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Abstract

Tropomodulins (Tmods) are proteins that cap the slow-growing (pointed) ends of actin filaments (F-actin). The basis for our
current understanding of Tmod function comes from studies in cells with relatively stable and highly organized F-actin networks,
leading to the view that Tmod capping functions principally to preserve F-actin stability. However, not only is Tmod capping
dynamic, but it also can play major roles in regulating diverse cellular processes involving F-actin remodeling. Here, we highlight
the multifunctional roles of Tmod with a focus on Tmod3. Like other Tmods, Tmod3 binds tropomyosin (Tpm) and actin,
capping pure F-actin at submicromolar and Tpm-coated F-actin at nanomolar concentrations. Unlike other Tmods, Tmod3 can
also bind actin monomers and its ability to bind actin is inhibited by phosphorylation of Tmod3 by Akt2. Tmod3 is ubiquitously
expressed and is present in a diverse array of cytoskeletal structures, including contractile structures such as sarcomere-like units
of actomyosin stress fibers and in the F-actin network encompassing adherens junctions. Tmod3 participates in F-actin network
remodeling in lamellipodia during cell migration and in the assembly of specialized F-actin networks during exocytosis.
Furthermore, Tmod3 is required for development, regulating F-actin mesh formation during meiosis I of mouse oocytes,
erythroblast enucleation in definitive erythropoiesis, and megakaryocyte morphogenesis in the mouse fetal liver. Thus, Tmod3
plays vital roles in dynamic and stable F-actin networks in cell physiology and development, with further research required to
delineate the mechanistic details of Tmod3 regulation in the aforementioned processes, or in other yet to be discovered processes.
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Introduction

Diverse cytoskeletal structures required for cellular processes
are formed through the dynamic regulation of actin filament
(F-actin) assembly and associations. Fine tuning of F-actin
assembly/disassembly is achieved through its interaction with
specialized actin-binding proteins. There are a host of proteins
that nucleate new filaments in linear or branched arrays, stabilize
actin by binding along filaments, cap the fast-growing (barbed)
end to prevent filament growth, or bind monomeric actin (G-
actin) to control available monomer pools (Pollard et al. 2000;
Pollard and Cooper 2009). At the slow-growing (pointed) end of
F-actin, the tropomodulin (Tmod) family of proteins (~40 kDa)
cap F-actin to prevent actin monomer association or disassocia-
tion (Fowler and Dominguez 2017; Yamashiro et al. 2012). The
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leiomodins (Lmods) are a group of larger (~ 65—70 kDa) Tmod-
related proteins present mainly in striated and smooth muscles.
Lmods also bind to the pointed end, but are potent nucleators of
new filaments which grow rapidly from their barbed ends, un-
like Tmods which inhibit filament growth by capping pointed
ends (Fowler and Dominguez 2017). While the actin-related
protein 2/3 complex (Arp2/3) can also cap F-actin at the pointed
end, Arp2/3 simultaneously binds to the side of another fila-
ment, nucleating a new filament to create a branched F-actin
network (Mullins et al. 1998). Tmods do not bind along the
sides of F-actins and function predominantly as F-actin point-
ed-end capping proteins.

The vertebrate tropomodulin (Tmod) family consists of
four isoforms (Tmod1, Tmod2, Tmod3, Tmod4) which share
high (~80%) amino acid sequence similarity in mammals,
with somewhat lower similarity in chickens, frogs, and
zebrafish. Tmods are also present in Drosophila melanogaster
(tmod), Caenorhabditis elegans (unc-94), and other inverte-
brates (Yamashiro et al. 2012). Tmods contain two major
structural and functional domains that work together to cap
F-actin pointed ends (Fig. 1a) (Colpan et al. 2013; Fowler and
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Fig. 1 Tmod structural domains and actin dissociation constants. a
Structure of Tmod highlighting important regions for actin-binding and
capping as well as Tpm binding (residue numbering from human
Tmodl). Tmod3 is unique as it contains a phosphorylation site at
Ser71, which is a substrate for Akt2 phosphorylation. The structure sche-
matic is redrawn based on both Yamashiro et al. 2012 (N-terminal CAP

Dominguez 2017; Yamashiro et al. 2012). The N-terminal
domain is mostly unstructured and contains an actin-binding
site (ABS1) flanked by two tropomyosin (Tpm)-binding sites
(TMBS1 and TMBS2) required for high-affinity Tmod cap-
ping of Tpm-coated F-actin pointed ends. The ABS1 spans
residues 58-99 and contains a short «-helix (residues 65-75),
whereas TMBS1 (residues 1-38) and TMBS2 (residues 109—
150) are intrinsically disordered, with short portions adopting
an «-helical conformation upon binding to Tpm (residue num-
bering from Tmodl) (Colpan et al. 2013; Fowler and
Dominguez 2017). A second actin-binding site (ABS2) is
contributed by the globular C-terminal domain, consisting of
five leucine-rich repeats followed by a nonhomologous -
helix and a C-terminal tail, which allows for F-actin pointed-
end capping. Tmod caps pure F-actin pointed ends at
submicromolar concentrations (Kyq ~0.1-0.2 pm), but caps
Tpm-coated F-actin pointed ends at concentrations at least
an order of magnitude lower (K3<20 nm) (Fowler and
Dominguez 2017; Weber et al. 1994; Yamashiro et al. 2012).
All Tmods have the capacity to bind Tpm and are high-affinity
caps for Tpm-coated F-actin pointed ends, but Tmod isoforms
have preferential Tpm binding partners that influence their
capping activity (Colpan et al. 2016; Gokhin and Fowler
2011a; Lewis et al. 2014; Lim et al. 2015; Uversky et al.
2011; Yamashiro et al. 2012; Yamashiro et al. 2014).
Whereas Tmod3 is ubiquitously expressed in mammalian
cells and tissues, the expression patterns of Tmodl, Tmod2,
and Tmod4 are tissue-specific (Cox and Zoghbi 2000;
Yamashiro et al. 2012). Tmodl is expressed in terminally
differentiated, post-mitotic cells including striated muscle,
red blood cells, lens fiber cells, and neurons. Tmod2 and
Tmod4 are predominantly expressed in neurons and skeletal
muscle, respectively. A great deal of our understanding of
Tmods is based on seminal findings for Tmod1 in the red
blood cell membrane skeleton (Fowler 1987) and striated
muscle sarcomeres (Fowler et al. 1993). In red blood cells,
Tmod1 binds to the pointed ends of the short F-actins in the

@ Springer

and C-terminal CAP terminology) and from Fowler and Dominguez 2007
(updated domain assignment and residue numbering). b Table showing
the dissociation constants (K) of Tmod3 and select actin-binding proteins
for G-actin (Carlier et al. 1997; Fischer et al. 2006; Hertzog et al. 2004;
Ojala et al. 2002; Pollard et al. 2000; Yu et al. 1993) and of Tmod3 for
pure F-actin pointed ends (Fischer et al. 2003; Fischer et al. 2006)

membrane skeleton, and in striated muscle, Tmod1 binds to
the pointed ends of the long F-actins (thin filaments) in sarco-
meres. In both F-actin networks, Tmod1 capping blocks actin
monomer association and dissociation at pointed ends to reg-
ulate filament length and preserve F-actin stability (Fowler
1996; Fowler and Dominguez 2017; Gokhin and Fowler
2011c; Gregorio et al. 1995; Moyer et al. 2010). As F-actin
is relatively stable in the red blood cell membrane skeleton
and in striated muscle sarcomeres, this has led to the general
view that Tmods function principally to regulate F-actin
length and stability in highly organized and stable actin cyto-
skeletal structures. Nevertheless, in both red blood cells and in
striated muscle thin filaments, Tmod1 capping is dynamic and
actin subunits exchange at filament ends, hinting at functions
for Tmods in dynamic actin cytoskeleton remodeling (Fowler
and Dominguez 2017; Gokhin and Fowler 2016; Littlefield
etal. 2001).

In this review, we highlight the function of Tmods in the
diverse F-actin networks of non-muscle cells. The develop-
mental expression and cellular functions of Tmod1, Tmod2,
and Tmod4 isoforms have been reviewed elsewhere (Fowler
and Dominguez 2017; Gokhin and Fowler 2011c; Gokhin and
Fowler 2013; Gray et al. 2017; Yamashiro et al. 2012) and will
not be discussed in great detail. Rather, here we focus on the
role(s) of Tmod3. Apart from being ubiquitously expressed,
Tmod3 has unique molecular properties that position it as a
multifunctional Tmod with the ability to regulate actin cyto-
skeletal structures across a broad swath of biological contexts.

Tmod3 is a unique Tmod

Despite the similarities in sequence and structure between the
Tmod isoforms, Tmod3 has several key differences. In addition
to capping F-actin pointed ends, Tmod3 can also bind globular
(G-) actin in vitro and in cells (Fischer et al. 2006; Yamashiro
et al. 2010). In vitro, kinetic modeling and steady-state
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polymerization assays indicate that Tmod3 sequesters mono-
meric G-actin at submicromolar concentrations, similar to
Tmod3 capping of F-actin pointed ends. The ability to sequester
G-actin is exclusive for Tmod3 as Tmod2 has only a small
effect on steady-state monomer levels, and Tmodl and
Tmod4 have no effect. Binding assays with truncated and mu-
tant Tmod3 fragments and cross-linked peptides identified by
EDC/sulfo-NHS and mass spectrometry indicate that the G-
actin-binding site of Tmod3 includes ABS1, which interacts
with actin subdomains 2 and 4 (Fig. 1a) (Yamashiro et al.
2010). Interestingly, the crystal structure of a Tmod1-gelsolin
segment 1-actin complex shows that a Tmodl ABSI peptide
extends across actin subdomains 4, 2, and 1 (from amino- to
carboxy terminal) (Rao et al. 2014), but the structural basis for
G-actin binding (Tmod3) versus F-actin capping (Tmod1 and
Tmod3) is unclear. Tmod3 has a preference for binding ATP-G-
actin (Kg ~0.1 uM) over ADP-G-actin (K4 ~0.6 uM) (Fischer
et al. 2006), and the affinity of Tmod3 for ATP-G-actin is com-
parable to other G-actin sequestering molecules, such as
profilin or thymosin (34 (Tp4) (Fig. 1b). Some experiments
suggest that Tmod3 may interact better with non-muscle f3- or
v-G-actin than with o-skeletal muscle G-actin, but this has not
been explored fully (Gokhin and Fowler 2011a; Yamashiro
et al. 2014).

Tmod3 is also unique among Tmods in that it is a sub-
strate for Akt2 phosphorylation (Lim et al. 2015) placing it
downstream of PI3K mediated activation of PIP2 to PIP3
by insulin receptor signaling (Gonzalez and McGraw
2009). Sequence analysis demonstrates a unique Akt2 con-
sensus motif at Ser71 within the ABS1 «-helix of Tmod3
not present in other Tmods (Fig. 1a). Chemical cross-
linking of recombinant phospho-mimetic (S71D) or
phospho-defective (S71A) Tmod3 to actin followed by
SDS-PAGE reveals that formation of Tmod3-actin com-
plexes is reduced for the S71D mutant, suggesting that
Akt2 phosphorylation at Ser71 inhibits Tmod3-actin inter-
actions. However, since this assay detects Tmod3 cross-
linking to actin and oligomeric complexes, it remains un-
clear whether Akt2 phosphorylation modulates Tmod3 G-
actin-binding and/or Tmod3 F-actin-capping activity.

In tissues where several Tmods are present, Tmod3 prefer-
entially regulates some F-actin networks via specific binding
partners. In skeletal muscle, Tmod3 stabilizes the sarcoplas-
mic reticulum (SR) and maintains myofibril alignment by
capping y-actin filaments and binding to small ankyrin 1.5
(sAnkl.5), a SR-associated membrane protein at the M line
in skeletal muscle (Gokhin and Fowler 2011a). This is unique
to Tmod3, as Tmod1, which is also present in skeletal muscle,
does not coimmunoprecipitate with sAnk1.5 or y-actin fila-
ments, or colocalize with sAnk1.5 at the M line. In addition,
unlike Tmod1, Tmod3 is present in a complex with Tpm3.1
and Tpm4 that are associated with the y-actin filaments. Thus,
Tmod3 participates in capping y-actin filament networks in

the SR, while Tmod1 caps the «-actin filaments in muscle
sarcomeres (Gokhin and Fowler 2011Db).

Tmod3 is ubiquitously expressed and has the ability to cap
Tpm-F-actin and pure F-actin pointed ends and can selectively
regulate specialized Tpm-F-actin networks. It can also bind
and sequester actin monomers. Furthermore, binding of
Tmod3 to actin is modulated by Akt2 phosphorylation. This
suggests that Tmod3 has the potential to play multifunc-
tional roles in regulating dynamic actin-based processes.
Indeed, accumulating evidence demonstrates Tmod3 is as-
sociated with diverse actin cytoskeletal and contractile
structures, implicating a broad role for Tmod3 in regulat-
ing many cellular processes.

Actin cytoskeletal structures and cellular
processes that depend upon Tmod3

Tmod3 is associated with contractile stress fibers

In nonmuscle cells adherent on stiff substrates, F-actin and
nonmuscle myosin II (NMII) assemble into large contractile
bundles termed stress fibers, in which NMII bipolar filaments
alternate with «-actinin-cross-linked F-actin in periodic arrays
of sarcomere-like contractile units (Naumanen et al. 2008;
Pellegrin and Mellor 2007). In fibroblasts, super-resolution
imaging of GFP-Tmod3 using structured illumination micros-
copy (SIM) reveals narrow stripes of GFP-Tmod3 flanked by
closely spaced doublets of NMII motor domains at ends of
bipolar filaments (Hu et al. 2017) (Fig. 2a). The GFP-Tmod3
stripes alternate with broader o«-actinin bands that are co-
incident with F-actin-free barbed ends labeled by incorpo-
ration of fluorescent-tagged G-actin. This suggests that
Tmod3 caps the F-actin pointed ends located in the middle
of the sarcomere-like units, similar to Tmod1 in striated
muscle sarcomeres (Fowler and Dominguez 2017;
Gokhin and Fowler 2011c; Gokhin and Fowler 2013). A
function for Tmod3 in contractile NMII-F-actin bundles is
suggested by the phenotype of Tmod3—/— mouse fetal liver
megakaryocytes spreading on collagen I, where the robust
F-actin bundles associated with periodic NMIIA stripes fail
to assemble normally (Sui et al. 2015).

A role for Tmod3 in contractile force generation is also
suggested by observations from striated muscle. In Tmod1
—/— mouse skeletal muscles, Tmod3 relocalizes from the sar-
coplasmic reticulum-associated y-actin cytoskeleton to cap
the thin filament pointed ends in sarcomeres, where it substi-
tutes for Tmod1 in regulating thin filament lengths (Gokhin
and Fowler 2011a; Gokhin et al. 2010). However, TmodI—/—
sarcomeres with Tmod3-capped thin filaments (with normal
thin filament lengths) produce less force in skinned fiber as-
says, due to impaired Tpm strand movement and reduced
skeletal muscle myosin cross-bridge binding to the thin

@ Springer



1608

Biophys Rev (2018) 10:1605-1615

a Migrating cells

b Epithelial adherens junctions

. Lamellipodia

'}-Actinin

Y

Tmod3
F-Actin v
— ° fAkt2
° ®
°eQ@ o ®

Fig. 2 Tmod3 regulates diverse actin cytoskeletal structures. The
regulation of these cytoskeletal structures requires multiple actin-
binding proteins; however, only the minimal number of binding proteins
are drawn for simplicity and to highlight the role of Tmod3. a Tmod3 is
present in stress fibers where it caps F-actin pointed ends within the
NMII-F-actin sarcomere-like units (pictured here within a migrating cell).
Tmod3 is also present in lamellipodia where it may cap F-actin pointed
ends to stabilize filaments, and/or sequester G-actin. By stabilizing the
pointed end and/or sequestering actin monomers, Tmod3 acts as a nega-
tive regulator of lamellipodia actin assembly. b In polarized epithelial
cells, Tmod3 is associated with F-actin at lateral membranes and in the
apical domain where it may cap F-actin pointed ends in the

filaments (Ochala et al. 2014). This suggests the unexpected
idea that Tmod capping of Tpm-F-actin pointed ends may
either permit (Tmod1) or restrict (Tmod3) the azimuthal
movement of striated muscle Tpm strands necessary for thin
filament activation and actomyosin contraction. One may
speculate that Tmod3 capping of Tpm-F-actin may contribute
to activation or inhibition of NMIIs by recruiting different
Tpm isoforms (Barua et al. 2014; Clayton et al. 2015;
Gateva et al. 2017; Pathan-Chhatbar et al. 2018).

Tmod3 associates with F-actin at adherens junctions
and contributes to epithelial cell morphogenesis

Adherens junctions form the interface between epithelial cells
and function to coordinate cell-cell interactions and integrate
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circumferential NMII-F-actin belt. The stabilization of F-actin by
Tmod3 is critical to maintaining the cellular tension required for cell
shape as well as for withstanding mechanical stresses associated with
morphogenesis of epithelial sheets. ¢ Tmod3 is associated with the F-
actin cortex in adipocytes where it facilitates vesicle docking and fusion
during insulin-mediated GLUT4 exocytosis. Insulin-mediated signaling
to Akt2 leads to phosphorylation of Tmod3 at S71, which inhibits Tmod3
binding to actin and releases G-actin for cortical F-actin assembly. d
Tmod3 is associated with the cytoplasmic F-actin mesh in mouse oocytes.
During oocyte maturation, Tmod3 is required for assembly of the F-actin
mesh and is critical for proper spindle migration and asymmetric division.
These schematics are not drawn to scale

the NMII-F-actin networks across neighboring cells (Charras
and Yap 2018; Lecuit and Yap 2015; Pilot and Lecuit 2005).
These E-cadherin-mediated cell-cell junctions are critical to
coordinate cellular contraction as well as generate tissue-
level tension and patterning to drive developmental morpho-
genic processes. In mature junctions, F-actin is stabilized by
Tpm (Caldwell et al. 2014; McKeown et al. 2014; Weber et al.
2007) and organized with NMII bipolar filaments into a cir-
cumferential belt that runs parallel to the plasma membrane,
located near the apical portion of polarized epithelial cells
(Mege and Ishiyama 2017; Zhang et al. 2005). In primary
epithelial cells in tissues, the circumferential belt of NMII
and F-actin is organized into striking periodic arrays of
sarcomere-like contractile units, similar to the NMII-F-actin
stress fibers in fibroblasts (Ebrahim et al. 2013). While these
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structures have not been studied in a large number of epithelial
cell types or in cultured cell lines, they were characterized in
organ of Corti epithelial cells and have also been observed in
intestinal enterocytes and stomach epithelial cells in tissues.

Tmod3 is present in polarized epithelial cells, where it as-
sociates with F-actin at the lateral membranes encompassing
the adherens junctions, and with the F-actin-rich terminal web
underlying the apical membrane (Cox-Paulson et al. 2014;
Cox-Paulson et al. 2012; Guo et al. 2014; Weber et al. 2007)
(Fig. 2b). In cultured human intestinal epithelial cells (Caco2),
knockdown of Tmod3 results in dissociation of Tpm and dis-
assembly of F-actin from lateral membranes, along with dis-
ruption of all-spectrin organization. The disassembly of Tpm,
F-actin, and «ll-spectrin is accompanied by a decrease in ep-
ithelial cell height and concomitant expansion of cell apical
and basal surface area, but no effects on apical-basal cell po-
larity. Tmod3 may stabilize the mechanically resilient «II-
spectrin-F-actin network (membrane skeleton) that is linked
to E-cadherin via ankyrinG and controls lateral membrane
biogenesis and cell height (Bennett and Healy 2009). This
would be analogous to the function of Tmod1 in stabilizing
the spectrin-F-actin membrane skeleton in red blood cells
(Moyer et al. 2010).

In C. elegans intestinal epithelial cells, loss of UNC-94/
Tmod function results in reduced F-actin in the terminal web
and a flattened intestinal lumen (Cox-Paulson et al. 2014).
Strikingly, the defects due to the loss of UNC-94 function
are rescued when NMII-F-actin contractility is increased by
RNAI depletion of the myosin phosphatase regulatory sub-
unit, mel-11. While the nanoscale level organization of
Tmod3 along F-actin at adherens junctions or in the terminal
web is unknown, it is attractive to consider that Tmod3 caps F-
actin pointed ends in sarcomere-like contractile structures of
the circumferential belts at adherens junction, similar to
Tmod3 in stress fibers of fibroblasts (Fig. 2a). We would hy-
pothesize that the absence of Tmod3 would lead to a disorga-
nization or disassembly of these sarcomere-like structures,
leading to cellular relaxation. This could explain the reduction
in cell height and increase in cell area with Tmod3 knockdown
in epithelial cells (Weber et al. 2007) and the flattening of the
intestinal lumen in C. elegans (Cox-Paulson et al. 2014). A
role for Tmod3 in circumferential NMII-F-actin belts also
does not exclude a role for Tmod3 in the spectrin-F-actin
membrane skeleton, with both of these F-actin structures con-
tributing to epithelial cell morphology.

Further supporting a role for Tmod in maintaining tissue-
level epithelial cell tension at adherens junctions, C. elegans
UNC-94/Tmod was identified as a synthetic lethal enhancer of
a weak loss-of-function allele of smp-1, an x-catenin homo-
log (Cox-Paulson et al. 2012). HMP-1/oc-catenin is a compo-
nent of the cadherin-catenin complex that protects epidermal
adherens junctions from contractile stresses imposed by cir-
cumferential NMII-F-actin bundles during embryonic

morphogenesis (Vuong-Brender et al. 2018). UNC-94 is lo-
calized to the adherens junction in proximity to, but not di-
rectly interacting with, HMP-1 (Cox-Paulson et al. 2012;
Stevenson et al. 2007). High-speed imaging of GFP-JAC1/
p120 catenin-labeled adherens junctions during embryonic
elongation in epidermal morphogenesis demonstrated that,
as compared to loss of function for HMP-1 alone, the loss of
function for both HMP-1 and UNC-94 resulted in a much
greater extent of junctional disruption. Therefore, UNC-94/
Tmod is likely recruited to F-actin at adherens junctions to
withstand contractile mechanical stresses associated with mor-
phogenesis. A contractile NMII-F-actin network, which re-
quires Tmod3, may provide the necessary intrinsic cellular
tension that would be resistant to pulling forces.

Tmod3 associates with lamellipodia F-actin
to regulate cell migration

Actin assembly/disassembly dynamics are critical for the ex-
tension of the plasma membrane in the lamellipodia at the
leading edge of migrating cells (Abercrombie et al. 1970;
Carlier and Shekhar 2017; Pollard and Borisy 2003; Pollard
and Cooper 2009; Ridley 2011). In brief, Arp2/3 nucleates
new actin filaments from the sides of pre-existing filaments
to form a branched dendritic network in lamellipodia. New
ATP- and ADP-P;rich filaments grow rapidly at their free
barbed ends towards the membrane, until they are capped by
heterodimeric capping protein, while older ADP filaments are
severed by actin depolymerizing factor (ADF)/cofilin to pro-
mote actin disassembly and recycle monomers for new net-
work growth driving lamellipodia protrusion.

While barbed end capping is a positive regulator of actin
assembly dynamics in lamellipodia protrusion and cell migra-
tion (Carlier and Shekhar 2017; Pollard and Borisy 2003),
Tmod3 is a negative regulator of lamellipodia actin assembly
and cell migration (Fischer et al. 2003). In cultured human
microvascular endothelial cells (HMEC-1), Tmod3 is local-
ized to the F-actin-rich lamellipodia of migrating cells (Fig.
2a). siRNA knockdown of Tmod3 increases rates of cell mi-
gration, while overexpression of GFP-Tmod3 reduces cell mi-
gration rates and leads to loss of cell polarity in random mi-
gration assays (Fischer et al. 2003). Tmod3 levels are inverse-
ly correlated with free pointed ends and with levels of F-actin,
free barbed ends and Arp2/3 levels in lamellipodia. This sug-
gests that increased pointed end capping by Tmod3 and inhi-
bition of F-actin depolymerization could prevent network
turnover and reduce the pool of G-actin available for assembly
onto barbed ends, thereby decreasing the lamellipodia F-actin
network (Fischer and Fowler 2003). Conversely, Tmod3 de-
pletion could reduce capping and enhance F-actin pointed end
disassembly, providing more G-actin for network assembly
and increasing the lamellipodia F-actin network.
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Tmod3 capping of Tpm-F-actin pointed ends may also pre-
vent migration by enhancing the binding of Tpm along F-
actin, independently stabilizing F-actin and reducing network
turnover (Fischer and Fowler 2003; Ono 2010; Yamashiro
et al. 2012). In general, Tpms are also thought to be negative
regulators of lamellipodia extension (Blanchoin et al. 2001;
DesMarais et al. 2002; Gupton et al. 2005). Microinjection of
rabbit skeletal muscle o-Tpm (Tpml.1) in motile cells pre-
vents lamellipodia formation by preventing ADF/cofilin sev-
ering as well as Arp2/3 branching (Gupton et al. 2005). One
particular Tpm isoform, Tpm?2.1, is absent from the leading
edge of lamellipodia in mouse embryonic fibroblasts
(Brayford et al. 2016) and is restricted to more stable popula-
tions of F-actin in the lamella, behind the lamellipodia. Due to
the roles Tmod3 and Tpm2.1 play in reducing the
lamellipodia F-actin network, it may be presumed that
Tmod3 reinforces the interaction of Tpm2.1 with F-actin;
however, this remains to be tested in cells. Of note, not all
Tpm isoforms are negatively correlated with motility and
lamellipodia generation. Tpm 1.8/1.9 is present at the leading
edge of lamellipodia and enables stabilization and persistence
of lamellipodia protrusions (Brayford et al. 2016; Hillberg
et al. 2006). Thus, the network arrangement of F-actin may
also depend on the spatial distribution of specific Tpm iso-
forms (Gateva et al. 2017).

Another way that Tmod3 could interfere with F-actin as-
sembly in lamellipodia would be by Tmod3 sequestration of
G-actin (Fig. 2a), reducing the available pool of monomers
(Fischer and Fowler 2003). Tmod3 could also reduce avail-
able monomers by competing for binding with thymosin 34,
as shown in vitro (Fischer et al. 2006), or with profilin, two
other G-actin sequestering proteins essential for dendritic actin
network assembly and turnover at the leading edge of
lamellipodia (Lee et al. 2013; Vitriol et al. 2015). Indeed, the
endogenous concentration of Tmod3 in endothelial cells (~
0.5 uM) (Fischer et al. 2003) is sufficient for Tmod3 to bind
G-actin in cells (K4 ~0.1 uM for ATP-actin) (Fischer et al.
2006). Diffuse Tmod3 staining throughout the cytoplasm also
suggests that Tmod3 exists in a soluble pool within motile
cells, and fractionation studies indicate ~30-40% of endoge-
nous Tmod3 is associated with the TX-100 insoluble cytoskel-
eton (Fischer et al. 2003). However, Tmod3 has a nanomolar
affinity for Tpm-F-actin pointed ends but only a
submicromolar affinity for G-actin. This implies that Tmod3
will preferentially cap the Tpm-F-actin pointed ends in cells,
reducing the cytosolic levels of Tmod3 available to bind
monomers and influence the monomer pool. The number of
Tpm-F-actin pointed ends in cells has not been determined.
Future studies of actin dynamics and F-actin network structure
in lamellipodia of cells expressing Tmod mutants with dis-
abled monomer binding, F-actin capping, or Tpm binding
sites (Colpan et al. 2013; Gray et al. 2017; Yamashiro et al.
2012) are required to reveal the mechanistic details of Tmod3
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regulation of F-actin network assembly in lamellipodia pro-
trusion and cell migration.

Tmod3 regulates cortical actin remodeling
during exocytosis

The actin cytoskeleton plays crucial roles in the distal stages
of exocytosis at the plasma membrane by tethering vesicles as
well as facilitating membrane docking and fusion (Lopez et al.
2009). During vesicle docking and fusion, various actin-
associated molecules promote assembly of cortical F-actin as
well as form a contractile NMII-F-actin network surrounding
vesicles to enable their docking and subsequent fusion to the
plasma membrane. In this process, ADF/cofilin is required to
disassemble F-actin to provide G-actin for actin assembly
(Miklavc et al. 2015). F-actin is then polymerized by Wasp
activation of Arp2/3 nucleation, forming a branched dendritic
network, similar to lamellipodia (Tran et al. 2015; Yang et al.
2014). Furthermore, NMII is incorporated into the cortical F-
actin surrounding exocytic vesicles, where it cross-links F-
actin and generates contractile force (Chiu et al. 2010;
Chung le et al. 2010; Miklavc et al. 2012).

A role for Tmod3 in exocytosis has been elucidated in
insulin-stimulated GLUT4 insertion at the plasma membrane
in 3T3-L1 adipocytes (Lim et al. 2015) (Fig. 2c¢). In this sys-
tem, insulin stimulates Akt2-dependent phosphorylation of
Tmod3 at Ser71. shRNA-mediated knockdown of Tmod3 or
expression of a Ser71 phospho-defective Tmod3 (Tmod3-
S71D) interferes with cortical F-actin enrichment and prevents
GLUT4 insertion at the plasma membrane, reducing glucose
uptake. This provides the first evidence that signaling path-
ways modulate Tmod3 function to alter actin assembly and
regulate a cellular function. However, the exact molecular
role(s) of Tmod3 during actin remodeling in exocytosis re-
main unclear. It was suggested that non-phosphorylated
Tmod3 sequesters G-actin, based on diffuse cytoplasmic
staining for Tmod3 in untreated cells, and the ability of
Ser71 phosphorylation to inhibit association of Tmod3 with
actin in vitro. In this case, Akt2-dependent Ser71 phosphory-
lation would function to release G-actin from Tmod3 to in-
crease the monomer pool and promote F-actin assembly (Fig.
2d). While insulin stimulation does lead to an increase in
Tmod3 association with cortical F-actin, it is unclear if phos-
phorylation promotes this association (Lim et al. 2015). In
addition to Tmod3, Tpm3.1 is assembled along cortical F-
actin following insulin stimulation (Kee et al. 2015).
Binding of Tmod3 to Tpm3.1 is important for GLUT4 exo-
cytosis, as cells overexpressing a Tmod3 mutant unable to
bind Tpm3.1, with disabled TMBS1 and TMBS2, have re-
duced GLUTH4 insertion to the plasma membrane (Lim et al.
2015). This mechanism may operate in vivo, based on studies
in white adipose tissue and skeletal muscle of Tpm3.1-over-
expressing or Tpm3.1-null mice, which demonstrate
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alterations in F-actin corresponding to increased or decreased
insulin-stimulated glucose uptake, respectively (Kee et al.
2015). Tmod3 capping of cortical F-actin pointed ends could
promote Tpm3.1 binding, or binding of Tpm3.1 along F-actin
could facilitate Tmod3 capping (Yamashiro et al. 2012).
Together, Tmod3 and Tpm3.1 likely cooperate to preserve
newly assembled cortical F-actin to facilitate vesicle docking
and fusion. Tpm3.1 also recruits NMIIA which cross-links F-
actin and provides contractile forces that may aid in vesicle
fusion (Chung le et al. 2010; Kee et al. 2015). Thus, Tmod3
may assist in promoting contractile NMII-F-actin networks to
facilitate exocytic vesicle docking and fusion, similar to pro-
posed roles of Tmod3 in stabilizing the contractile NMII-F-
actin networks in stress fibers and adherens junctions as
discussed above.

Tmod3 associates with the cytoplasmic F-actin mesh
required for asymmetric division of mouse oocytes

Asymmetric division is critical in mammalian development. To
maintain the maternal components in oocyte maturation, asym-
metric divisions occur during meioses I and II to form totipotent
large haploid oocytes and smaller polar bodies. In mouse oo-
cyte maturation, formation of a cytoplasmic F-actin mesh co-
ordinates with cortical F-actin rearrangements to control central
positioning of the nucleus in the prophase oocyte and promote
spindle migration to the cortex that occurs in meiosis I
(Almonacid et al. 2014; Almonacid et al. 2018; Namgoong
and Kim 2016). Failure to form the F-actin mesh impairs nu-
cleus centering and spindle migration, leading to defects in
asymmetric division and polar body formation. Several crucial
actin regulators are required for formation of the F-actin mesh
and spindle migration in mouse oocytes, including spire and
formin actin nucleators, capping protein, Tpm3, cofilin, and
filamin. Arp2/3 nucleation of actin assembly also drives cyto-
plasmic streaming of a dynamic actin network that assists spin-
dle migration and maintain the asymmetric position of the spin-
dle at the cortex after the first meiosis (Yi et al. 2011).

Tmod3 capping of F-actin pointed ends is also critical for
assembly of the cytoplasmic F-actin mesh in mouse oocytes (Jo
et al. 2016) (Fig. 2d). Tmod3 protein is present throughout
oocyte maturation and is in a punctate pattern in the cytoplasm.
siRNA knockdown of Tmod3 results in a reduced cytoplasmic
F-actin mesh, accompanied by impaired chromatin migration
and aberrant asymmetric division with formation of an abnor-
mally large polar body. Since Tmod3 depletion in oocytes de-
creases the F-actin mesh, this suggests that Tmod3 does not
function solely by sequestering G-actin, as then Tmod3 deple-
tion would have been expected to lead to an increase in the F-
actin mesh, which is not observed. Instead, Tmod3-capping of
Tpm-coated F-actin pointed ends is likely to be important, since
the expression of a truncated Tmod3 lacking the C-terminal F-
actin capping domain (which binds to Tpm but not to pointed

ends) has a dominant negative effect, reducing the F-actin
mesh. In addition, knockdown of both Tmod3 and Tpm?3 leads
to a greater reduction in F-actin mesh formation than does either
alone. By contrast, overexpression of full-length GFP-Tmod3
enhances F-actin mesh formation and interferes with asymmet-
ric cell division, indicating that excessive F-actin mesh forma-
tion may impede spindle migration. Tmod3 capping of Tpm3-
F-actin pointed ends likely stabilizes the F-actin mesh by re-
ducing pointed-end depolymerization and protecting filaments
from cofilin severing, which would reduce the available pool of
monomers for dynamic mesh turnover, similar to Tmod3 in
lamellipodia, as discussed above. Future studies will be re-
quired to establish how Tmod3 activity is integrated with the
other actin regulators to coordinate the complex events of spin-
dle migration and asymmetric division, including actin-
dependent cytoplasmic streaming, vesicular movements, and
cortical F-actin rearrangements (Almonacid et al. 2014,
Almonacid et al. 2018; Namgoong and Kim 2016).

Tmod3 regulation of F-actin in embryonic
development

Tmod3 is ubiquitously expressed and thus has essential func-
tions in many developmental processes, not limited to those
mentioned above. For instance, Tmod3 null embryos have se-
vere defects in fetal liver erythropoiesis resulting in anemia and
embryonic lethality at E14.5-16.5 (Sui et al. 2014). The absence
of Tmod3 profoundly affects definitive erythropoiesis at multiple
levels including reduced progenitors, inability to form
erythroblast-macrophage islands, and impaired erythroblast cell
survival, cell cycle progression, and enucleation (Sui et al. 2014).
Tmod3-null erythroblasts demonstrate aberrant F-actin organiza-
tion that may explain their defects in enucleation, which is an F-
actin-dependent cellular process likened to asymmetric division
(Ji et al. 2011; Li 2013; Nowak et al. 2017). Additionally,
Tmod3 null embryos have macrothrombocytopenia (fewer
and abnormally large platelets), due to defects in megakar-
yocyte morphogenesis and proplatelet formation. Tmod3
null megakaryocytes differentiate normally but have al-
tered demarcation membrane systems with uneven cyto-
plasmic organelle distribution, producing abnormally large
proplatelet buds with variable organelle content and aber-
rant Tpm4 and F-actin distributions (Sui et al. 2015). It was
proposed that Tmod3 capping of Tpm4-F-actin may stabi-
lize the x2-spectrin membrane skeleton that is known to
control the formation of the demarcation membrane sys-
tem, required for normal proplatelet biogenesis (Patel-
Hett et al. 2011).

Observation of Tmod3 null mouse embryos at
midgestation also shows anomalies in other tissue types, from
bone to brain (R.B. Nowak and V.M. Fowler, unpublished),
suggesting that Tmod3 is involved in morphogenesis of other
specialized cells and tissues during embryonic development.
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However, whether defects in biological processes within these
other tissues are directly due to deletion of Tmod3, or instead
to secondary systemic effects, has not been investigated (i.e.,
with tissue-specific knock-outs). It is also possible that some
of these developmental defects may originate from earlier de-
fects in asymmetric division during oocyte maturation,
discussed above. Nevertheless, the growing evidence from
exploratory expression/biomarker studies demonstrates likely
Tmod3 involvement in other specialized cellular phenomena
(Lopez-Ubedaetal. 2015; Luetal. 2017; Paez etal. 2016; Qiu
et al. 2010) and pathologies (Gajbhiye et al. 2017; Gajbhiye
et al. 2012; Paez et al. 2016), providing evidence of Tmod3’s
broad and relatively unexplored roles.

Conclusions

While it is evident that Tmod3 is associated with many differ-
ent types of actin cytoskeletal networks in cells and plays vital
roles in numerous dynamic biological processes, many ques-
tions remain open. For example, it is unclear to what extent
Tmod3’s functions in complex biological processes of eryth-
ropoiesis or megakaryocyte proplatelet formation might be
due to Tmod3 regulation of specific types of F-actin networks,
such as lamellipodia dendritic networks, cortical F-actin, con-
tractile NMII-F-actin bundles, or membrane-associated
spectrin-F-actin networks. Indeed, Tmod3 localization and
F-actin network composition and organization in these and
other specialized cells during embryonic development are
not well-defined. It is possible that specific Tmod3-binding
partners may selectively target Tmod3 to different F-actin net-
work structures in these specialized cell types, analogous to
sAnkl1.5 in the SR of skeletal muscle. The molecular mecha-
nisms of Tmod3 function in these F-actin networks and cellu-
lar processes also require further examination. In comparison
to the other, tissue-specific Tmod isoforms, Tmod3 is unique
in that it can bind and sequester G-actin. However, the impor-
tance of Tmod3 G-actin binding in vivo within cells and/or
tissues has not been definitively demonstrated. Additionally,
we suggested that a competition between Tmod3 and other
actin sequestering proteins could be important; reconstituted
F-actin assembly systems could help investigate this possibil-
ity. Tmod3 function is linked to Akt2 phosphorylation in ad-
ipocytes, but how Akt2 phosphorylation or other signaling
pathways may regulate Tmod3 function in other cell types,
and whether they affect G-actin sequestering or F-actin cap-
ping, is unclear. New specialized tools (i.e., conditional
knock-outs/knock-ins/mutant mice) and improved methodol-
ogy (i.e., Tmod3 visualization using Tmod3-GFP or Tmod3-
specific antibodies in cell/tissues with super-resolution imag-
ing) will provide opportunities to achieve a greater under-
standing of Tmod3 regulation and dynamics of F-actin net-
works in diverse biological processes.
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