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Abstract

Metastatic cancer cells invading through dense tumor stroma experience internal and external
forces that are sensed through a variety of mechanosensory proteins that drive adaptations for
specific environments. Alpha-actinin-4 (ACTN4) is a member of the a.-actinin family of actin
crosslinking proteins that is upregulated in several types of cancers. It shares 86% protein
similarity with a-actinin-1, another non-muscle ACTN isoform, which appears to have a more
modest role, if any, in cancer progression. While they share regulatory mechanisms, such as
phosphorylation, calcium binding, phosphatidyl inositol binding, and calpain cleavage, a-actinin-
4 exhibits a unique mechanosensory regulation that a.-actinin-1 does not. This behavior is
mediated, at least in part, by each protein’s actin-binding affinity as well as the catch-slip-bond
behavior of the actin binding domains. We will discuss currently known modes of ACTN4
regulation, their interactions, and how mechanosensation may provide major therapeutic targeting
potential for cancer metastasis.

1. Introduction

Mechanosensation is the cellular process in which cells sense and respond to physical forces
of their environment. It is crucial for a number of developmental and homeostatic cellular

processes, such as the generation of epithelial cell-to-cell junctions [1], axonal guidance [2],
and fibroblast migration [3] as well as pathological conditions such as cancer metastasis [4].
Understanding the cellular mechanisms driving metastasis will allow us to develop effective
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therapies to mitigate the dangers of late diagnoses often seen in many cancer types. During
cancer cell invasion, a cell must sense its environment and actively rearrange its actin
cytoskeleton to allow for efficient leading edge protrusion formation [5], retraction of the
trailing edge [6] and nuclear translocation [7]. It is becoming evident that a well-regulated
network of proteins is central to mechanosensation that allow a cell to quickly respond and
adapt. The mechanical and mechanosensory roles of the a-actinin proteins have been
studied using a variety of techniques including traction force microscopy [8], magnetic and
optical tweezers [9], atomic force microscopy [10], and the application of physical stress by
micropipette aspiration (MPA) [11]. This review will discuss how the tumor environment
affects the mechanosensing protein, a-actinin 4 (ACTN4), and the various modes of
regulation that enhance or inhibit its activity, thereby influencing a tumor cell’s metastatic
behavior.

2. Physical environment of a tumor

The tumor stroma plays a large role in the development [12], differentiation [13] and
dissemination [14, 15] of the metastatic cells of a variety of solid tumors [16]. The stroma is
defined as the components of the tumor that are not cancer cells themselves, and can have a
different composition depending on the cancer-type [12]. However, it usually includes
immune cells, neurons, blood vessels, cancer-associated fibroblasts (CAFs), and the extra
cellular matrix deposited by CAFs [12]. As an example of the importance of the stroma, the
hallmark diagnostic of breast cancer is a palpable mass, created by the deposition of a dense
fibrillary collagen matrix deposited by CAFs [17]. In fact, breast tumor density is a strong
negative prognostic indicator of survivability [18]. In addition, glioblastoma cells invade
along blood vessels which have much higher rigidity than neurons, indicating a sensation
and preference for stiffer substrates [19]. In pancreatic tumors, the pancreatic stromal cells
(PSCs) are thought to deposit the dense collagen type | network seen in pancreatic cancer
[20]. A feedback loop exists in which a cancer cell stimulates PSCs to deposit more collagen
[21], and the collagen matrix stimulates the proliferation and dissemination of tumor cells
[22, 23], driving increased stromal density as the tumor grows. To successfully disseminate
from the primary tumor, the metastatic cancer cell must adapt to become efficient at
migrating through the dense and rigid stromal network of three-dimensional collagen. The
increased extracellular matrix deposition, as well as increased hydrostatic pressures, creates
a physical stress on tumor cells [24]. Exactly how the interplay between extracellular
environment and intracellular cytoskeletal dynamics enhance cancer proliferation and
metastasis is still unclear. What is becoming evident is that targeting one aspect of tumor
biology, such as cell division, may be insufficient and both tumor cell and stroma need to be
addressed for optimal survivability [25]. ACTN4 is a key link between the two tumor
components, because it directs the coupling of the actin cytoskeleton inside the cell to the
integrins that directly bind the stromal ECM [26], and is capable of sensing and responding
to externally-applied force [27]. For this reason, its mechanisms of regulation may provide
insight into methods of uncoupling the two tumor components, and thus inhibiting invasion.
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3. Alpha-Actinin in Metastatic Cancer

Mammals have four a-actinin isoforms: ACTN2 and ACTN3 are considered to be specific
to muscle, while ACTN1 and ACTN4 are expressed in non-muscle cells [28]. ACTN4 is also
upregulated and crucial for the development and progression of breast [29], colorectal [30],
ovarian [31], and pancreatic [32, 33] cancers. While their primary biochemical function is
actin crosslinking, it remains unclear whether the non-muscle paralogs play distinct or
redundant roles in organizing the actin cytoskeleton. ACTN4, for example, plays multiple
roles in influencing cellular morphology, yet the mechanisms by which it contributes to
increased cancer invasion has not been resolved. Previous studies found that ACTN4 plays a
major role in destabilizing focal adhesions in multiple cell types [34, 35]. The focal adhesion
protein zyxin binds to the rod domain of ACTN4 and recruits it to nascent focal adhesions
[26]. Overexpression of ACTN4 in melanoma cancer cell lines drives cellular morphology
from a more mesenchymal type to an amoeboid type by reducing focal adhesion size [35]. In
ACTN4 knockdown mouse fibroblasts, focal adhesions are fewer, yet larger, and spreading
is increased, consistent with mesenchymal type cells [36]. Both examples show that ACTN4
affects the formation and maturation of focal adhesions, which are critical for the assembly
of actin stress fibers and the migratory behavior of cells [37]. Driving cells to a more
amoeboid-like migratory behavior has major implications for the metastatic potential of
cancers [38]. Mesenchymal cells are dependent on the formation of focal adhesions and
integrin signaling, require matrix metalloprotease activity for invasion through collagen [39],
and invade at a rate of 0.1-0.5 um/min [40]. Conversely, amoeboid-like cells have a much
higher rate of invasion, from 2 um/min [41] to 25 um/min [42] due to their independence
from integrin signaling and matrix metalloproteases. Amoeboid cells lack stress fibers, and
instead use high myosin I1-mediated contraction in the cell cortex which drives the cell to
invade through a blebbing mechanism [38]. The amoeboid phenotype of ACTN4-
overexpressing cells [35] might explain their dramatic increase in invasion and metastasis
through the dense stroma of tumors. Understanding this alteration and enhancement of
invasion remains critical to developing therapeutics to mitigate metastasis, and ACTN4
presents itself as an intriguing target.

4. Regulation of a-actinin-4

The structure of all members of the a-actinin family of proteins consist of three major
domains (Fig 1). The highly conserved actin-binding domain (ABD), consisting of two
calponin homology (CH) domains CH1 and CH2, resides at the N-terminus. Following a
small flexible neck region, a long rod shaped domain is formed by a series of spectrin
repeats. Finally, a calmodulin-like domain (CaM) is located at the C-terminal region [43].
Monomers associate to form dimers with very high affinity (Kp = 10 pM) [44] in anti-
parallel orientation creating a dumbbell shape with ABDs on each end. Actin binding is
primarily mediated through the ABD, where the separate CH domains exist in a closed, low
affinity state or an open, high affinity state [45]. The actin-binding affinities for the ABDs of
ACTNL1 and ACTN4 are strikingly different with ACTN1 having a much higher affinity (Kp
= 0.36 uM) [46, 47] than ACTN4 (Kp = 32 uM) [45]. This 90-fold difference in ABD
affinities suggests that the two isoforms play different roles in maintaining cytoskeletal
dynamics. It is important to note that the stated affinities have been determined through
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analysis of binding kinetics of individual ABDs and not full-length protein. We find these
values are more useful for understanding properties of actin crosslinkers for two reasons.
First, apparent actinbinding affinities of full-length crosslinking proteins have been observed
to decrease with increasing actin concentration likely due to the actin filaments becoming
less accessible as they are buried into an actin bundle [48]. Further, crosslinker-actin
dynamics are observed to be very stable in the absence of free crosslinker. However, when
present, the free crosslinker competes with the bound crosslinkers in the actin bundle,
allowing for very fast exchange. The underlying mechanism for this comes from protein
avidity where in the absence of free crosslinker, one ABD from the bound crosslinker
unbinds, but then is more likely to rebind before the opposite ABD releases, thus, the
crosslinker fails to escape the bundle. On the other hand, if present, free crosslinker
competes with the bound crosslinker, displacing it from the actin bundle and allowing it to
escape [49]. Thus, the individual ABD affinities and kinetics are essential for discerning the
behaviors of actin crosslinkers, especially in the context of the cell where free crosslinkers
can exist and the system is subjected to mechanical stresses (section 4.5below).

Structurally, a-actinin-4 contains an additional 19 amino acids at the N-terminus, which are
not present on a-actinin-1 and which are crucial for enhanced regulation of a-actinin-4’s
actin-binding ability. Activity of the protein is additionally regulated by multiple
mechanisms (Fig 2) that fine tune ACTN’s ability to bind actin. Historically, four separate
mechanisms have been described: phosphorylation of specific residues, calcium modulation,
cleavage by calpain, and binding of lipids such as PIP3. Recent evidence suggests that
mechanical stress results in a fifth mode of a-actinin regulation [11, 27]. The following
sections will describe how each individual mode of regulation affects actin binding and
discuss how these mechanisms are combined to fine tune the activity of ACTNA4.

rylation

Alpha-actinin-4 contains three tyrosine residues (Y4, Y31, and Y265), which are known to
be phosphorylated, affecting a-actinin-4’s actin-binding behavior. Upon stimulation with
Epidermal Growth Factor (EGF) in NR6WT fibroblast cells, Y4 and Y31 are the primary
phosphorylated residues [50]. Phosphorylation occurs through p38 MAPK and Src protein-
tyrosine kinase [50], downstream of the receptor tyrosine kinase AXL, and independent of
FAK [51]. Initial phosphorylation of Y4 is required to expose the Y31 residue for
phosphorylation, resulting in a reduction of actin binding [51]. Phosphorylation of the Y12
in ACTN1, which is homologous to Y31 in ACTN4 and dependent on FAK, results in a
similar reduction of actin binding [52], suggesting a conserved mechanism of regulation
between the proteins. The added complexity of a dual phosphorylation mechanism of
ACTN4 highlights the protein’s critical role in maintaining proper cellular function
involvement in critical cellular processes and how dysregulation could enhance the
metastatic potential of many carcinomas. It is interesting to note that ACTN1 does not
contain the first 19 amino acids at the N-terminus, which includes the Y4 residue of ACTN4
[53].

The third tyrosine residue that has been shown to affect actin dynamics upon
phosphorylation is the Y265 residue, which lies within the CH2 region of the ABD [50].
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This phosphorylation acts to ease opening of the ABD, resulting in higher actin-binding
affinity [54]. Phosphomimetic studies using Y265E constructs shows a loss of proper
cellular localization [54], possibly due to the increase in affinity leading to a loss of dynamic
turnover to nascent actin filaments. Interestingly, actin binding reduces the ability of Y265 to
be phosphorylated and conversely, EGF-stimulated phosphorylation results in decreased
actin binding [50].

4.2 Calcium Modulation

The C-terminal region of the a-actinin proteins consist of a calcium binding, Calmodulin-
like domain (CaM) consisting of two EF domains. The two muscle specific isoforms,
ACTN2 and ACTNS3, have evolutionarily lost the ability to bind calcium [55, 56], while the
non-muscle isoforms, ACTN1 and ACTN4, retain Ca2* binding [55, 57, 58]. /n vitro studies
demonstrate an abolishment of actin-binding at Ca2* concentrations greater than 0.1 pM [58,
59]. Structural studies show that the C-terminal CaM domain of one antiparallel monomer of
the pair interacts with the neck region of the N-terminal ABD of the dimer partner [54, 60].
This interaction results in a closed ABD and reduced actin binding affinity [54].

4.3 Calpain Cleavage

4.4 Lipid Bin

Calpains are a ubiquitous family of intracellular proteases that play key roles in cellular
migration processes [61, 62]. Alpha-actinin-1 and a-actinin-4 have been shown to be targets
of cleavage that serves to reduce actin binding affinity and increase focal adhesion turnover
[53, 63]. Alphaactinin- 4 contains an m-calpain cleavage site between Y13 and G14, which
when cleaved, removes the regulatory Y4 phosphorylation site and reduces actin-binding
ability [53].

ding

The presence of a phosphoinositide binding site was originally identified in ACTNL1 [64,
65]. The CH2 region of the ABD contains a binding site for phosphoinositide in which
phosphatidylinositol 4,5 bisphosphate (PIP2) or phosphatidylinositol 3,4,5-triphosphate
(PIP3) bind to regulate actin dynamics and focal adhesion assembly [65-67]. The regulatory
subunit of phosphatidylinositol-3 kinase (PI3K), p85, binds directly to a-actinin [68] which
allows for rapid phosphorylation of PIP2 to PIP3. PIP2 and PIP3 differentially regulate a-
actinin dynamics, where PIP2 regulates the actin bundling activity of a-actinin turnover in
actin filaments, while PIP3 disrupts a-actinin-focal adhesion association, resulting in
increased focal adhesion turnover [67].

4.5 Mechanosensory Regulation

A cell must sense internal and external physical forces and quickly mount an appropriate
response, a process known as mechanosensation [69]. Alpha-actinin-4 has been shown to be
critical for sensing extracellular matrix stiffness during focal adhesion maturation [70].
Mechanical stress causes a conformational change in the actinin rod-domain resulting in
stabilizing interactions with the focal adhesion protein, vinculin [71]. Within a tumor, cells
are subjected to increased mechanical pressure through increased extracellular matrix and
hydrostatic pressures. This increased mechanical stress has been shown to upregulate
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expression of ACTN4 [24], further implicating its role in mechanosensation. Physical stress
can be transferred to ACTN4 through the actin cytoskeleton, and indeed, alteration of
ACTNA4’s actin-binding affinity has been shown to be linked to disease states [72]. A single
point mutation (K255E) in ACTN4 contributes to focal segmental glomerulosclerosis, which
increases the ABD’s actin affinity by ~5 fold (Kp = 7 uM) [45] and leads to the
mislocalization of a-actinin-4 to the perinuclear and posterior regions of the cell [45].
Within the second CH domain of ACTN4, two actin binding sites are present, one of which
is normally sterically blocked by a salt bridge formed between tryptophan 147 in the CH1
domain and lysine 255 in the CH2 domain [45]. The K255 residue is close to the
phosphoryla table Y265 residue, which when phosphorylated, results in a similar increase of
actin affinity brought on by an opening of the ABD [54], similar to the proposed mechanism
of K255E. Disruption of this salt bridge exposes the second actin-binding sequence,
allowing it to bind, and thereby increasing a-actinin-4’s actin affinity [45]. This shift in
binding affinity upon conformational change could be the molecular mechanism underlying
a-actinin’s mechanoresponse, defined as the ability of a-actinin to accumulate in response
to applied mechanical stress [11, 27]. The mechanoresponsiveness implicates catch-slip
bond behavior between a-actinin and actin [11]. A catch-slip bond is one in which
mechanical stress on the bond increases the binding lifetime up to a threshold of mechanical
stress. Beyond this threshold, the bond ruptures, decreasing the bond lifetime. In fact, the
loss of the salt bridge in the ACTN4 K255E mutant disrupts a-actinin- 4’s
mechanoresponsiveness, further supporting this molecular explanation for the catch-slip
bond function necessary for mechanosensitive accumulation [27]. The mechanosensitive
accumulation appears to depend on catch-slip bond formation as well as an optimal actin-
binding affinity range, which is observed for wild type ACTN4 (Kp = 32 uM) [45] and not
ACTN1 (Kp = 0.36 uM) [46] (Fig 3). Without the catch-slip bond, no diffusion-mediated
mechanoaccumulation is observed, as is the case with the ACTN4 K255E mutant which has
a higher affinity to actin (Kp = 7 uM) [45], but predicted to have no catch bond activity [27].
On the other hand, if the actin-binding affinity is too high, then mechanoresponsiveness is
abolished by the absence of an available free pool of a-actinin, as seen with the high affinity
paralog, ACTNL. These protein behaviors are predicted computationally and observed
experimentally [11, 27] and point towards a key strategy by which nature has engineered
cells to have a mechanically responsive, tunable system.

4.6 Regulatory Interactions

The complexity of a-actinin-4’s regulation is further modified by the interplay between the
mechanisms described previously. It is through these interactions that regulatory
mechanisms can be fine-tuned for the optimal response to a specific input. For example,
phosphorylation of Y4 of a-actinin-4 is the primary site of phosphorylation and essential to
allow phosphorylation of Y31, which is the actin-binding modulating residue. Cleavage of
a-actinin-4 between Y13 and G14 by m-calpain target site can remove the regulatory Y4
residue, resulting in the reduction of actin binding and increase of focal adhesion turnover.
Binding of PIP2 reduces susceptibility of m-calpain cleavage, increasing phosphorylation at
Y4 [53] while PIP3 increases susceptibility of m-calpain [63]. Actin binding itself is a
modulator of regulatory mechanisms. Phosphorylation of Y4/Y 31 results in a dissociation of
a-actinin-4 from actin, however, a mutant Y265E that has a very high actin affinity results in
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a reduction of phosphorylation of Y4 as well as resistance to cleavage by m-calpain [50].
Furthermore, the a-actinin-4 K255E mutant greatly increases actin binding actin affinity,
which ablates sensitivity to regulation by Ca2* [45] as well as the mechanoaccumulation
seen by wild type a-actinin-4 [27].

ion

Cancer metastasis is a process that involves an interconnectedness between cancerous cells
and normal cells within the environment of a solid tumor. Tumor cells signal to stromal
cells, which enhance their deposition of extracellular matrix. The increased rigidity and
structure of the extracellular matrix then stimulates various signaling pathways, upregulating
activity and expression of a variety of proteins that enhance the invasive ability of cancer
cells. Understanding the roles and mechanisms of these upregulated proteins and how they
are regulated is critical for a more complete understanding of tumor metastasis and eventual
directed development of therapeutics. A major component of tumor metastasis is the cellular
machinery that enhances invasion by modifying cytoskeletal dynamics. Alpha-actinin-4 is
highly overexpressed and implicated in the metastasis of a variety of cancers [72]. For
efficient migration through tumor stroma, cytoskeletal structures and focal adhesions must
remain dynamic, yet structurally sound enough to exert forces on a dense environment.

Tumor cells must sense their environment and quickly alter their behavior. To do this, they
must maintain the machinery to sample their extracellular environment. While intracellular
signaling pathways are a vital aspect to cellular migration, we propose that a much more
immediate, mechanosensory response is utilized by invading cells. Like the reflex responses
of the nervous system, where quick, involuntary decisions are made before the brain can
sense and respond to a stimulus, cells can sense a mechanical stress and exhibit an
immediate response prior to a more thorough remodeling of cytoskeletal architecture. Alpha-
actinin-4 is likely to be a part of the cellular reflex system that mechanoaccumulates at areas
of physical stress. This immediate localization allows the cell to mount a more specific
response, whether it be through calcium signaling, PIP3 synthesis, or downstream of
chemokine signaling. Evidence for this hierarchical pathway already exists with the K255E
mutant seen in kidney disease. The K255E mutation results in a loss of
mechanoresponsiveness [27] brought on by an increased actin affinity and a presumed loss
of the catch bond [45]. This mutant is also rendered insensitive to regulation by calcium
binding [45]. Increased actin affinity is also responsible for a decrease in the regulatory
phosphorylation of the Y4/Y31 residues as seen in the Y265E phosphomimetic mutant [50,
54]. While there is clear evidence that a-actinin-4 plays a specific role in the metastasis of
cancer and is functionally distinct from the a-actinin-1 paralog, many differential molecular
properties between the two proteins remain to be described. Many studies in the field do not
differentiate between the two paralogs making it unclear which protein exhibits the
described property. With growing evidence that the two proteins have separate and distinct
functions in cell biology, it is increasingly important that further studies focus on their
different biochemical properties. Understanding the complete mechanism of
mechanosensation and how it incorporates into the broader scope of cellular signaling may
be a key factor in developing therapeutic strategies around the a-actinins.
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Figure 1. Structure of a-actinin dimmers
The active homodimer form of a-actinin consists of a pair of subunits in an anti-parallel

arrangement. Three main functional domains exist in the monomer. At the N-terminus, two
CH domains (CH1 and CH2) comprise an actin binding domain (ABD). A series of four
spectrin repeats (SR1-4) form the long rod-shaped domain and is the main region of
monomer association. At the C-terminus, a pair of EF domains comprise the calmodulinlike
domain (CaM). A4D denotes 19 amino acid region of the N-terminus that is specific to the
a- actinin-4 protein.
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Figure 2. Modes of a-actinin-4 regulation
Actin binding activity of a-actinin-4 is mediated through a variety of regulatory

mechanisms. The full dumb-bell shape dimer is displayed in the center with branching
modes of regulation, showing only one half of a full dimer. Actin filaments are depicted as
yellow cables. Calpain cleavage removes a regulatory N-terminal fragment that results in the
reduction of actin-binding ability. Phosphorylation of a-actinin-4 results in both increased
and decreased actin binding. Phosphorylation of Y4/Y 31 residues closes the ABD and
lowers actin affinity. A secondary phosphorylation site at Y265 disrupts the interaction
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between the CH domains and locks the ABD in a high affinity open state. Actin binding is
decreased through binding of PIP2/PIP3 binding of the CH domains as well as Ca2* binding
of the C-terminal CaM domain, which lock the ABD in a closed state. The fifth regulatory
mechanism of a-actinin-4 is sensation of mechanical stress on the actin cytoskeleton, which
results in rapid accumulation to sites of external stress.
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Figure 3. Mechanoaccumulation of a-actinin-4 during micropipette aspiration
Representative images of Jurkat cells expressing GFP-ACTN1 or GFP-ACTN4 are shown on

the left. As mechanical stress is applied to the cells, a-actinin-4 accumulates in the region of
dilational stress, while a-actinin-1 does not. Quantification of the ratio of GFP fluorescence
intensity at the tip to the opposite end of the cortex demonstrates a rapid accumulation of a-
actinin-4. Adapted from Schiffhauer E., et al, 2016 [27].
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