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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 subcellular regulation of PKA controls not only when and where
itis 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.

KEYWORDS
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edge, Rho GTPases, ion channels, tyrosine kinases

1 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

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmolb.2022.953093/full
https://www.frontiersin.org/articles/10.3389/fmolb.2022.953093/full
https://www.frontiersin.org/articles/10.3389/fmolb.2022.953093/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fmolb.2022.953093&domain=pdf&date_stamp=2022-07-22
mailto:alan.howe@med.uvm.edu
https://doi.org/10.3389/fmolb.2022.953093
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/journals/molecular-biosciences#editorial-board
https://www.frontiersin.org/journals/molecular-biosciences#editorial-board
https://doi.org/10.3389/fmolb.2022.953093

Svec and Howe

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 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
subunits from two major families, Ca and Cp (plus a third, rarer
Cy isoform) combine with homodimers formed by any of four
R-subunits (RIa, RIB, Rlla, RIIP) to form a number of 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 et al., 2000; Nedvetsky et al., 2016; Adame-Garcia 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 etal., 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
etal., 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
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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
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

scaffold higher order signaling

regulation of PKA activity but also specific localization of that
activity (Lim et al, 2008; Paulucci-Holthauzen et al., 2009;
2011).
experimentation has identified active PKA in the leading edge

McKenzie et al, Biochemical and image-based
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.

2 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
and Scott, 2001) and cell

actin  cytoskeleton (Diviani
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FIGURE 1

Leading Edge

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.

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.

2.1 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)
the
immunofluorescence. Surprisingly, though PKA was more

subunits  in leading edge as visualized via
active in pseudopods, there 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
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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, 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
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

is mediated by integrins, extracellular matrix

adhesive cells leads to 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
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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 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.

Ifs 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
pools of PKA activity in the bulk cytoplasm and other
discrete locations during cell migration have yet to be as
thoroughly explored.

2.2 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,
Given PKA’s
established role in actin-based migration and activity near the

examples of which are discussed later.
membrane, it follows that PKA is likely located within focal
adhesions (Figure 1, center panel).

a4f1 integrins have been identified as noncanonical AKAPs
for Type IPKA (Lim et al., 2007). Specifically, the cytoplasmic tail
of the a4 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 interaction between PKA and o4 did not
disrupt and was not affected by binding of paxillin to a4, one
of the primary interactions in the formation of focal adhesions
(Lim et al,, 2007). Thus, PKA is localized to at least some
integrin-based adhesive structures via a noncanonical AKAP
interaction with a4 integrins.
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Though focal adhesion complexes are tightly associated with
the plasma membrane, membrane-targeted PKA biosensors
show that leading edge gradients and hotspots of PKA activity
aren’t directly correlated with adhesion structures (McKenzie
et al., 2020). However, in addition to a4 integrin-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.

2.3 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 (Figure 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 Podestd, 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; Bornschldgl, 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
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AKAP function and follows the dynamic nature of the actin
structures themselves. This study not 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 Tlocation’ at which PKA
signaling specificity and localization can occur is at the
the of
molecular proximity of the enzyme itself. AKAPs serve as a

protein-level-specifically, sphere targets  within
nano scaffolds that bring together PKA, substrates, and
regulatory proteins such as phosphodiesterases (Omar and
Scott, 2020), supporting a discrete complex that is ‘hard-
wired’ 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
This finding highlights the

sophistication of the anchoring of PKA to precise locations

subunits. importance and
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.
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3 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.

3.1 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 2; Table 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.

3.1.1 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 1996). this
phosphorylation was considered to 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

al., Historically,

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).

3.1.2 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
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FIGURE 2

Schematic of functional connections between PKA and its targets in a migrating cell. Relationships are simplified for visual clarity. See text and

Table 1 for details regarding functional connections.

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.

3.1.3 Racl

Racl GTPase is critical for the formation of lamellipodia
through regulation of actin polymerization and turnover
(Lawson and Ridley, 2018). Racl possesses AKAP properties
and active Rac forms a complex with and stabilizes the PKA
holoenzyme (Bachmann et al., 2013a; Bachmann et al., 2013b).
Racl 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 Racl
(O’Connor and Mercurio, 2001; Dormond et al., 2002; Howe
et al., 2005), demonstrating a functional connection between
PKA and Racl in migration. This 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-Rexl
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(inactivating) (Chdvez-Vargas et al, 2016)] that are directly
phosphorylated by PKA. P-Rexl is a particularly interesting
target of PKA phosphorylation. In addition to regulation by
direct phosphorylation by PKA, this Rac GEF is also a non-
canonical AKAP which reciprocally regulates PKA by bringing it
to the plasma membrane (Chédvez-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 (Chévez-
Vargas et al,, 2016). Interestingly, the inhibition of P-Rex1 by
PKA catalytic subunit is complemented by an activation of
P-Rexl by PKA type I regulatory subunit (Adame-Garcia
et al., 2019). Given this interesting dichotomous regulation,
one could argue that spatial regulation by PKA of P-Rexl
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).

3.1.4 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 2;
Table 1). This complexity is exemplified by PKA’s effects on
Cdc42-specific GEF B,Pix (activation, localization) (Chahdi
et al,, 2005; Chahdi and Sorokin, 2006), Rho-specific GEF
GEF-H1 (inactivation) and Rho-specific GAP Myo9b
(activation) (Comer et al, 2020). Perhaps increasing its
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TABLE 1 Migration-related targets of PKA activity.

Class

Rho GTPases

Rho GEFs and
GAPs

Focal Adhesion
Components

Non-receptor
Tyrosine Kinases

Substrate

RhoA

Cdc42

Racl

ARHGAP17
Racl specific GAP

ARHGEF6

Racl specific GAP
STEF/Tiam2
Racl specific GEF

DOCK180

Racl specific GEF
P-Rex1

Racl specific GEF

B,Pix

Cdc42 specific GEF
GEF-H1

Rho specific GEF

Myo9b

Rho specific GAP
AKAP-Lbc

Rho specific GEF
VASP

LASP1

a4f1 integrins

ArgBP2/SORBS2

vinexin/SORBS3

Src

Fyn

FAK
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Sites

S188

S185*

S702

5684
5640
T749
S782
S156
$1250

$436

S516
T526
5886

S1354

§1565

S153
$235
T274
S99

S146

5988
(ad)

§259

S17

S21

Regulatory effect

Inhibition

Inhibition

Indirect activation

Activation, Binding
partners

Binding partners

Activation

Activation

Inhibition, Activation
by PKA RI

Activation,
Localization

Binding partners,
Inhibition

Activation

Binding partners,
Inhibition

Mixed

Binding partners,

Localization

Binding partners

Binding partners

Increased catalytic
activity

Increased catalytic
activity, Localization

Mixed

Functional details

Promotes binding to RhoGDI and
sequestration, regulates membrane
protrusion/retraction cycles

Promotes binding to RhoGDI and
sequestration

Activation in pseudopods and other contexts

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

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

Activation of Racl, neurite outgrowth

Activation of Racl, promotion of cell
migration

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

Activation of Cdc42, translocation of f,Pix
to FAs

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

Inhibition of RhoA activity

Inhibition of RhoA activity through 14-3-
3 binding

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

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

Stabilization of lamellipodia at the leading
edge, disruption of paxillin binding to a4 tail

Phosphorylation causes 14-3-3 binding,
disrupting binding with a-actinin and
therefore ArgBP2 function at stress fibers,
promoting cell migration

Involved in PKA-mediated anchorage-
dependent signaling

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

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

Indirect positive regulation through Src and
Fyn, negative regulation in anchorage-
dependent signaling, likely required for full
FAK activation and cell migration
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TABLE 1 (Continued) Migration-related targets of PKA activity.

Functional details

Positive regulation of channel activity
dependent on binding/scaffolding of several
AKAPs including AKAP79 and AKAP

10.3389/fmolb.2022.953093

References

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

Cypher/Zasp, changes binding of calmodulin,

Phosphorylation dependent on scaffolding of

mediates calcium response to adrenoreceptor
activation

Phosphorylation dependent on scaffolding of
TRPV1 with AKAP150

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

Fan et al. (2009)

TRPV4 with AKAP79

Phosphorylation at $1269 decreases Ca**

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

influx, unidentified regulation downstream of
PKA increases TRPM7 activity

Class Substrate Sites  Regulatory effect
Ton Channels L-type Calcium $1928°  Increased channel
Channel Ca,1.2 S1700°  activity, Binding
T1704° Partners
S1458
TRPV1 S116 Receptor sensitization
T144
T370
TRPV4 5824 Receptor sensitization
TRPM7 S$1269° Mixed
TRPC6 T69 Inhibition
S28
Piezo 2 - Activation

“Insufficient evidence of direct phosphorylation.
PResidue numbering based off rabbit sequence.

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.

3.2 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 2; Table 1).

3.2.1 VASP
Vasodilator-stimulated (VASP),
thoroughly reviewed in migration with its Ena/VASP family

members in (Faix and Rottner, 2022), is a quintessential PKA

phosphoprotein

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 anti-
capping 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
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Decreased channel activity

Increased PKA activity increases Piezo
2 activity

08

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

Dubin et al. (2012)

of PKA
are

the
unilaterally

this
or

effects of
inhibitory

direct substrate and

phosphorylation not
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.

3.2.2 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
etal., 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,
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20025 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).

3.2.3 a4p1 integrins

In addition to their AKAP function, a4l integrins are
phosphorylated by PKA specifically in the leading edge of
migrating cells (Goldfinger et al., 2003). Phosphorylation by
PKA blocks paxillin binding to the tail of the a4 integrin.
Further, this study showed that increased association of
paxillin to a4, as occurs in the inhibition of PKA or elsewhere
in the cell periphery, leads to destabilization of lamellipodia,
stymying migration progress (Goldfinger et al., 2003). This
spatially regulated phosphorylation of a4 by PKA is further
required for the alignment of endothelial cells to shear stress
and localized activation of Racl (Goldfinger et al., 2008).

3.2.4 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.

3.3 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 2; Table 1).

3.3.1 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
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(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).

3.3.2 Fyn

Phosphorylation of Fyn by PKA alters its tyrosine kinase
activity, localization to focal adhesion structures, and facilitates
2011).
phosphorylation led to decreased migration and defective leading

cell migration (Yeo et al, Disruption of this
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).

3.3.3 FAK

In addition to the indirect effects of PKA activity on FAK
through Src and Fyn, as mentioned above, PKA negatively
FAK
independent signaling (Howe and Juliano, 2000). Adenylyl

regulates tyrosine phosphorylation in anchorage-
cyclase 8, presumably upstream of PKA activity, is required
for full FAK activation and cell migration in MDA-MB-
231 2019). Despite these

observations, there are currently no published data supporting

cells (Sanchez-Collado et al,
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).

3.4 lon 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 Ca** channels, TRP-family channels, and Piezo channels
(Figure 2; Table 1).

3.4.1 L-type Ca?* channels

L-type Ca’* channels (LTCCs) are responsible for
retraction at the trailing edge (Yang and Huang, 2005), a

frontiersin.org


https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.953093

Svec and Howe

front to rear Ca®" 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; Martinez-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
etal, 1997; Han et al., 2007; Burgers et al., 2012), a hypothesis
arises that a PKA-AKAP79-LTCC complex may be found
within these structures.

3.4.2 Transient receptor potential channels

Transient Receptor Potential (TRP) channels, particularly
TRPC6 (Weber et al.,, 2015; Farmer et al., 2019; Asghar and
Tornquist, 2020), TRPV1 (Miyake et al, 2015), TRPV4
(Mrkonji¢ et al., 2015; Li et al., 2020; Yang et al., 2020; Lakk
and Krizaj, 2021), and TRPM?7 (Clark et al., 2006; Su et al., 2006;
Wei et al., 2009; Wang et al., 2014; Broertjes et al., 2019; Lefebvre
etal., 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).

3.4.3 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 of
piezol 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.
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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.

4 Regulation

Though PKA has been studied for decades and even its
name, cCAMP 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-
Garcia et al, 2019). Given that the 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 protein coupled
receptor activation and G protein Gas (Neer, 1995). ACs
can also be directly inhibited by Gai (Neer, 1995) and
regulated both positively and negatively by GPy (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,
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

adding an

migration, one must also consider localized control of the
various upstream regulators of PKA in these contexts and

frontiersin.org


https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.953093

Svec and Howe

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,
20105 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, 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.

The strong link between a4p1 integrins and PKA activity
in the leading edge is 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 c¢AMP production 1is 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 interfering with cAMP availability or
binding.

Engagement of B1 integrins and application of mechanical
stress at the points of integrin engagement have been shown to
activate G protein Gas and lead to local increases in cAMP
(Meyer etal., 2000; Alenghat et al., 2009). 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
(and
diminishes leading edge PKA activity in under a minute.

of myosin II thereby actomyosin contractility)
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 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
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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.

the
recruitment of RII subunit, this manipulation had differing

Recalling study using rapamycin-inducible
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
(LaCroixetal., 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 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.

5 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
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therein. Anchored PKA complexes function as tethered, multi-
component 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.

Author contributions

KS wrote the article and AH co-wrote and edited the article.

References

Abercrombie, M., Heaysman, J. E., and Pegrum, S. M. (1970). The locomotion of
fibroblasts in culture. II. "RRuffling". Exp. Cell Res. 60 (3), 437-444. doi:10.1016/
0014-4827(70)90537-9

Abrahamsen, H., Vang, T., and Tasken, K. (2003). Protein kinase A intersects
SRC signaling in membrane microdomains. J. Biol. Chem. 278 (19), 17170-17177.
doi:10.1074/jbc. M211426200

Adame-Garcia, S. R, Cervantes-Villagrana, R. D., Orduna-Castillo, L. B., Del Rio,
J. C,, Gutkind, J. S., Reyes-Cruz, G., et al. (2019). cAMP-dependent activation of the
Rac guanine exchange factor P-REX1 by type I protein kinase A (PKA) regulatory
subunits. J. Biol. Chem. 294 (7), 2232-2246. doi:10.1074/jbc.RA118.006691

Alenghat, F. ], Tytell, J. D., Thodeti, C. K., Derrien, A., and Ingber, D. E. (2009).
Mechanical control of cAMP signaling through integrins is mediated by the
heterotrimeric Galphas protein. J. Cell. Biochem. 106 (4), 529-538. doi:10.1002/
jcb.22001

Allen, M. D., and Zhang, J. (2006). Subcellular dynamics of protein kinase A
activity visualized by FRET-based reporters. Biochem. Biophys. Res. Commun. 348
(2), 716-721. doi:10.1016/j.bbrc.2006.07.136

Anekal, P. V,, Yong, J., and Manser, E. (2015). Arg kinase-binding protein 2
(ArgBP2) interaction with alpha-actinin and actin stress fibers inhibits cell
migration. J. Biol. Chem. 290 (4), 2112-2125. doi:10.1074/jbc.M114.610725

Armaiz-Pena, G. N, Allen, J. K,, Cruz, A., Stone, R. L., Nick, A. M., Lin, Y. G, et al.
(2013). Src activation by beta-adrenoreceptors is a key switch for tumour metastasis.
Nat. Commun. 4, 1403. doi:10.1038/ncomms2413

Asghar, M. Y., and Térnquist, K. (2020). Transient receptor potential canonical
(TRPC) channels as modulators of migration and invasion. Int. J. Mol. Sci. 21 (5),
E1739. doi:10.3390/ijms21051739

Bachmann, V. A, Bister, K., and Stefan, E. (2013a). Interplay of PKA and rac:
Fine-tuning of rac localization and signaling. Small GTPases 4 (4), 247-251. doi:10.
4161/sgtp.27281

Bachmann, V. A,, Riml, A, Huber, R. G, Baillie, G. S., Lied], K. R, Valovka, T.,
etal. (2013b). Reciprocal regulation of PKA and Rac signaling. Proc. Natl. Acad. Sci.
U. S. A. 110 (21), 8531-8536. doi:10.1073/pnas.1215902110

Barquilla, A., Lamberto, I, Noberini, R., Heynen-Genel, S., Brill, L. M., Pasquale,
E. B, et al. (2016). Protein kinase A can block EphA2 receptor-mediated cell
repulsion by increasing EphA2 S897 phosphorylation. Mol. Biol. Cell 27 (17),
2757-2770. doi:10.1091/mbc.E16-01-0048

Bensalma, S., Turpault, S., Balandre, A. C., De Boisvilliers, M., Gaillard, A.,
Chadeneau, C, et al. (2019). PKA at a cross-road of signaling pathways involved in
the regulation of glioblastoma migration and invasion by the neuropeptides VIP
and PACAP. Cancers (Basel) 11 (1), E123. doi:10.3390/cancers11010123

Benz, P. M., Blume, C,, Seifert, S., Wilhelm, S., Waschke, J., Schuh, K., et al.
(2009). Differential VASP phosphorylation controls remodeling of the actin
cytoskeleton. J. Cell Sci. 122 (Pt 21), 3954-3965. doi:10.1242/jcs.044537

Beristain, A. G., Molyneux, S. D., Joshi, P. A., Pomroy, N. C,, Di Grappa, M. A,,
Chang, M. C,, et al. (2015). PKA signaling drives mammary tumorigenesis through
Src. Oncogene 34 (9), 1160-1173. doi:10.1038/0onc.2014.41

Frontiers in Molecular Biosciences

10.3389/fmolb.2022.953093

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Birey, F., Li, M. Y., Gordon, A., Thete, M. V., Valencia, A. M., Revah, O, et al.
(2022). Dissecting the molecular basis of human interneuron migration in forebrain
assembloids from Timothy syndrome. Cell Stem Cell 29 (2), 248-264. €247. doi:10.
1016/j.stem.2021.11.011

Bornfeldt, K. E., and Krebs, E. G. (1999). Crosstalk between protein kinase A and
growth factor receptor signaling pathways in arterial smooth muscle. Cell. Signal. 11
(7), 465-477. doi:10.1016/s0898-6568(99)00020-0

Bornschlogl, T. (2013). How filopodia pull: What we know about the mechanics
and dynamics of filopodia. Cytoskelet. Hob. 70 (10), 590-603. doi:10.1002/cm.21130

Brandt, S., Kenny, B., Rohde, M., Martinez-Quiles, N., and Backert, S. (2009).
Dual infection system identifies a crucial role for PKA-mediated serine
phosphorylation of the EPEC-Tir-injected effector protein in regulating
Racl function. Cell. Microbiol. 11 (8), 1254-1271. doi:10.1111/j.1462-5822.2009.
01330.x

Broertjes, J., Klarenbeek, J., Habani, Y., Langeslag, M., and Jalink, K. (2019).
TRPM?7 residue S1269 mediates cAMP dependence of Ca2+ influx. PLoS One 14 (1),
€0209563. doi:10.1371/journal.pone.0209563

Burdyga, A., Conant, A., Haynes, L., Zhang, J., Jalink, K., Sutton, R,, et al. (2013).
cAMP inhibits migration, ruffling and paxillin accumulation in focal adhesions of
pancreatic ductal adenocarcinoma cells: effects of PKA and EPAC. Biochim.
Biophys. Acta 1833 (12), 2664-2672. doi:10.1016/j.bbamcr.2013.06.011

Burgers, P. P., Ma, Y., Margarucci, L., Mackey, M., van der Heyden, M. A,,
Ellisman, M., et al. (2012). A small novel A-kinase anchoring protein (AKAP)
that localizes specifically protein kinase A-regulatory subunit I (PKA-RI) to the
plasma membrane. J. Biol. Chem. 287 (52), 43789-43797. d0i:10.1074/jbc.
M112.395970

Butt, E., Gambaryan, S., Gottfert, N., Galler, A., Marcus, K., Meyer, H. E,, et al.
(2003). Actin binding of human LIM and SH3 protein is regulated by cGMP- and
cAMP-dependent protein kinase phosphorylation on serine 146. J. Biol. Chem. 278
(18), 15601-15607. doi:10.1074/jbc.M209009200

Butt, E., and Raman, D. (2018). New Frontiers for the cytoskeletal protein LASP1.
Front. Oncol. 8, 391. doi:10.3389/fonc.2018.00391

Caldwell, G. B., Howe, A. K., Nickl, C. K., Dostmann, W. R,, Ballif, B. A., Deming,
P. B,, et al. (2012). Direct modulation of the protein kinase A catalytic subunit a by
growth factor receptor tyrosine kinases. J. Cell. Biochem. 113 (1), 39-48. doi:10.
1002/jcb.23325

Canales Coutino, B., and Mayor, R. (2021). The mechanosensitive channel
Piezol cooperates with semaphorins to control neural crest migration.
Development 148 (23), dev200001. doi:10.1242/dev.200001

Canales, J., Morales, D., Blanco, C., Rivas, J., Diaz, N., Angelopoulos, I, et al.
(2019). A TR(A)P to cell migration: New roles of TRP channels in
mechanotransduction and cancer. Front. Physiol. 10, 757. doi:10.3389/fphys.
2019.00757

Canalli, A. A., Franco-Penteado, C. F., Traina, F., Saad, S. T., Costa, F. F., Conran,
N., et al. (2007). Role for cAMP-protein kinase A signalling in augmented
neutrophil adhesion and chemotaxis in sickle cell disease. Eur. J. Haematol. 79
(4), 330-337. doi:10.1111/§.1600-0609.2007.00926.x

frontiersin.org


https://doi.org/10.1016/0014-4827(70)90537-9
https://doi.org/10.1016/0014-4827(70)90537-9
https://doi.org/10.1074/jbc.M211426200
https://doi.org/10.1074/jbc.RA118.006691
https://doi.org/10.1002/jcb.22001
https://doi.org/10.1002/jcb.22001
https://doi.org/10.1016/j.bbrc.2006.07.136
https://doi.org/10.1074/jbc.M114.610725
https://doi.org/10.1038/ncomms2413
https://doi.org/10.3390/ijms21051739
https://doi.org/10.4161/sgtp.27281
https://doi.org/10.4161/sgtp.27281
https://doi.org/10.1073/pnas.1215902110
https://doi.org/10.1091/mbc.E16-01-0048
https://doi.org/10.3390/cancers11010123
https://doi.org/10.1242/jcs.044537
https://doi.org/10.1038/onc.2014.41
https://doi.org/10.1016/j.stem.2021.11.011
https://doi.org/10.1016/j.stem.2021.11.011
https://doi.org/10.1016/s0898-6568(99)00020-0
https://doi.org/10.1002/cm.21130
https://doi.org/10.1111/j.1462-5822.2009.01330.x
https://doi.org/10.1111/j.1462-5822.2009.01330.x
https://doi.org/10.1371/journal.pone.0209563
https://doi.org/10.1016/j.bbamcr.2013.06.011
https://doi.org/10.1074/jbc.M112.395970
https://doi.org/10.1074/jbc.M112.395970
https://doi.org/10.1074/jbc.M209009200
https://doi.org/10.3389/fonc.2018.00391
https://doi.org/10.1002/jcb.23325
https://doi.org/10.1002/jcb.23325
https://doi.org/10.1242/dev.200001
https://doi.org/10.3389/fphys.2019.00757
https://doi.org/10.3389/fphys.2019.00757
https://doi.org/10.1111/j.1600-0609.2007.00926.x
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.953093

Svec and Howe

Cao, S., Anishkin, A., Zinkevich, N. S., Nishijima, Y., Korishettar, A., Wang, Z.,
et al. (2018). Transient receptor potential vanilloid 4 (TRPV4) activation by
arachidonic acid requires protein kinase A-mediated phosphorylation. J. Biol.
Chem. 293 (14), 5307-5322. d0i:10.1074/jbc.M117.811075

Carter, S. B. (1965). Principles of cell motility: The direction of cell movement and
cancer invasion. Nature 208 (5016), 1183-1187. doi:10.1038/2081183a0

Cary, L. A, Klinghoffer, R. A., Sachsenmaier, C., and Cooper, J. A. (2002). SRC
catalytic but not scaffolding function is needed for integrin-regulated tyrosine
phosphorylation, cell migration, and cell spreading. Mol. Cell. Biol. 22 (8),
2427-2440. doi:10.1128/MCB.22.8.2427-2440.2002

Cestra, G., Toomre, D., Chang, S., and De Camilli, P. (2005). The Abl/Arg
substrate  ArgBP2/nArgBP2 coordinates the function of multiple regulatory
mechanisms converging on the actin cytoskeleton. Proc. Natl. Acad. Sci. U. S. A.
102 (5), 1731-1736. doi:10.1073/pnas.0409376102

Chahdi, A., Miller, B., and Sorokin, A. (2005). Endothelin 1 induces beta 1Pix
translocation and Cdc42 activation via protein kinase A-dependent pathway. J. Biol.
Chem. 280 (1), 578-584. doi:10.1074/jbc.M411130200

Chahdi, A., and Sorokin, A. (2006). Endothelin 1 stimulates betal Pix-dependent
activation of Cdc42 through the G(salpha) pathway. Exp. Biol. Med. 231 (6),
761-765.

Chévez—Vargas, L., Adame-Garcia, S. R., Cervantes-Villagrana, R. D., Castillo-
Kauil, A, Bruystens, J. G., Fukuhara, S., et al. (2016). Protein kinase A (PKA) type I
interacts with P-Rexl, a rac guanine nucleotide exchange factor: Effect on PKA
localization and P-Rex1 signaling. J. Biol. Chem. 291 (12), 6182-6199. doi:10.1074/
jbe.M115.712216

Cheli, V. T., Santiago Gonzalez, D. A., Smith, J., Spreuer, V., Murphy, G. G., Paez,
P. M, et al. (2016). L-type voltage-operated calcium channels contribute to
astrocyte activation in vitro. Glia 64 (8), 1396-1415. doi:10.1002/glia.23013

Chew, C. S., Chen, X., Parente, J. A., Jr., Tarrer, S., Okamoto, C., Qin, H. Y., et al.
(2002). Lasp-1 binds to non-muscle F-actin in vitro and is localized within multiple
sites of dynamic actin assembly in vivo. J. Cell Sci. 115 (Pt 24), 4787-4799. doi:10.
1242/jcs.00174

Chew, C. S., Parente, J. A., Jr., Zhou, C., Baranco, E., and Chen, X. (1998). Lasp-1
is a regulated phosphoprotein within the cAMP signaling pathway in the gastric
parietal cell. Am. J. Physiol. 275 (1), C56-C67. doi:10.1152/ajpcell.1998.275.1.C56

Clark, K., Langeslag, M., van Leeuwen, B., Ran, L., Ryazanov, A. G., Figdor, C. G,,
et al. (2006). TRPM7, a novel regulator of actomyosin contractility and cell
adhesion. Embo J. 25 (2), 290-301. doi:10.1038/sj.embo;j.7600931

Colonna, C., and Podestd, E. J. (2005). ACTH-induced caveolin-1 tyrosine
phosphorylation is related to podosome assembly in Y1 adrenal cells. Exp. Cell
Res. 304 (2), 432-442. doi:10.1016/j.yexcr.2004.11.019

Comer, S., Nagy, Z., Bolado, A., von Kriegsheim, A., Gambaryan, S., Walter, U,,
et al. (2020). The RhoA regulators Myo9b and GEF-HI are targets of cyclic
nucleotide-dependent kinases in platelets. J. Thromb. Haemost. 18 (11),
3002-3012. doi:10.1111/jth.15028

Davies, S. P., Reddy, H., Caivano, M., and Cohen, P. (2000). Specificity and
mechanism of action of some commonly used protein kinase inhibitors. Biochem. J.
351 (Pt 1), 95-105. doi:10.1042/0264-6021:3510095

Debreova, M., Csaderova, L., Burikova, M., Lukacikova, L., Kajanova, I,
Sedlakova, O., et al. (2019). CAIX regulates invadopodia formation through
both a pH-dependent mechanism and interplay with actin regulatory proteins.
Int. J. Mol. Sci. 20 (11), E2745. doi:10.3390/ijms20112745

Deming, P. B., Campbell, S. L., Stone, J. B., Rivard, R. L., Mercier, A. L., Howe, A.
K., et al. (2015). Anchoring of protein kinase A by ERM (ezrin-radixin-moesin)
proteins is required for proper netrin signaling through DCC (deleted in colorectal
cancer). J. Biol. Chem. 290 (9), 5783-5796. doi:10.1074/jbc.M114.628644

Diel, S., Klass, K., Wittig, B., and Kleuss, C. (2006). Gbetagamma activation site in
adenylyl cyclase type II. Adenylyl cyclase type III is inhibited by Gbetagamma.
J. Biol. Chem. 281 (1), 288-294. doi:10.1074/jbc.M511045200

Diviani, D., Abuin, L., Cotecchia, S., and Pansier, L. (2004). Anchoring of both
PKA and 14-3-3 inhibits the Rho-GEF activity of the AKAP-Lbc signaling complex.
EMBO J. 23 (14), 2811-2820. doi:10.1038/sj.embo;j.7600287

Diviani, D., Baisamy, L., and Appert-Collin, A. (2006). AKAP-Ibc: A molecular
scaffold for the integration of cyclic AMP and rho transduction pathways. Eur.
J. Cell Biol. 85 (7), 603-610. doi:10.1016/j.¢jcb.2006.01.001

Diviani, D., and Scott, J. D. (2001). AKAP signaling complexes at the
cytoskeleton. J. Cell Sci. 114 (Pt 8), 1431-1437. doi:10.1242/jcs.114.8.1431

Dombroski, J. A., Hope, J. M., Sarna, N. S., and King, M. R. (2021). Channeling

the force: Piezol mechanotransduction in cancer metastasis. Cells 10 (11), 2815.
doi:10.3390/cells10112815

Dong, J. M., Leung, T., Manser, E., and Lim, L. (1998). cAMP-induced
morphological changes are counteracted by the activated RhoA small GTPase

Frontiers in Molecular Biosciences

13

10.3389/fmolb.2022.953093

and the Rho kinase ROKalpha. J. Biol. Chem. 273 (35), 22554-22562. doi:10.1074/
jbc.273.35.22554

Dormond, O., Bezzi, M., Mariotti, A., and Ruegg, C. (2002). Prostaglandin
E2 promotes integrin alpha Vbeta 3-dependent endothelial cell adhesion, rac-
activation, and spreading through cAMP/PKA-dependent signaling. J. Biol. Chem.
277 (48), 45838-45846. doi:10.1074/jbc.M209213200

Dubin, A. E., Schmidt, M., Mathur, J., Petrus, M. J., Xiao, B., Coste, B., et al.
(2012). Inflammatory signals enhance piezo2-mediated mechanosensitive currents.
Cell Rep. 2 (3), 511-517. doi:10.1016/j.celrep.2012.07.014

Dulin, N. O., Niu, J., Browning, D. D., Ye, R. D., and Voyno-Yasenetskaya,
T. (2001). Cyclic AMP-independent activation of protein kinase A by
vasoactive peptides. J. Biol. Chem. 276 (24), 20827-20830. doi:10.1074/jbc.
C100195200

Edin, M. L., Howe, A. K,, and Juliano, R. L. (2001). Inhibition of PKA blocks
fibroblast migration in response to growth factors. Exp. Cell Res. 270 (2), 214-222.
doi:10.1006/excr.2001.5345

Efremov, A. K., Yao, M., Sun, Y., Tee, Y. H., Sheetz, M. P., Bershadsky, A. D., et al.
(2022). Application of piconewton forces to individual filopodia reveals
mechanosensory role of L-type Ca(2+) channels. Biomaterials 284, 121477.
doi:10.1016/j.biomaterials.2022.121477

Faix, J., and Rottner, K. (2022). Ena/VASP proteins in cell edge protrusion,
migration and adhesion. J. Cell Sci. 135 (6), jcs259226. doi:10.1242/jcs.259226

Fan, H. C, Zhang, X, and McNaughton, P. A. (2009). Activation of the
TRPV4 ion channel is enhanced by phosphorylation. J. Biol. Chem. 284 (41),
27884-27891. doi:10.1074/jbc.M109.028803

Farmer, L. K,, Rollason, R., Whitcomb, D. J., Ni, L., Goodliff, A., Lay, A. C,, et al.
(2019). TRPC6 binds to and activates calpain, independent of its channel activity,
and regulates podocyte cytoskeleton, cell adhesion, and motility. J. Am. Soc.
Nephrol. 30 (10), 1910-1924. doi:10.1681/asn.2018070729

Feng, H., Hu, B., Vuori, K., Sarkaria, J. N., Furnari, F. B., Cavenee, W. K., et al.
(2014). EGFRVIII stimulates glioma growth and invasion through PKA-dependent
serine phosphorylation of Dock180. Oncogene 33 (19), 2504-2512. doi:10.1038/onc.
2013.198

Feng, H.,Li, Y., Yin, Y., Zhang, W., Hou, Y., Zhang, L., et al. (2015). Protein kinase
A-dependent phosphorylation of Dock180 at serine residue 1250 is important for
glioma growth and invasion stimulated by platelet derived-growth factor receptor a.
Neuro. Oncol. 17 (6), 832-842. doi:10.1093/neuonc/nou323

Ferraris, J. D., Persaud, P., Williams, C. K., Chen, Y., and Burg, M. B. (2002).
cAMP-independent role of PKA in tonicity-induced transactivation of tonicity-
responsive enhancer/ osmotic response element-binding protein. Proc. Natl. Acad.
Sci. U. S. A. 99 (26), 16800-16805. doi:10.1073/pnas.222659799

Fiorio Pla, A., and Gkika, D. (2013). Emerging role of TRP channels in cell
migration: From tumor vascularization to metastasis. Front. Physiol. 4, 311. doi:10.
3389/fphys.2013.00311

Flynn, R, and Altier, C. (2013). A macromolecular trafficking complex composed
of Bz-adrenergic receptors, A-Kinase Anchoring Proteins and L-type calcium
channels. J. Recept. Signal Transduct. Res. 33 (3), 172-176. doi:10.3109/
10799893.2013.782219

Forget, M. A, Desrosiers, R. R, Gingras, D., and Béliveau, R. (2002).
Phosphorylation states of Cdc42 and RhoA regulate their interactions with Rho
GDP dissociation inhibitor and their extraction from biological membranes.
Biochem. J. 361 (Pt 2), 243-254. doi:10.1042/0264-6021:3610243

Fraser, . D., and Scott, J. D. (1999). Modulation of ion channels: A "current”
view of AKAPs. Neuron 23 (3), 423-426. d0i:10.1016/s0896-6273(00)80795-3

Golub, T., and Caroni, P. (2005). PI(4, 5)P2-dependent microdomain assemblies
capture microtubules to promote and control leading edge motility. J. Cell Biol. 169
(1), 151-165. doi:10.1083/jcb.200407058

Gold, M. G. (2019). Swimming regulations for protein kinase A catalytic subunit.
Biochem. Soc. Trans. 47 (5), 1355-1366. doi:10.1042/BST20190230

Goldfinger, L. E., Han, J., Kiosses, W. B., Howe, A. K., and Ginsberg, M. H. (2003).
Spatial restriction of alpha4 integrin phosphorylation regulates lamellipodial
stability and alpha4betal-dependent cell migration. J. Cell Biol. 162 (4),
731-741. doi:10.1083/jcb.200304031

Goldfinger, L. E., Tzima, E., Stockton, R., Kiosses, W. B., Kinbara, K., Tkachenko,
E., et al. (2008). Localized alpha4 integrin phosphorylation directs shear stress-
induced endothelial cell alignment. Circ. Res. 103 (2), 177-185. doi:10.1161/
circresaha.108.176354

Gomez, T. M., and Robles, E. (2004). The great escape; phosphorylation of Ena/
VASP by PKA promotes filopodial formation. Neuron 42 (1), 1-3. doi:10.1016/
$0896-6273(04)00188-6

Goto, A., Hoshino, M., Matsuda, M., and Nakamura, T. (2011). Phosphorylation
of STEF/Tiam2 by protein kinase A is critical for Racl activation and neurite

frontiersin.org


https://doi.org/10.1074/jbc.M117.811075
https://doi.org/10.1038/2081183a0
https://doi.org/10.1128/MCB.22.8.2427-2440.2002
https://doi.org/10.1073/pnas.0409376102
https://doi.org/10.1074/jbc.M411130200
https://doi.org/10.1074/jbc.M115.712216
https://doi.org/10.1074/jbc.M115.712216
https://doi.org/10.1002/glia.23013
https://doi.org/10.1242/jcs.00174
https://doi.org/10.1242/jcs.00174
https://doi.org/10.1152/ajpcell.1998.275.1.C56
https://doi.org/10.1038/sj.emboj.7600931
https://doi.org/10.1016/j.yexcr.2004.11.019
https://doi.org/10.1111/jth.15028
https://doi.org/10.1042/0264-6021:3510095
https://doi.org/10.3390/ijms20112745
https://doi.org/10.1074/jbc.M114.628644
https://doi.org/10.1074/jbc.M511045200
https://doi.org/10.1038/sj.emboj.7600287
https://doi.org/10.1016/j.ejcb.2006.01.001
https://doi.org/10.1242/jcs.114.8.1431
https://doi.org/10.3390/cells10112815
https://doi.org/10.1074/jbc.273.35.22554
https://doi.org/10.1074/jbc.273.35.22554
https://doi.org/10.1074/jbc.M209213200
https://doi.org/10.1016/j.celrep.2012.07.014
https://doi.org/10.1074/jbc.C100195200
https://doi.org/10.1074/jbc.C100195200
https://doi.org/10.1006/excr.2001.5345
https://doi.org/10.1016/j.biomaterials.2022.121477
https://doi.org/10.1242/jcs.259226
https://doi.org/10.1074/jbc.M109.028803
https://doi.org/10.1681/asn.2018070729
https://doi.org/10.1038/onc.2013.198
https://doi.org/10.1038/onc.2013.198
https://doi.org/10.1093/neuonc/nou323
https://doi.org/10.1073/pnas.222659799
https://doi.org/10.3389/fphys.2013.00311
https://doi.org/10.3389/fphys.2013.00311
https://doi.org/10.3109/10799893.2013.782219
https://doi.org/10.3109/10799893.2013.782219
https://doi.org/10.1042/0264-6021:3610243
https://doi.org/10.1016/s0896-6273(00)80795-3
https://doi.org/10.1083/jcb.200407058
https://doi.org/10.1042/BST20190230
https://doi.org/10.1083/jcb.200304031
https://doi.org/10.1161/circresaha.108.176354
https://doi.org/10.1161/circresaha.108.176354
https://doi.org/10.1016/s0896-6273(04)00188-6
https://doi.org/10.1016/s0896-6273(04)00188-6
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.953093

Svec and Howe

outgrowth in dibutyryl cAMP-treated PCI2D cells. Mol. Biol. Cell 22 (10),
1780-1790. doi:10.1091/mbc.E10-09-0783

Gottlieb, P. A. (2017). A tour de Force: The discovery, properties, and function of
piezo channels. Curr. Top. Membr. 79, 1-36. doi:10.1016/bs.ctm.2016.11.007

Gray, P. C, Scott, J. D., and Catterall, W. A. (1998). Regulation of ion channels by
cAMP-dependent protein kinase and A-kinase anchoring proteins. Curr. Opin.
Neurobiol. 8 (3), 330-334. doi:10.1016/s0959-4388(98)80057-3

Grunewald, T. G., and Butt, E. (2008). The LIM and SH3 domain protein family:
Structural proteins or signal transducers or both? Mol. Cancer 7, 31. doi:10.1186/
1476-4598-7-31

Guo, X., Kashihara, T., Nakada, T., Aoyama, T., and Yamada, M. (2018). PDGF-
induced migration of synthetic vascular smooth muscle cells through c-Src-
activated L-type Ca(2+) channels with full-length Ca(V)1.2 C-terminus. Pflugers
Arch. 470 (6), 909-921. doi:10.1007/s00424-018-2114-3

Han, J, Bai, Y., Wang, J., Xie, X. L, Li, A. D, Ding, Q. et al. (2021).
REC8 promotes tumor migration, invasion and angiogenesis by targeting the
PKA pathway in hepatocellular carcinoma. Clin. Exp. Med. 21 (3), 479-492.
doi:10.1007/510238-021-00698-9

Han, J., Han, L., Tiwari, P., Wen, Z., and Zheng, J. Q. (2007). Spatial targeting of
type II protein kinase A to filopodia mediates the regulation of growth cone
guidance by cAMP. J. Cell Biol. 176 (1), 101-111. doi:10.1083/jcb.200607128

Head, B. P, Patel, H. H,, and Insel, P. A. (2014). Interaction of membrane/lipid
rafts with the cytoskeleton: Impact on signaling and function: Membrane/lipid rafts,
mediators of cytoskeletal arrangement and cell signaling. Biochim. Biophys. Acta
1838 (2), 532-545. doi:10.1016/j.bbamem.2013.07.018

Head, B. P,, Patel, H. H,, Roth, D. M., Murray, F., Swaney, J. S., Niesman, L. R,,
et al. (2006). Microtubules and actin microfilaments regulate lipid raft/caveolae
localization of adenylyl cyclase signaling components. J. Biol. Chem. 281 (36),
26391-26399. doi:10.1074/jbc.M602577200

Heckman, C. A., and Plummer, H. K., 3rd (2013). Filopodia as sensors. Cell.
Signal. 25 (11), 2298-2311. doi:10.1016/j.cellsig.2013.07.006

Hirakawa, M., Karashima, Y., Watanabe, M., Kimura, C., Ito, Y., and Oike, M.
(2007). Protein kinase A inhibits lysophosphatidic acid-induced migration of
airway smooth muscle cells. J. Pharmacol. Exp. Ther. 321 (3), 1102-1108.
doi:10.1124/jpet.106.118042

Holt, J. R, Zeng, W. Z,, Evans, E. L, Woo, S. H,, Ma, S., Abuwarda, H., et al.
(2021). Spatiotemporal dynamics of PIEZO1 localization controls keratinocyte
migration during wound healing. Elife 10, e65415. doi:10.7554/eLife.65415

Horinouchi, T., Higa, T., Aoyagi, H., Nishiya, T., Terada, K., Miwa, S., et al.
(2012). Adenylate cyclase/cAMP/protein kinase A signaling pathway inhibits
endothelin type A receptor-operated Ca®* entry mediated via transient receptor
potential canonical 6 channels. J. Pharmacol. Exp. Ther. 340 (1), 143-151. doi:10.
1124/jpet.111.187500

Horton, E. R, Byron, A, Askari, J. A,, Ng, D. H. J., Millon-Fremillon, A.,
Robertson, J., et al. (2015). Definition of a consensus integrin adhesome and its
dynamics during adhesion complex assembly and disassembly. Nat. Cell Biol. 17
(12), 1577-1587. d0i:10.1038/ncb3257

Howe, A. K, Baldor, L. C., and Hogan, B. P. (2005). Spatial regulation of the
cAMP-dependent protein kinase during chemotactic cell migration. Proc. Natl.
Acad. Sci. U. S. A. 102 (40), 14320-14325. doi:10.1073/pnas.0507072102

Howe, A. K. (2011). Cross-talk between calcium and protein kinase A in the
regulation of cell migration. Curr. Opin. Cell Biol. 23 (5), 554-561. d0i:10.1016/j.ceb.
2011.05.006

Howe, A. K., and Juliano, R. L. (2000). Regulation of anchorage-dependent signal
transduction by protein kinase A and p21-activated kinase. Nat. Cell Biol. 2 (9),
593-600. doi:10.1038/35023536

Howe, A. K. (2004). Regulation of actin-based cell migration by cAMP/PKA.
Biochim. Biophys. Acta 1692 (2-3), 159-174. doi:10.1016/j.bbamcr.2004.03.005

Huang, F., Ma, G., Zhou, X,, Zhu, X,, Yu, X,, Ding, F,, et al. (2020). Depletion of
LAMP3 enhances PKA-mediated VASP phosphorylation to suppress invasion and
metastasis in esophageal squamous cell carcinoma. Cancer Lett. 479, 100-111.
doi:10.1016/j.canlet.2020.03.014

Hung, W. C,, Yang, J. R,, Yankaskas, C. L., Wong, B. S., Wu, P. H., Pardo-Pastor,
C., etal. (2016). Confinement sensing and signal optimization via Piezol/PKA and
myosin II pathways. Cell Rep. 15 (7), 1430-1441. doi:10.1016/j.celrep.2016.04.035

Hytonen, V. P., and Wehrle-Haller, B. (2016). Mechanosensing in cell-matrix
adhesions - converting tension into chemical signals. Exp. Cell Res. 343 (1), 35-41.
doi:10.1016/j.yexcr.2015.10.027

Ichikawa, T, Kita, M., Matsui, T. S., Nagasato, A. I, Araki, T., Chiang, S. H., et al.
(2017). Vinexin family (SORBS) proteins play different roles in stiffness-sensing
and contractile force generation. J. Cell Sci. 130 (20), 3517-3531. doi:10.1242/jcs.
200691

Frontiers in Molecular Biosciences

14

10.3389/fmolb.2022.953093

Isensee, J., Kaufholz, M., Knape, M. ], Hasenauer, ], Hammerich, H.,
Gonczarowska-Jorge, H., et al. (2018). PKA-RII subunit phosphorylation
precedes activation by cAMP and regulates activity termination. J. Cell Biol. 217
(6), 2167-2184. doi:10.1083/jcb.201708053

Jacquemet, G., Baghirov, H., Georgiadou, M., Sihto, H., Peuhu, E., Cettour-Janet,
P., et al. (2016). L-type calcium channels regulate filopodia stability and cancer cell
invasion downstream of integrin signalling. Nat. Commun. 7, 13297. doi:10.1038/
ncomms13297

Jacquemet, G., Hamidi, H., and Ivaska, J. (2015). Filopodia in cell adhesion, 3D
migration and cancer cell invasion. Curr. Opin. Cell Biol. 36, 23-31. doi:10.1016/j.
ceb.2015.06.007

Jiang, K., Yao, G., Hu, L,, Yan, Y., Liu, J., Shi, J,, et al. (2020). MOB2 suppresses
GBM cell migration and invasion via regulation of FAK/Akt and cAMP/PKA
signaling. Cell Death Dis. 11 (4), 230. doi:10.1038/s41419-020-2381-8

Jin, H., Garmy-Susini, B., Avraamides, C. J., Stoletov, K., Klemke, R. L., Varner,
J. A, et al. (2010). A PKA-Csk-pp60Src signaling pathway regulates the switch
between endothelial cell invasion and cell-cell adhesion during vascular sprouting.
Blood 116 (25), 5773-5783. doi:10.1182/blood-2010-07-296210

Jones, S. L., and Sharief, Y. (2005). Asymmetrical protein kinase A activity
establishes neutrophil cytoskeletal polarity and enables chemotaxis. J. Leukoc. Biol.
78 (1), 248-258. doi:10.1189/j1b.0804459

Jung, O, Beauvais, D. M, Adams, K. M,, and Rapraeger, A. C. (2019). VLA-4
phosphorylation during tumor and immune cell migration relies on its coupling to
VEGFR2 and CXCR4 by syndecan-1. J. Cell Sci. 132 (20), jcs232645. doi:10.1242/jcs.232645

Kamijo, S., Ishii, Y., Horigane, S. I, Suzuki, K., Ohkura, M., Nakai, J., et al. (2018).
A critical neurodevelopmental role for L-type voltage-gated calcium channels in
neurite extension and radial migration. J. Neurosci. 38 (24), 5551-5566. doi:10.
1523/jneurosci.2357-17.2018

Kao, H. T., Song, H. J., Porton, B., Ming, G. L., Hoh, J., Abraham, M., et al. (2002).
A protein kinase A-dependent molecular switch in synapsins regulates neurite
outgrowth. Nat. Neurosci. 5 (5), 431-437. doi:10.1038/nn840

Keicher, C., Gambaryan, S., Schulze, E., Marcus, K., Meyer, H. E., Butt, E,, et al.
(2004). Phosphorylation of mouse LASP-1 on threonine 156 by cAMP- and cGMP-
dependent protein kinase. Biochem. Biophys. Res. Commun. 324 (1), 308-316.
doi:10.1016/j.bbrc.2004.08.235

Kim, J. M., Lee, M., Kim, N., and Heo, W. D. (2016). Optogenetic toolkit reveals
the role of Ca2+ sparklets in coordinated cell migration. Proc. Natl. Acad. Sci. U. S.
A. 113 (21), 5952-5957. doi:10.1073/pnas.1518412113

Kim, S., Harris, M., and Varner, J. A. (2000). Regulation of integrin alpha vbeta 3-
mediated endothelial cell migration and angiogenesis by integrin alpha5betal and
protein kinase A. J. Biol. Chem. 275 (43), 33920-33928. doi:10.1074/jbc.
MO003668200

Kioka, N., Ueda, K., and Amachi, T. (2002). Vinexin, CAP/ponsin, ArgBP2: A
novel adaptor protein family regulating cytoskeletal organization and signal
transduction. Cell Struct. Funct. 27 (1), 1-7. doi:10.1247/csf.27.1

Klinghoffer, R. A., Sachsenmaier, C., Cooper, J. A., and Soriano, P. (1999). Src
family kinases are required for integrin but not PDGFR signal transduction. EMBO
J. 18 (9), 2459-2471. doi:10.1093/emboj/18.9.2459

Ko, F. C,, Chan, L. K., Sze, K. M., Yeung, Y. S., Tse, E. Y., Lu, P,, et al. (2013). PKA-
induced dimerization of the RhoGAP DLCl promotes its inhibition of
tumorigenesis and metastasis. Nat. Commun. 4, 1618. doi:10.1038/ncomms2604

Kohr, M. J., Traynham, C. J,, Roof, S. R., Davis, J. P., and Ziolo, M. T. (2010).
cAMP-independent activation of protein kinase A by the peroxynitrite generator
SIN-1 elicits positive inotropic effects in cardiomyocytes. J. Mol. Cell. Cardiol. 48
(4), 645-648. doi:10.1016/j.yjmcc.2010.01.007

Kopperud, R., Krakstad, C., Selheim, F., and Doskeland, S. O. (2003). cAMP
effector mechanisms. Novel twists for an "old’ signaling system. FEBS Lett. 546 (1),
121-126. doi:10.1016/s0014-5793(03)00563-5

Krause, M., Dent, E. W., Bear, J. E., Loureiro, J. J., and Gertler, F. B. (2003).
Ena/VASP proteins: Regulators of the actin cytoskeleton and cell migration.
Annu. Rev. Cell Dev. Biol. 19, 541-564. doi:10.1146/annurev.cellbio.19.050103.
103356

Kuo, J. C,, Han, X., Hsiao, C. T., Yates, J. R., 3rd, and Waterman, C. M. (2011).
Analysis of the myosin-II-responsive focal adhesion proteome reveals a role for -
Pix in negative regulation of focal adhesion maturation. Nat. Cell Biol. 13 (4),
383-393. doi:10.1038/ncb2216

Kuroda, M., Ueda, K., and Kioka, N. (2018). Vinexin family (SORBS) proteins
regulate mechanotransduction in mesenchymal stem cells. Sci. Rep. 8 (1), 11581.
doi:10.1038/s41598-018-29700-3

LaCroix, R, Lin, B., Kang, T. Y., and Levchenko, A. (2022). Complex effects of
kinase localization revealed by compartment-specific regulation of protein kinase A
activity. Elife 11, e66869. doi:10.7554/eLife.66869

frontiersin.org


https://doi.org/10.1091/mbc.E10-09-0783
https://doi.org/10.1016/bs.ctm.2016.11.007
https://doi.org/10.1016/s0959-4388(98)80057-3
https://doi.org/10.1186/1476-4598-7-31
https://doi.org/10.1186/1476-4598-7-31
https://doi.org/10.1007/s00424-018-2114-3
https://doi.org/10.1007/s10238-021-00698-9
https://doi.org/10.1083/jcb.200607128
https://doi.org/10.1016/j.bbamem.2013.07.018
https://doi.org/10.1074/jbc.M602577200
https://doi.org/10.1016/j.cellsig.2013.07.006
https://doi.org/10.1124/jpet.106.118042
https://doi.org/10.7554/eLife.65415
https://doi.org/10.1124/jpet.111.187500
https://doi.org/10.1124/jpet.111.187500
https://doi.org/10.1038/ncb3257
https://doi.org/10.1073/pnas.0507072102
https://doi.org/10.1016/j.ceb.2011.05.006
https://doi.org/10.1016/j.ceb.2011.05.006
https://doi.org/10.1038/35023536
https://doi.org/10.1016/j.bbamcr.2004.03.005
https://doi.org/10.1016/j.canlet.2020.03.014
https://doi.org/10.1016/j.celrep.2016.04.035
https://doi.org/10.1016/j.yexcr.2015.10.027
https://doi.org/10.1242/jcs.200691
https://doi.org/10.1242/jcs.200691
https://doi.org/10.1083/jcb.201708053
https://doi.org/10.1038/ncomms13297
https://doi.org/10.1038/ncomms13297
https://doi.org/10.1016/j.ceb.2015.06.007
https://doi.org/10.1016/j.ceb.2015.06.007
https://doi.org/10.1038/s41419-020-2381-8
https://doi.org/10.1182/blood-2010-07-296210
https://doi.org/10.1189/jlb.0804459
https://doi.org/10.1242/jcs.232645
https://doi.org/10.1523/jneurosci.2357-17.2018
https://doi.org/10.1523/jneurosci.2357-17.2018
https://doi.org/10.1038/nn840
https://doi.org/10.1016/j.bbrc.2004.08.235
https://doi.org/10.1073/pnas.1518412113
https://doi.org/10.1074/jbc.M003668200
https://doi.org/10.1074/jbc.M003668200
https://doi.org/10.1247/csf.27.1
https://doi.org/10.1093/emboj/18.9.2459
https://doi.org/10.1038/ncomms2604
https://doi.org/10.1016/j.yjmcc.2010.01.007
https://doi.org/10.1016/s0014-5793(03)00563-5
https://doi.org/10.1146/annurev.cellbio.19.050103.103356
https://doi.org/10.1146/annurev.cellbio.19.050103.103356
https://doi.org/10.1038/ncb2216
https://doi.org/10.1038/s41598-018-29700-3
https://doi.org/10.7554/eLife.66869
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.953093

Svec and Howe

Lakk, M., and Krizaj, D. (2021). TRPV4-Rho signaling drives cytoskeletal and
focal adhesion remodeling in trabecular meshwork cells. Am. J. Physiol. Cell Physiol.
320 (6), C1013-c1030. doi:10.1152/ajpcell.00599.2020

Lang, P., Gesbert, F., Delespine-Carmagnat, M., Stancou, R., Pouchelet, M.,
Bertoglio, J., et al. (1996). Protein kinase A phosphorylation of RhoA mediates
the morphological and functional effects of cyclic AMP in cytotoxic lymphocytes.
EMBO J. 15 (3), 510-519. doi:10.1002/j.1460-2075.1996.tb00383.x

Lawson, C. D., and Ridley, A. J. (2018). Rho GTPase signaling complexes in cell
migration and invasion. J. Cell Biol. 217 (2), 447-457. doi:10.1083/jcb.201612069

Lee, S., and Chung, C. Y. (2009). Role of VASP phosphorylation for the regulation
of microglia chemotaxis via the regulation of focal adhesion formation/maturation.
Mol. Cell. Neurosci. 42 (4), 382-390. doi:10.1016/j.mcn.2009.08.010

Lefebvre, T., Rybarczyk, P., Bretaudeau, C., Vanlaeys, A., Cousin, R., Brassart-
Pasco, S., et al. (2020). TRPM7/RPSA complex regulates pancreatic cancer cell
migration. Front. Cell Dev. Biol. 8, 549. doi:10.3389/fcell.2020.00549

Legerstee, K., and Houtsmuller, A. B. (2021). A layered view on focal adhesions.
Biol. (Basel) 10 (11), 1189. doi:10.3390/biology10111189

Li, X,, Cheng, Y., Wang, Z., Zhou, J,, Jia, Y., He, X,, et al. (2020). Calcium and
TRPV4 promote metastasis by regulating cytoskeleton through the RhoA/
ROCK1 pathway in endometrial cancer. Cell Death Dis. 11 (11), 1009. doi:10.
1038/s41419-020-03181-7

Lim, C.]., Han, J., Yousefi, N., Ma, Y., Amieux, P. S., McKnight, G. S, et al. (2007).
Alpha4 integrins are type I cAMP-dependent protein kinase-anchoring proteins.
Nat. Cell Biol. 9 (4), 415-421. doi:10.1038/ncb1561

Lim, C.J., Kain, K. H., Tkachenko, E., Goldfinger, L. E., Gutierrez, E., Allen, M. D.,
et al. (2008). Integrin-mediated protein kinase A activation at the leading edge of
migrating cells. Mol. Biol. Cell 19 (11), 4930-4941. doi:10.1091/mbc.E08-06-0564

Ma, Y., Pitson, S., Hercus, T., Murphy, J., Lopez, A., Woodcock, J., et al.
(2005). Sphingosine activates protein kinase A type II by a novel cAMP-
independent mechanism. J. Biol. Chem. 280 (28), 26011-26017. doi:10.1074/
jbc.M409081200

Machacek, M., Hodgson, L., Welch, C., Elliott, H., Pertz, O., Nalbant, P., et al.
(2009). Coordination of Rho GTPase activities during cell protrusion. Nature 461
(7260), 99-103. doi:10.1038/nature08242

MacKeil, J. L., Brzezinska, P., Burke-Kleinman, J., Craig, A. W., Nicol, C. J. B,,
Maurice, D. H,, et al. (2019). A PKA/cdc42 signaling Axis restricts angiogenic
sprouting by regulating podosome rosette biogenesis and matrix remodeling. Sci.
Rep. 9 (1), 2385. doi:10.1038/s41598-018-37805-y

Martinez-Delgado, G., and Felix, R. (2017). Emerging role of CaV1.2 channels in
proliferation and migration in distinct cancer cell lines. Oncology 93 (1), 1-10.
doi:10.1159/000464293

Mattila, P. K., and Lappalainen, P. (2008). Filopodia: Molecular architecture and
cellular functions. Nat. Rev. Mol. Cell Biol. 9 (6), 446-454. doi:10.1038/nrm2406

McKenzie, A. J., Campbell, S. L., and Howe, A. K. (2011). Protein kinase A activity
and anchoring are required for ovarian cancer cell migration and invasion. PLoS
One 6 (10), €26552. doi:10.1371/journal.pone.0026552

McKenzie, A. J., Svec, K. V., Williams, T. F., and Howe, A. K. (2020). Protein
kinase A activity is regulated by actomyosin contractility during cell migration and
is required for durotaxis. Mol. Biol. Cell 31 (1), 45-58. d0i:10.1091/mbc.E19-03-
0131

Meyer, C. J., Alenghat, F. J., Rim, P,, Fong, J. H., Fabry, B., Ingber, D. E,, et al.
(2000). Mechanical control of cyclic AMP signalling and gene transcription through
integrins. Nat. Cell Biol. 2 (9), 666-668. doi:10.1038/35023621

Michel, J. J., and Scott, J. D. (2002). AKAP mediated signal transduction. Annu.
Rev. Pharmacol. Toxicol. 42, 235-257. doi:10.1146/annurev.pharmtox.42.083101.
135801

Mihlan, S., Reiss, C., Thalheimer, P., Herterich, S., Gaetzner, S., Kremerskothen,
J., et al. (2013). Nuclear import of LASP-1 is regulated by phosphorylation and
dynamic protein-protein interactions. Oncogene 32 (16), 2107-2113. doi:10.1038/
onc.2012.216

Mitra, S. K., Hanson, D. A., and Schlaepfer, D. D. (2005). Focal adhesion kinase:
In command and control of cell motility. Nat. Rev. Mol. Cell Biol. 6 (1), 56-68.
doi:10.1038/nrm1549

Miyake, T., Shirakawa, H., Nakagawa, T., and Kaneko, S. (2015). Activation of
mitochondrial transient receptor potential vanilloid 1 channel contributes to
microglial migration. Glia 63 (10), 1870-1882. doi:10.1002/glia.22854

Mohapatra, D. P., and Nau, C. (2003). Desensitization of capsaicin-activated
currents in the vanilloid receptor TRPV1 is decreased by the cyclic AMP-dependent
protein kinase pathway. J. Biol. Chem. 278 (50), 50080-50090. doi:10.1074/jbc.
M306619200

Frontiers in Molecular Biosciences

15

10.3389/fmolb.2022.953093

Mohapatra, D. P, and Nau, C. (2005). Regulation of Ca2+-dependent
desensitization in the vanilloid receptor TRPVI by calcineurin and cAMP-
dependent protein kinase. J. Biol. Chem. 280 (14), 13424-13432. doi:10.1074/jbc.
M410917200

Mrkonyji¢, S., Garcia-Elias, A., Pardo-Pastor, C., Bazelliéres, E., Trepat, X., Vriens,
J., et al. (2015). TRPV4 participates in the establishment of trailing adhesions and
directional persistence of migrating cells. Pflugers Arch. 467 (10), 2107-2119.
doi:10.1007/s00424-014-1679-8

Murphy, D. A, and Courtneidge, S. A. (2011). The ’ins’ and "outs’ of podosomes
and invadopodia: Characteristics, formation and function. Nat. Rev. Mol. Cell Biol.
12 (7), 413-426. doi:10.1038/nrm3141

Murphy, J. G., Sanderson, J. L., Gorski, J. A., Scott, J. D., Catterall, W. A., Sather,
W. A, et al. (2014). AKAP-anchored PKA maintains neuronal L-type calcium
channel activity and NFAT transcriptional signaling. Cell Rep. 7 (5), 1577-1588.
doi:10.1016/j.celrep.2014.04.027

Nagy, Z., Wynne, K., von Kriegsheim, A., Gambaryan, S., and Smolenski, A.
(2015). Cyclic nucleotide-dependent protein kinases target ARHGAP17 and
ARHGEF6 complexes in platelets. J. Biol. Chem. 290 (50), 29974-29983. doi:10.
1074/jbc.M115.678003

Nasu-Tada, K., Koizumi, S., and Inoue, K. (2005). Involvement of betal integrin
in microglial chemotaxis and proliferation on fibronectin: Different regulations by
ADP through PKA. Glia 52 (2), 98-107. doi:10.1002/glia.20224

Nauert, J. B., Klauck, T. M., Langeberg, L. K., and Scott, J. D. (1997). Gravin, an
autoantigen recognized by serum from myasthenia gravis patients, is a kinase
scaffold protein. Curr. Biol. 7 (1), 52-62. doi:10.1016/s0960-9822(06)00027-3

Nedvetsky, P. I, Zhao, X., Mathivet, T., Aspalter, I. M., Stanchi, F., Metzger, R. ].,
et al. (2016). cAMP-dependent protein kinase A (PKA) regulates angiogenesis by
modulating tip cell behavior in a Notch-independent manner. Development 143
(19), 3582-3590. doi:10.1242/dev.134767

Neer, E. J. (1995). Heterotrimeric G proteins: Organizers of transmembrane
signals. Cell 80 (2), 249-257. doi:10.1016/0092-8674(95)90407-7

Nishioka, K., Nishida, M., Ariyoshi, M., Jian, Z., Saiki, S., Hirano, M., et al. (2011).
Cilostazol suppresses angiotensin II-induced vasoconstriction via protein kinase A-
mediated phosphorylation of the transient receptor potential canonical 6 channel.
Arterioscler. Thromb. Vasc. Biol. 31 (10), 2278-2286. doi:10.1161/ATVBAHA.110.
221010

Niu, J., Vaiskunaite, R., Suzuki, N., Kozasa, T., Carr, D. W., Dulin, N, et al. (2001).
Interaction of heterotrimeric G13 protein with an A-kinase-anchoring protein 110
(AKAP110) mediates cAMP-independent PKA activation. Curr. Biol. 11 (21),
1686-1690. doi:10.1016/s0960-9822(01)00530-9

Nourse, J. L., and Pathak, M. M. (2017). How cells channel their stress: Interplay
between Piezol and the cytoskeleton. Semin. Cell Dev. Biol. 71, 3-12. doi:10.1016/j.
semcdb.2017.06.018

Nystoriak, M. A., Nieves-Cintrén, M., Patriarchi, T., Buonarati, O. R., Prada, M.
P., Morotti, S., et al. (2017). Ser1928 phosphorylation by PKA stimulates the L-type
Ca2+ channel CaV1.2 and vasoconstriction during acute hyperglycemia and
diabetes. Sci. Signal. 10 (463), eaaf9647. doi:10.1126/scisignal.aaf9647

O’Connor, K. L., and Mercurio, A. M. (2001). Protein kinase A regulates Rac and
is required for the growth factor-stimulated migration of carcinoma cells. J. Biol.
Chem. 276 (51), 47895-47900. doi:10.1074/jbc.M107235200

Omar, M. H,, and Scott, J. D. (2020). AKAP signaling islands: Venues for
precision pharmacology. Trends Pharmacol. Sci. 41 (12), 933-946. doi:10.1016/j.
tips.2020.09.007

Ou, Y., Zheng, X,, Gao, Y., Shu, M., Leng, T., Li, Y., et al. (2014). Activation of
cyclic AMP/PKA pathway inhibits bladder cancer cell invasion by targeting MAP4-
dependent microtubule dynamics. Urol. Oncol. 32 (1), e21-e28. doi:10.1016/j.
urolonc.2013.06.017

Pallien, T., and Klussmann, E. (2020). New aspects in cardiac L-type Ca2+
channel regulation. Biochem. Soc. Trans. 48 (1), 39-49. doi:10.1042/BST20190229

Patel, H. H., Murray, F., and Insel, P. A. (2008). G-protein-coupled receptor-
signaling components in membrane raft and caveolae microdomains. Handb.
Exp. Pharmacol. 186, 167-184. doi:10.1007/978-3-540-72843-6_7

Paulucci-Holthauzen, A. A., Vergara, L. A, Bellot, L. J., Canton, D., Scott, J. D.,
O’Connor, K. L., et al. (2009). Spatial distribution of protein kinase A activity during
cell migration is mediated by A-kinase anchoring protein AKAP Lbc. J. Biol. Chem.
284 (9), 5956-5967. doi:10.1074/jbc.M805606200

Petrie, R. J., Doyle, A. D., and Yamada, K. M. (2009). Random versus directionally
persistent cell migration. Nat. Rev. Mol. Cell Biol. 10 (8), 538-549. doi:10.1038/nrm2729

Pidoux, G., and Tasken, K. (2010). Specificity and spatial dynamics of protein
kinase A signaling organized by A-kinase-anchoring proteins. J. Mol. Endocrinol. 44
(5), 271-284. doi:10.1677/JME-10-0010

frontiersin.org


https://doi.org/10.1152/ajpcell.00599.2020
https://doi.org/10.1002/j.1460-2075.1996.tb00383.x
https://doi.org/10.1083/jcb.201612069
https://doi.org/10.1016/j.mcn.2009.08.010
https://doi.org/10.3389/fcell.2020.00549
https://doi.org/10.3390/biology10111189
https://doi.org/10.1038/s41419-020-03181-7
https://doi.org/10.1038/s41419-020-03181-7
https://doi.org/10.1038/ncb1561
https://doi.org/10.1091/mbc.E08-06-0564
https://doi.org/10.1074/jbc.M409081200
https://doi.org/10.1074/jbc.M409081200
https://doi.org/10.1038/nature08242
https://doi.org/10.1038/s41598-018-37805-y
https://doi.org/10.1159/000464293
https://doi.org/10.1038/nrm2406
https://doi.org/10.1371/journal.pone.0026552
https://doi.org/10.1091/mbc.E19-03-0131
https://doi.org/10.1091/mbc.E19-03-0131
https://doi.org/10.1038/35023621
https://doi.org/10.1146/annurev.pharmtox.42.083101.135801
https://doi.org/10.1146/annurev.pharmtox.42.083101.135801
https://doi.org/10.1038/onc.2012.216
https://doi.org/10.1038/onc.2012.216
https://doi.org/10.1038/nrm1549
https://doi.org/10.1002/glia.22854
https://doi.org/10.1074/jbc.M306619200
https://doi.org/10.1074/jbc.M306619200
https://doi.org/10.1074/jbc.M410917200
https://doi.org/10.1074/jbc.M410917200
https://doi.org/10.1007/s00424-014-1679-8
https://doi.org/10.1038/nrm3141
https://doi.org/10.1016/j.celrep.2014.04.027
https://doi.org/10.1074/jbc.M115.678003
https://doi.org/10.1074/jbc.M115.678003
https://doi.org/10.1002/glia.20224
https://doi.org/10.1016/s0960-9822(06)00027-3
https://doi.org/10.1242/dev.134767
https://doi.org/10.1016/0092-8674(95)90407-7
https://doi.org/10.1161/ATVBAHA.110.221010
https://doi.org/10.1161/ATVBAHA.110.221010
https://doi.org/10.1016/s0960-9822(01)00530-9
https://doi.org/10.1016/j.semcdb.2017.06.018
https://doi.org/10.1016/j.semcdb.2017.06.018
https://doi.org/10.1126/scisignal.aaf9647
https://doi.org/10.1074/jbc.M107235200
https://doi.org/10.1016/j.tips.2020.09.007
https://doi.org/10.1016/j.tips.2020.09.007
https://doi.org/10.1016/j.urolonc.2013.06.017
https://doi.org/10.1016/j.urolonc.2013.06.017
https://doi.org/10.1042/BST20190229
https://doi.org/10.1007/978-3-540-72843-6_7
https://doi.org/10.1074/jbc.M805606200
https://doi.org/10.1038/nrm2729
https://doi.org/10.1677/JME-10-0010
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.953093

Svec and Howe

Plotnikov, S. V., Pasapera, A. M., Sabass, B., and Waterman, C. M. (2012). Force
fluctuations within focal adhesions mediate ECM-rigidity sensing to guide directed
cell migration. Cell 151 (7), 1513-1527. doi:10.1016/j.cell.2012.11.034

Pollard, T. D., and Borisy, G. G. (2003). Cellular motility driven by assembly and
disassembly of actin filaments. Cell 112 (4), 453-465. doi:10.1016/50092-8674(03)
00120-x

Por, E. D., Gomez, R., Akopian, A. N., and Jeske, N. A. (2013). Phosphorylation
regulates TRPV1 association with beta-arrestin-2. Biochem. J. 451 (1), 101-109.
doi:10.1042/BJ20121637

Rathee, P. K., Distler, C., Obreja, O., Neuhuber, W., Wang, G. K., Wang, S. Y.,
et al. (200220026461). PKA/AKAP/VR-1 module: A common link of gs-mediated
signaling to thermal hyperalgesia. J. Neurosci. 22 (11), 4740-4745.

Raymond, D. R,, Carter, R. L., Ward, C. A., and Maurice, D. H. (2009). Distinct
phosphodiesterase-4D variants integrate into protein kinase A-based signaling
complexes in cardiac and vascular myocytes. Am. J. Physiol. Heart Circ. Physiol.
296 (2), H263-271. doi:10.1152/ajpheart.00425.2008

Ridley, A.]., and Hall, A. (1992). The small GTP-binding protein rho regulates the
assembly of focal adhesions and actin stress fibers in response to growth factors. Cell
70 (3), 389-399. doi:10.1016/0092-8674(92)90163-7

Ridley, A.J. (2011). Life at the leading edge. Cell 145 (7), 1012-1022. doi:10.1016/
j.cell.2011.06.010

Ridley, A. J., Schwartz, M. A., Burridge, K., Firtel, R. A., Ginsberg, M. H., Borisy,
G., et al. (2003). Cell migration: Integrating signals from front to back. Science 302
(5651), 1704-1709. doi:10.1126/science.1092053

Rivard, R. L., Birger, M., Gaston, K. ], and Howe, A. K. (2009). AKAP-
independent localization of type-II protein kinase A to dynamic actin
microspikes. Cell Motil. Cytoskelet. 66 (9), 693-709. doi:10.1002/cm.20399

Robertson, J., Jacquemet, G., Byron, A., Jones, M. C., Warwood, S., Selley,
J. N, et al. (2015). Defining the phospho-adhesome through the
phosphoproteomic analysis of integrin signalling. Nat. Commun. 6, 6265.
do0i:10.1038/ncomms7265

Roignot, J., and Soubeyran, P. (2009). ArgBP2 and the SoHo family of adapter
proteins in oncogenic diseases. Cell adh. Migr. 3 (2), 167-170. doi:10.4161/cam.3.2.
7576

Ruggieri, V., Agriesti, F., Tataranni, T., Perris, R., and Mangieri, D. (2017). Paving
the path for invasion: The polyedric role of LASP1 in cancer. Tumour Biol. 39 (6), 1.
doi:10.1177/1010428317705757

Ruppelt, A. O., Magklaras, G., and Tasken, K. (2009). “Physiological substrates of
PKA and PKG,” in Handbook of cellular signalling. Editor R. Bradshaw, 1497-1514.
183(Part II: Transmission: Effectors and Cytosolic Events, Ed Tony Hunter.
Subsection F: Cyclic Nucleotides, Ed J. Corbin.).

Sanchez-Collado, J., Lopez, J. J., Jardin, L., Camello, P. J., Falcon, D., Regodon, S.,
et al. (2019). Adenylyl cyclase type 8 overexpression impairs phosphorylation-
dependent Orail inactivation and promotes migration in MDA-MB-231 breast
cancer cells. Cancers (Basel) 11 (11), E1624. d0i:10.3390/cancers11111624

Schiller, H. B., Friedel, C. C., Boulegue, C., and Fissler, R. (2011). Quantitative
proteomics of the integrin adhesome show a myosin II-dependent recruitment of
LIM domain proteins. EMBO Rep. 12 (3), 259-266. doi:10.1038/embor.2011.5

Schmitt, J. M., and Stork, P. J. (2002). PKA phosphorylation of Src mediates
cAMP’s inhibition of cell growth via Rapl. Mol. Cell 9 (1), 85-94. doi:10.1016/
$1097-2765(01)00432-4

Schmoker, A. M, Barritt, S. A., Weir, M. E., Mann, J. E., Hogan, T. C,, Ballif, B. A.,
et al. (2018). Fyn regulates binding partners of cyclic-:AMP dependent protein
kinase A. Proteomes 6 (4), 37. doi:10.3390/proteomes6040037

Shabb, J. B. (2001). Physiological substrates of cAMP-dependent protein kinase.
Chem. Rev. 101 (8), 2381-2411. doi:10.1021/cr0002361

Shaikh, D., Zhou, Q., Chen, T., Ibe, J. C,, Raj, J. U., Zhou, G., et al. (2012). cAMP-
dependent protein kinase is essential for hypoxia-mediated epithelial-mesenchymal
transition, migration, and invasion in lung cancer cells. Cell. Signal. 24 (12),
2396-2406. doi:10.1016/j.cellsig.2012.08.007

Smith, F. D,, Esseltine, J. L., Nygren, P. ], Veesler, D., Byrne, D. P., Vonderach, M.,
et al. (2017). Local protein kinase A action proceeds through intact holoenzymes.
Science 356 (6344), 1288-1293. doi:10.1126/science.aajl669

Smith, F. D., Omar, M. H,, Nygren, P. ], Soughayer, J., Hoshi, N., Lau, H. T., et al.
(2018). Single nucleotide polymorphisms alter kinase anchoring and the subcellular

targeting of A-kinase anchoring proteins. Proc. Natl. Acad. Sci. U. S. A. 115 (49),
E11465-E11474. doi:10.1073/pnas.1816614115

Smith, F. D., Reichow, S. L., Esseltine, J. L., Shi, D., Langeberg, L. K., Scott, J. D.,
et al. (2013). Intrinsic disorder within an AKAP-protein kinase A complex guides
local substrate phosphorylation. Elife 2, €01319. doi:10.7554/eLife.01319

Frontiers in Molecular Biosciences

16

10.3389/fmolb.2022.953093

Soni, S., Scholten, A., Vos, M. A., and van Veen, T. A. (2014). Anchored protein
kinase A signalling in cardiac cellular electrophysiology. J. Cell. Mol. Med. 18 (11),
2135-2146. doi:10.1111/jcmm.12365

Spurzem, J. R,, Gupta, ], Veys, T., Kneifl, K. R, Rennard, S. I, Wyatt, T. A, et al. (2002).
Activation of protein kinase A accelerates bovine bronchial epithelial cell migration. Am.
J. Physiol. Lung Cell. Mol. Physiol. 282 (5), L1108-L1116. doi:10.1152/ajplung.00148.2001

Stangherlin, A, and Zaccolo, M. (2011). Local termination of 3-5-cydlic adenosine
monophosphate signals: The role of A kinase anchoring protein-tethered phosphodiesterases.
J. Cardiovasc. Pharmacol. 58 (4), 345-353. doi:10.1097/FJC.0b013¢3182214£2b

Su, L. T., Agapito, M. A, Li, M., Simonson, W. T., Huttenlocher, A., Habas, R, et al.
(2006). TRPM7 regulates cell adhesion by controlling the calcium-dependent protease
calpain. J. Biol. Chem. 281 (16), 11260-11270. doi:10.1074/jbc.M512885200

Sulzmaier, F. J., Jean, C., and Schlaepfer, D. D. (2014). FAK in cancer: Mechanistic
findings and clinical applications. Nat. Rev. Cancer 14 (9), 598-610. doi:10.1038/nrc3792

Sunahara, R. K, and Taussig, R. (2002). Isoforms of mammalian adenylyl cyclase:
Multiplicities of signaling. Mol. Interv. 2 (3), 168-184. doi:10.1124/mi.2.3.168

Suwa, A., Mitsushima, M., Ito, T., Akamatsu, M., Ueda, K., Amachi, T, et al. (2002).
Vinexin beta regulates the anchorage dependence of ERK2 activation stimulated by
epidermal growth factor. J. Biol. Chem. 277 (15), 13053-13058. doi:10.1074/jbc.M 108644200

Swaney, J. S., Patel, H. H., Yokoyama, U., Head, B. P, Roth, D. M,, Insel, P. A, et al.
(2006). Focal adhesions in (myo)fibroblasts scaffold adenylyl cyclase with phosphorylated
caveolin. J. Biol. Chem. 281 (25), 17173-17179. doi:10.1074/jbc.M513097200

Takezawa, R., Schmitz, C., Demeuse, P., Scharenberg, A. M., Penner, R., Fleig, A.,
et al. (2004). Receptor-mediated regulation of the TRPM7 channel through its
endogenous protein kinase domain. Proc. Natl. Acad. Sci. U. S. A. 101 (16),
6009-6014. doi:10.1073/pnas.0307565101

Tang, W.].,, and Gilman, A. G. (1991). Type-specific regulation of adenylyl cyclase by G
protein beta gamma subunits. Science 254 (5037), 1500-1503. doi:10.1126/science.1962211

Taussig, R., Tang, W. ], Hepler, J. R, and Gilman, A. G. (1994). Distinct patterns
of bidirectional regulation of mammalian adenylyl cyclases. J. Biol. Chem. 269 (8),
6093-6100. doi:10.1016/s0021-9258(17)37574-9

Taylor, S. S, Kim, C, Vigil, D,, Haste, N. M,, Yang, ], W, J,, et al. (2005). Dynamics of
signaling by PKA. Biochim. Biophys. Acta 1754 (1-2), 25-37. doi:10.1016/j.bbapap.2005.08.024

Taylor, S. S., Soberg, K., Kobori, E., Wu, ], Pautz, S., Herberg, F. W, et al. (2022).
The tails of protein kinase A. Mol. Pharmacol. 101 (4), 219-225. doi:10.1124/
molpharm.121.000315

Taylor, S. S., Yang, J., Wu, ], Haste, N. M., Radzio-Andzelm, E., Anand, G, et al.
(2004). Pka: A portrait of protein kinase dynamics. Biochim. Biophys. Acta 1697 (1-
2), 259-269. doi:10.1016/j.bbapap.2003.11.029

Taylor, S. S., Zhang, P., Steichen, J. M., Keshwani, M. M., and Kornev, A. P.
(2013). Pka: Lessons learned after twenty years. Biochim. Biophys. Acta 1834 (7),
1271-1278. doi:10.1016/j.bbapap.2013.03.007

Tian, Y., Yang, T, Yu, S,, Liu, C., He, M., Hu, C, et al. (2018). Prostaglandin
E2 increases migration and proliferation of human glioblastoma cells by activating
transient receptor potential melastatin 7 channels. J. Cell. Mol. Med. 22 (12),
6327-6337. doi:10.1111/jcmm.13931

Tkachenko, E., Sabouri-Ghomi, M., Pertz, O., Kim, C., Gutierrez, E., Machacek,
M, et al. (2011). Protein kinase A governs a RhoA-RhoGDI protrusion-retraction
pacemaker in migrating cells. Nat. Cell Biol. 13 (6), 660-667. doi:10.1038/ncb2231

Tonucci, F. M., Almada, E., Borini-Etichetti, C., Pariani, A., Hidalgo, F., Rico, M.
J., et al. (2019). Identification of a CIP4 PKA phosphorylation site involved in the
regulation of cancer cell invasiveness and metastasis. Cancer Lett. 461, 65-77.
doi:10.1016/j.canlet.2019.07.006

Toriyama, M., Mizuno, N., Fukami, T., Iguchi, T., Toriyama, M., Tago, K., et al.
(2012). Phosphorylation of doublecortin by protein kinase A orchestrates
microtubule and actin dynamics to promote neuronal progenitor cell migration.
J. Biol. Chem. 287 (16), 12691-12702. doi:10.1074/jbc.M111.316307

Turnham, R. E,, and Scott, J. D. (2016). Protein kinase A catalytic subunit isoform PRKACA;
History, function and physiology. Gene 577 (2), 101-108. doi:10.1016/j.gene.2015.11.052

Vang, T., Torgersen, K. M., Sundvold, V., Saxena, M., Levy, F. O., Skalhegg, B. S.,
et al. (2001). Activation of the COOH-terminal Src kinase (Csk) by cAMP-
dependent protein kinase inhibits signaling through the T cell receptor.
J. Exp. Med. 193 (4), 497-507. doi:10.1084/jem.193.4.497

Wang, J., Liao, Q. J., Zhang, Y., Zhou, H., Luo, C. H,, Tang, J, et al. (2014).
TRPM7 is required for ovarian cancer cell growth, migration and invasion.
Biochem. Biophys. Res. Commun. 454 (4), 547-553. doi:10.1016/j.bbrc.2014.10.118

Watson, R. L., Buck, J., Levin, L. R, Winger, R. C., Wang, J., Arase, H., et al.
(2015). Endothelial CD99 signals through soluble adenylyl cyclase and PKA to
regulate leukocyte transendothelial migration. J. Exp. Med. 212 (7), 1021-1041.
doi:10.1084/jem.20150354

frontiersin.org


https://doi.org/10.1016/j.cell.2012.11.034
https://doi.org/10.1016/s0092-8674(03)00120-x
https://doi.org/10.1016/s0092-8674(03)00120-x
https://doi.org/10.1042/BJ20121637
https://doi.org/10.1152/ajpheart.00425.2008
https://doi.org/10.1016/0092-8674(92)90163-7
https://doi.org/10.1016/j.cell.2011.06.010
https://doi.org/10.1016/j.cell.2011.06.010
https://doi.org/10.1126/science.1092053
https://doi.org/10.1002/cm.20399
https://doi.org/10.1038/ncomms7265
https://doi.org/10.4161/cam.3.2.7576
https://doi.org/10.4161/cam.3.2.7576
https://doi.org/10.1177/1010428317705757
https://doi.org/10.3390/cancers11111624
https://doi.org/10.1038/embor.2011.5
https://doi.org/10.1016/s1097-2765(01)00432-4
https://doi.org/10.1016/s1097-2765(01)00432-4
https://doi.org/10.3390/proteomes6040037
https://doi.org/10.1021/cr000236l
https://doi.org/10.1016/j.cellsig.2012.08.007
https://doi.org/10.1126/science.aaj1669
https://doi.org/10.1073/pnas.1816614115
https://doi.org/10.7554/eLife.01319
https://doi.org/10.1111/jcmm.12365
https://doi.org/10.1152/ajplung.00148.2001
https://doi.org/10.1097/FJC.0b013e3182214f2b
https://doi.org/10.1074/jbc.M512885200
https://doi.org/10.1038/nrc3792
https://doi.org/10.1124/mi.2.3.168
https://doi.org/10.1074/jbc.M108644200
https://doi.org/10.1074/jbc.M513097200
https://doi.org/10.1073/pnas.0307565101
https://doi.org/10.1126/science.1962211
https://doi.org/10.1016/s0021-9258(17)37574-9
https://doi.org/10.1016/j.bbapap.2005.08.024
https://doi.org/10.1124/molpharm.121.000315
https://doi.org/10.1124/molpharm.121.000315
https://doi.org/10.1016/j.bbapap.2003.11.029
https://doi.org/10.1016/j.bbapap.2013.03.007
https://doi.org/10.1111/jcmm.13931
https://doi.org/10.1038/ncb2231
https://doi.org/10.1016/j.canlet.2019.07.006
https://doi.org/10.1074/jbc.M111.316307
https://doi.org/10.1016/j.gene.2015.11.052
https://doi.org/10.1084/jem.193.4.497
https://doi.org/10.1016/j.bbrc.2014.10.118
https://doi.org/10.1084/jem.20150354
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.953093

Svec and Howe

Weber, E. W., Han, F., Tauseef, M., Birnbaumer, L., Mehta, D., Muller, W. A,,
et al. (2015). TRPC6 is the endothelial calcium channel that regulates leukocyte
transendothelial migration during the inflammatory response. J. Exp. Med. 212 (11),
1883-1899. doi:10.1084/jem.20150353

Wehbi, V. L., and Tasken, K. (2016). Molecular mechanisms for cAMP-mediated
immunoregulation in T cells - role of anchored protein kinase A signaling units.
Front. Immunol. 7, 222. doi:10.3389/fimmu.2016.00222

Wei, C,, Wang, X,, Chen, M., Ouyang, K, Song, L. S., Cheng, H., et al. (2009). Calcium
flickers steer cell migration. Nature 457 (7231), 901-905. doi:10.1038/nature07577

Wong, S., Guo, W. H., and Wang, Y. L. (2014). Fibroblasts probe substrate rigidity
with filopodia extensions before occupying an area. Proc. Natl. Acad. Sci. U. S. A.
111 (48), 17176-17181. doi:10.1073/pnas.1412285111

Yang, S., and Huang, X. Y. (2005). Ca2+ influx through L-type Ca2+ channels
controls the trailing tail contraction in growth factor-induced fibroblast cell
migration. J. Biol. Chem. 280 (29), 27130-27137. doi:10.1074/jbc.M501625200

Yang, W.,, Wu, P. F, Ma, J. X, Liao, M. J, Xu, L. S, Yi, L, et al. (2020).
TRPV4 activates the Cdc42/N-wasp pathway to promote glioblastoma invasion by
altering cellular protrusions. Sci. Rep. 10 (1), 14151. doi:10.1038/s41598-020-70822-4

Yankaskas, C. L., Bera, K., Stoletov, K., Serra, S. A. Carrillo-Garcia, ]J.,
Tuntithavornwat, S., et al. (2021). The fluid shear stress sensor
TRPM7 regulates tumor cell intravasation. Sci. Adv. 7 (28), eabh3457. doi:10.
1126/sciadv.abh3457

Frontiers in Molecular Biosciences

17

10.3389/fmolb.2022.953093

Yeo, M. G., Oh, H.J,, Cho, H. S., Chun, J. S., Marcantonio, E. E., Song, W. K, et al.
(2011). Phosphorylation of Ser 21 in Fyn regulates its kinase activity, focal adhesion
targeting, and is required for cell migration. J. Cell. Physiol. 226 (1), 236-247. doi:10.
1002/jcp.22335

Yu, H., Yuan, C., Westenbroek, R. E., and Catterall, W. A. (2018). The AKAP
Cypher/Zasp contributes to (B-adrenergic/PKA stimulation of cardiac Ca(V)
1.2 calcium channels. J. Gen. Physiol. 150 (6), 883-889. doi:10.1085/jgp.201711818

Zhang, J., Hupfeld, C. J., Taylor, S. S., Olefsky, J. M., and Tsien, R. Y. (2005).
Insulin disrupts beta-adrenergic signalling to protein kinase A in adipocytes. Nature
437 (7058), 569-573. doi:10.1038/nature04140

Zaidel-Bar, R, Itzkovitz, S., Ma’ayan, A., Iyengar, R., and Geiger, B. (2007). Functional
atlas of the integrin adhesome. Nat. Cell Biol. 9 (8), 858-867. doi:10.1038/ncb0807-858
Zhang, J., Ma, Y., Taylor, S. S., and Tsien, R. Y. (2001). Genetically encoded

reporters of protein kinase A activity reveal impact of substrate tethering. Proc. Natl.
Acad. Sci. U. S. A. 98 (26), 14997-15002. doi:10.1073/pnas.211566798

Zhang, ]. Z., Lu, T. W,, Stolerman, L. M., Tenner, B., Yang, J. R,, Zhang, J. F., et al.
(2020). Phase separation of a PKA regulatory subunit controls cAMP
compartmentation and oncogenic signaling. Cell 182 (6), 1531-1544. el515.
doi:10.1016/j.cell.2020.07.043

Zhang, P., Ye, F,, Bastidas, A. C., Kornev, A. P., W, J., Ginsberg, M. H,, et al.
(2015). An isoform-specific myristylation switch targets type II PKA holoenzymes
to membranes. Structure 23 (9), 1563-1572. doi:10.1016/j.str.2015.07.007

frontiersin.org


https://doi.org/10.1084/jem.20150353
https://doi.org/10.3389/fimmu.2016.00222
https://doi.org/10.1038/nature07577
https://doi.org/10.1073/pnas.1412285111
https://doi.org/10.1074/jbc.M501625200
https://doi.org/10.1038/s41598-020-70822-4
https://doi.org/10.1126/sciadv.abh3457
https://doi.org/10.1126/sciadv.abh3457
https://doi.org/10.1002/jcp.22335
https://doi.org/10.1002/jcp.22335
https://doi.org/10.1085/jgp.201711818
https://doi.org/10.1038/nature04140
https://doi.org/10.1038/ncb0807-858
https://doi.org/10.1073/pnas.211566798
https://doi.org/10.1016/j.cell.2020.07.043
https://doi.org/10.1016/j.str.2015.07.007
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.953093

	Protein Kinase A in cellular migration—Niche signaling of a ubiquitous kinase
	1 Introduction
	2 Location, location, location
	2.1 The leading edge
	2.2 Integrin based adhesive structures
	2.3 Other locations

	3 Targets of PKA activity
	3.1 Rho GTPases
	3.1.1 RhoA
	3.1.2 Cdc42
	3.1.3 Rac1
	3.1.4 Rho GEFs and GAPs

	3.2 Focal adhesion components
	3.2.1 VASP
	3.2.2 LASP1
	3.2.3 α4β1 integrins
	3.2.4 SORBS

	3.3 Non-receptor tyrosine kinases
	3.3.1 Src
	3.3.2 Fyn
	3.3.3 FAK

	3.4 Ion channels
	3.4.1 L-type Ca2+ channels
	3.4.2 Transient receptor potential channels
	3.4.3 Piezo channels


	4 Regulation
	5 Discussion
	Author contributions
	Conflict of interest
	Publisher’s note
	References


