusion proteins or biosensors to examine subcellular signaling and cytoskeletal 

events within seconds of mechanical stimulation or over a longer timescale during 

durotactic movement. Understanding a cell’s relationship to its environment involves the 

study of the impact of both the chemical and mechanical aspects of that environment. 

Though potentially difficult to master, this durotaxis assay can be widely used to 

understand the cellular response to changes in its mechanical microenvironment. 

 

A.5.1. Significance with respect to existing methods 

As mentioned before, this micropipette-based method of durotactic stimulation is 

highly manipulable, allowing a high degree of spatiotemporal control over mechanical 

stimuli, a major advantage over other techniques, such as pre-formed linear or step-

gradients of rigidity. The magnitude and direction of the imparted strain gradients can be 

visualized by tracking the displacement of fluorescent beads embedded in the hydrogel, 

near the cell culture surface. 

Restricting these fiducial markers to a single layer just below the culture surface 

increases the accuracy of this tracking. Microspheres located below the plane of deflection 

(imparted either by the micropipette or, for traction force microscopy, by cellular 

contractility), as would occur with mixing the microspheres evenly throughout the 
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hydrogel, will move less than in-plane microspheres, which can lead to underestimation of 

applied forces. Also, this modification is easier to perform and more reliable than methods 

in which beads are overlaid in an extremely thin layer of polyacrylamide cast on top of a 

pre-formed gel21 or brought to the hydrogel surface by gravity-assisted settling22 and 

produces a more even dispersal of beads across the hydrogel than previously described 

methods17,23. 

 

A.5.2. Modification and future applications 

The specifics of this assay can be modified to best suit the cell line of interest. For 

example, a variety of extracellular matrix molecules (e.g., collagen I, collagen IV, laminin) 

or other adhesive ligands can be used to functionalize the hydrogel. Also, the starting 

stiffness of the hydrogel can easily be raised or lowered by tuning the ratio of acrylamide 

to bis-acrylamide (see Table A1.1). By changing the dimensions of the micropipette tip 

and the magnitude of the pull, this assay can be optimized to impart a repeatable and 

effective durotactic stimulus for the cell type in question. 

 

A.5.3. Critical steps and troubleshooting 

Only cells following a steady, linear trajectory of migration prior to hydrogel 

manipulation should be stimulated to ensure that changes in trajectory are due to the 

mechanical stimulus and not random fluctuation. Care must be taken to fabricate a glass 

micropipette that engages the hydrogel surface without slipping but does not tear the gel 

when pulled. It is important to apply a steady, constant stretch to the hydrogel during the 
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course of the experiment to obtain clean results meaning that the user should be practiced 

at placing and moving the micropipette before encountering a cell. Any unintentional 

movement of the micropipette that leads to changes in the tension gradient could affect the 

cell’s ability to durotax. Similarly, manipulation of the gel should be practiced with each 

new micropipette that is forged as slight changes in pipet shape can cause the pipet/gel 

interaction to vary. 

Failure to position the micropipette within the microscopic field of view before 

increasing magnification can lead to the accidental breakage of the fragile glass tip. Ensure 

that the height and X-Y position of the tip is known before lowering the micropipette with 

the micromanipulator. Always monitor the position of the micropipette to reduce the risk 

of breakage. It is recommended that the magnification is decreased back down to 10X for 

each new micropipette loaded into the micromanipulator as slight movements of the 

micromanipulator and pipet sheath can lead to large apparent changes in the position of the 

newly loaded micropipette. 

Before finding cells to observe, it is important to first test the micropipette to 

confirm that it will engage the hydrogel as expected and that it is suitable for applying the 

desired stretch. Finding tip dimensions that suit the experiment and cell type is critical to 

success in applying durotactic stimulation. The end of the micropipette should be rounded 

enough so that it does not break through the gel, but not so rounded that it fails to grip it. 

If the pipet does not pull gel effectively, it may be sliding along the surface. The shape of 

the micropipette tip may be too rounded to properly engage with the gel surface. The 

dimensions at the very tip of the micropipette should be adjusted until firm, steady contact 
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can be achieved consistently. In some cases where the micropipette is slipping across the 

gel surface, it may be necessary to lower the micropipette further into the hydrogel to gain 

more traction. If the micropipette tears through gel, the tip may be too fine or too sharp. 

Gel tearing may also indicate too much force is being applied while pulling. The 

micropipette should be raised slightly to reduce gel deformation and pulling shorter 

distances. 

Often, if the cell or the edge of the cell is pulled out of focus by the micropipette, 

the tip of the micropipette is engaged too close to the cell or the stretch is too forceful. 

Move the micropipette further from the cell, only slightly deforming the cell in the X-Y 

planes. Moving the cell out of focus will not only make cellular events impossible to 

monitor and cause optical aberrations, but it will cause the cell to experience more 

stimulation than the 2-dimensional tension gradient intended. 

Most importantly, it is critical to record and analyze only responses that have 

consistent durotactic manipulation with minimal human error. If the lowering of the tip is 

imprecise or if the micropipette is repositioned, the results of the experiment will be 

clouded. Since this assay is complex and many steps are prone to error, care must be taken 

at every step to avoid unintentional changes in the stimulation of cells. Failure at any step 

can lead to inconsistent stretch application and unreliable results. 

 

A.5.4. Limitations 

There are limitations to this technique that should be considered. Most prominently, 

accurate forging and manipulation of the glass micropipettes can present a steep learning 
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curve for new users. Additionally, the position and magnitude of the hydrogel pull must be 

optimized for different cell lines. Examining fluorescent bead displacements before and 

after hydrogel manipulation can help with this aspect of the technique. Also, while the 

technique allows high spatiotemporal observation of durotactic behavior in individual 

cells, this makes it a low-throughput assay. It is therefore important to point out that this 

assay can also be complemented by other techniques with lower manipulability but higher 

throughput, such as using hydrogels with pre-formed gradients of rigidity, to analyze the 

durotactic behavior of larger populations of cells at once. In summary, the high degree of 

spatiotemporal control of mechanical cues afforded by the single-cell durotactic assay 

make it very useful for parsing the molecular mechanisms contributing to the durotactic 

behavior of many different cell types under many conditions. 

 

A.6. AFOOTNOTES 

Video Link  

The video component of this article can be found 

at https://www.jove.com/video/59995/ 

Disclosures 

The authors have nothing to disclose. 
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